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Abstract

Antarctic sea ice plays a critical role in modulating global climate, influencing surface
albedo, air-sea carbon fluxes and the global ocean overturning circulation. Despite global
warming, overall Antarctic sea ice extent increased during 1979-2013, however the ma-
jority of Coupled Model Intercomparison Project phase five (CMIP5) models simulate
a decline, and mechanisms causing this discrepancy remained elusive. Here I show that
weaker westerly-wind jet intensification trends simulated by CMIP5 models may contribute
to the disparity. During austral summer a strengthened jet increases upwelling of cooler
subsurface water and strengthens equatorward transport, conducive to increased sea ice.
This cooling process is underestimated in the majority of models and is insufficient to off-
set global warming. Through the sea ice-albedo feedback, models produce a high-latitude
surface warming and sea-ice decline, contrasting observations. A realistic simulation of

observed wind changes may be crucial for reproducing observed sea ice trends.

A strengthened Amundsen Sea Low has also been shown to largely explain the recent sea
ice increase in the Ross Sea and decrease in the Bellingshausen Sea. While these changes
are not generally seen in CMIP5 simulations, I show they can be reproduced in simulations
of two independent coupled climate models constrained by observed tropical variability. 1
further show that the phase change in the Interdecadal Pacific Oscillation from positive to
negative over 1979-2013 likely contributed to the strengthened Amundsen Sea Low and
pattern of sea ice trends, highlighting the importance of accounting for teleconnections

from low to high latitudes.

The Southern Ocean surface freshened in recent decades, yet CMIP5 models underesti-
mate this. I demonstrate that imposing a broad-scale surface freshening to the Southern
Ocean in global coupled climate model experiments causes a surface cooling and sea-ice
increase, due to reduced ocean convection and weakened entrainment of warm subsurface
waters to the surface. Additional experiments with surface salinity restoration applied to
capture observed regional salinity trends accurately represent the spatial pattern of surface
temperature and sea-ice trends around Antarctica. These results highlight the importance
of accurately simulating changes in Southern Ocean precipitation, meltwater and salinity

to capture changes in ocean circulation, surface temperature and sea ice.
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Preface

Motivation and objectives

Over recent decades an overall warming of the Southern Ocean (e.g. Gille, 2008) and
Antarctic Peninsula (e.g. Turner et al., 2005) has occurred, however the Antarctic conti-
nent and high-latitude sea surface temperature (SST) have largely cooled, and total sea
ice coverage has expanded (e.g. Fan et al., 2014). A poleward shift and intensification of
the extratropical westerly-wind jet has also been observed (e.g. Thompson et al., 2011),
attributed to increasing greenhouse gases and stratospheric ozone depletion (e.g. Arblaster
and Meehl, 2006; Son et al., 2009). Questions relating to the causes of these changes, their
interplay, and their relationship with global ocean and atmospheric circulations remain. In
particular, understanding the observed increase in Antarctic sea ice despite global warm-
ing has proven to be complicated. Antarctic sea ice impacts global climate by influencing
surface albedo (e.g. Meehl, 1984; Stammerjohn et al., 2012) and the global ocean overturn-
ing circulation (e.g. Marshall and Speer, 2012). Thus to better understand global climate
change it is critical to understand the ocean-ice changes occurring in the high latitudes of

the Southern Hemisphere.

Climate models are essential tools for investigating climate variability and change.
The latest generation of coupled global climate models, those participating in the Coupled
Model Intercomparison Project phase 5 (CMIP5; Taylor et al., 2012), provide an un-
precedented opportunity for inter-model comparison studies. In contrast to the observed
increase in total Antarctic sea ice observed since regular satellite observations began in
1979 (Parkinson and Cavalieri, 2012; Vaughan et al., 2013), the majority of CMIP5 models
simulate a decline. Antarctic sea ice trends in the CMIP5 models have been investigated
previously (Mahlstein et al., 2013; Polvani and Smith, 2013; Swart and Fyfe, 2013; Turner
et al., 2013a; Zunz et al., 2013), however at the time of commencing this thesis, an expla-
nation for the physical mechanisms leading to the disparity of simulated Antarctic sea ice
trends had yet to be fully established. To improve confidence in CMIP5 projections, it
is important to understand why their average Antarctic sea ice trends differ so markedly

from those observed.

Understanding both observed and simulated changes in Southern Hemisphere high-
latitude climate has been the focus of much research over the past few years. When this
project was first established, the overall objective was to better understand contemporary
changes in Southern Hemisphere high-latitude climate, including changes in Antarctic sea
ice, Southern Ocean surface temperature and large-scale atmospheric circulation. As the

project progressed, three overarching goals were established:
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1. To compare physical mechanisms affecting Antarctic sea ice in the CMIP5 models
and observations, with the aim of reconciling the disparity between the recent multi-

decadal observed increase and the modelled decline;

2. To examine simulations from two different partial-coupled climate model experi-
ments forced by observed variability in certain pre-defined regions, to investigate

how tropical Pacific decadal variability affects Antarctic sea ice trends; and

3. To perform experiments using a global coupled climate model with additional fresh-
water applied to the Southern Ocean to assess the influence of recent surface fresh-

ening on surface temperature and Antarctic sea ice trends.

The findings from each of these topics are presented chronologically in Parts 1-3 of
this thesis. Each Part includes additional discussion of relevant new studies, as they have
become available. The Concluding Remarks section brings together how research since this
project commenced in 2014, including the important findings of this thesis, have improved

the state of our understanding of Southern Hemisphere high-latitude climate.

Background

Changes in Southern Hemisphere climate since the mid-twentieth century are outlined
below in terms of atmospheric circulation, Southern Ocean, and Antarctic sea ice. Data
sparsity is a considerable challenge in the poorly sampled Southern Hemisphere. In this
research I mainly consider atmospheric, SST and sea ice changes since 1979, when regular
satellite records are available to constrain reanalyses and surface datasets. Assessing the
pre-Argo period for ocean temperature and salinity changes is particularly problematic,
so I use longer term trend estimates (e.g. since ~1950), as over shorter time periods
interannual/decadal variability dominates, whereas over longer periods, trends are more
coherent and physically interpretable (Durack and Wijffels, 2010). T consider observations
available at the time this project commenced in 2014; that is, those up until and including
2013. The behaviour of Antarctic sea ice extent during 2014-2017 is compared to the
results presented throughout this thesis for 1979-2013 in the Concluding Remarks.

Atmospheric circulation

Surface air temperature changes in the mid-to-high latitude Southern Hemisphere since the
mid-twentieth century include warming of the Antarctic Peninsula, Argentina, Tasmania
and southern New Zealand (Gillett et al., 2006; Thompson et al., 2011), but surface cooling
over parts of the Antarctic continent and the high-latitude Southern Ocean (Fan et al.,
2014; Thompson et al., 2011), as shown in Fig. P.1a. Changes in atmospheric circulation
have resulted in a shift in atmospheric mass from high to mid latitudes and an increase

in westerly wind speeds over the Southern Ocean (Fig. P.la,b; see also Thompson and
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Solomon, 2002; Marshall, 2003; Thompson et al., 2011), a poleward expansion of the
tropical belt and subtropical dry zone (Hu and Fu, 2007; Hu et al., 2011), and a poleward
shift in storm tracks, leading to changed precipitation across much of the hemisphere (Fig.
P.1b; Gillett et al., 2006; Thompson et al., 2011).

(a) Observed SAT and MSLP trends (b) Observed precipation and wind trends

-0.45 -0.3-0.15 0 0.15 0.3 0.45 -0.12 -0.06 0 0.06 0.12
SAT trend (°C (10 y)™) Precipitation trend (mm day™” (10 y)")
MSLP contours from -2 (dashed) to 10-m wind vectors (ms™ (10 y)™)

2 (solid) by 0.2 (hPa (10 y)™)

Figure P.1: Observed annual surface atmosphere trends over 1979-2013. (a) Surface air
temperature (SAT) trends in colour with significance at the 95% level as determined by a
two-sided Student’s ¢ test shown in stippling, and mean sea level pressure (MSLP) trends
overlain in contours with negative trends shown by dashed contours and the zero contour
shown in bold; and (b) precipitation trends in colour with 10-m wind trends overlain as
vectors. All fields are from ERA-Interim.

Many of these changes are consistent with the positive trend in the Southern Annular
Mode (SAM), the dominant mode of variability in the extratropical Southern Hemisphere
(Thompson and Wallace, 2000; Thompson et al., 2011), as depicted in Fig. P.2. In re-
cent decades the SAM has exhibited pronounced tropospheric trends towards its positive
phase during austral summer and autumn (Thompson and Solomon, 2002; Marshall, 2003).
There has been an associated poleward shift in the extratropical eddy-driven westerly jet
and storm tracks (e.g. Thompson and Solomon, 2002; Fyfe, 2003; Frederiksen and Frederik-
sen, 2007) as well as an intensification and poleward shift of the oceanic gyre circulations
(Cai and Cowan, 2007). These SAM changes have previously been suggested to increase
precipitation over the high-latitude Southern Ocean (whilst decreasing precipitation in
mid latitudes; e.g. Son et al., 2009), with less influence on evaporation (Purich and Son,
2012), thus enhancing total precipitation minus evaporation (P-E) over a broad region of

the high-latitude Southern Ocean. The SAM trend is consistent with atmospheric circu-
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lation changes associated with both a decrease in stratospheric ozone and an increase in
greenhouse gas concentrations (Shindell and Schmidt, 2004; Arblaster and Meehl, 2006;
Son et al., 2009, 2010), although ozone depletion is thought to dominate Southern Hemi-
sphere surface climate changes during austral summer (Perlwitz et al., 2008; Son et al.,
2009; Polvani et al., 2011).
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Figure P.2: Schematic atmosphere-ocean response to the positive phase of the SAM, from
Thompson et al. (2011). Blue shading indicates cooling, red shading indicates warming,
arrows indicate meridional and vertical motions, and arrow heads indicate eastward and
westward motions.

A strengthening of the Amundsen Sea Low has also been observed (Fig. P.1a; Turner
et al., 2013b). This has been linked to both the positive trend in the SAM (Turner et al.,
2013b), and changes in tropical Pacific SST (Schneider et al., 2012) and tropical Atlantic
SST (Li et al., 2014; Simpkins et al., 2014) via convectively generated atmospheric Rossby

wavetrains.

The CMIP5 models simulate the spatial pattern of the SAM reasonably well, although
these models have a tendency to overestimate the variance explained by the SAM (Zheng
et al., 2013), and some models also simulate a spatial structure that is too zonal (Purich
et al., 2013). An equatorward bias in the location of the mean-state westerly-wind jet is
also seen for the majority of models (e.g. Bracegirdle et al., 2013). The CMIP5 models

underestimate the magnitude of observed changes in the SAM, and also in the westerly-
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wind jet (Swart and Fyfe, 2012; Wilcox et al., 2012; Bracegirdle et al., 2013; Mahlstein
et al., 2013; Purich et al., 2013), and surface winds have been identified as one of the
major components of inter-model variability in the Southern Hemisphere high latitudes
(Sen Gupta et al., 2009). The CMIP5 multi-model mean does not capture the observed
strengthening of the Amundsen Sea Low, even though a few individual models do capture
this trend (Meehl et al., 2016a).

Southern Ocean

Over recent decades warming has occurred over much of the extent of the Southern Ocean,
extending to depths of up to 1200 m in the Antarctic Circumpolar Current (ACC; Gille,
2008; Boning et al., 2008), and onto the continental shelf in the Amundsen and Belling-
shausen Seas (Schmidtko et al., 2014). Despite this overall warming, a surface cooling at
high latitudes has been observed for most regions (e.g. Fan et al., 2014; Marshall et al.,
2014), as shown in Fig. P.3a.

(a) Observed SST trend (b) Observed SSS trend

-0.12 -006 0 0.06 0.12 -0.04 -0.02 0 0.02 0.04
SST trend (°C (10 y)") SSS trend (PSU (10 y)™)

Figure P.3: Observed annual surface ocean trends. (a) SST trends from HadISST over
1979-2013, and (b) SSS trends from Durack and Wijffels (2010) over 1950-2000. Stippling
indicates significance at the 95% level.

Surface freshening has also been observed across the Southern Ocean (Fig. P.3b;
Boning et al., 2008; Durack and Wijffels, 2010; Durack et al., 2012; de Lavergne et al.,
2014), as well as at depths further north in Subantarctic Mode Water and Antarctic Inter-
mediate Water (Wong et al., 1999; Boyer et al., 2005). This has been linked with increased
precipitation resulting from poleward-shifted storm tracks (Figs P.1b, P.2; Thompson and
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Solomon, 2002; Marshall, 2003; Fyfe, 2003; Thompson et al., 2011) and increased melt-
water from Antarctic ice shelves and/or ice sheets (Bintanja et al., 2013; Swart and Fyfe,
2013). Surface freshening increases surface stratification and in the Southern Ocean this
reduces convective mixing of warmer subsurface waters, leading to a surface cooling (e.g.
Marsland and Wolff, 2001; Aiken and England, 2008; Liu and Curry, 2010; de Lavergne
et al., 2014).

The ACC has been observed to accelerate eastwards and shift poleward (Jacobs,
2006; Boning et al., 2008; Toggweiler and Russell, 2008), however little change in the
tilt of outcropping isopycnals has been observed (Boning et al., 2008). Theoretical and
numerical analyses suggests that in an eddy-saturated state, increased wind stress could
increase the meridional overturning without changing the tilt of the isopycnals (Meredith
et al., 2012; Morrison and Hogg, 2013), providing an explanation for this behaviour of the
Southern Ocean density field.

Changes to the Southern Ocean are significant not just in themselves, but also because
the Southern Ocean is an important heat and carbon sink and thus regulates global climate.
The importance of the Southern Ocean to global climate depends on the strength of
the ACC and the fluxes that mix subtropical waters into and across the ACC (Gille,
2002, 2003). Changes in the carbon uptake of the Southern Ocean as well as in deep
ocean circulation have already been observed and are predicted to continue into the future
(Le Quéré et al., 2007), although due to uncertainty in observations and in models, and
considerable decadal variations, there is uncertainity over predicted trends (Law et al.,
2008; Zickfeld et al., 2008).

Southern Ocean representation in the CMIP5 models has been well documented.
The CMIP5 models have a consistent warm and buoyant bias spread over the entire water
column, with the greatest bias in the Mode and Intermediate Waters (Sallée et al., 2013b;
Downes and Hogg, 2013). The Mode Water is poorly represented and both the Mode
and Intermediate Waters have a significant fresh bias (Sallée et al., 2013b). Further, the
CMIP5 models simulate a Southern Ocean mixed layer depth that is too shallow, too light
and shifted equatorward compared to observations (Sallée et al., 2013a). The shallow bias
has been attributed to excess freshwater input at the surface that over-stratifies the surface
layer and inhibits deep convection (Sallée et al., 2013a). Compared to observations, the
CMIP5 models also show a larger rate of meridional overturning in the upper cell and a
lower rate in the lower cell (Sallée et al., 2013b). The CMIP5 models accurately represent
the position of the ACC, although a range of transports are simulated, accompanied by

variations in the density structure amongst models (Meijers et al., 2012).

Antarctic sea ice

When averaged across all longitudes, Antarctic sea ice expanded over 1979-2013 (Cavalieri
and Parkinson, 2008; Comiso and Nishio, 2008; Parkinson and Cavalieri, 2012; Vaughan
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et al., 2013). Spatial analysis of sea ice trends, however, reveals opposing regional changes
off Antarctica since satellite observations began in 1979; with decreasing sea ice in the
Amundsen and Bellingshausen Seas outweighed by increasing sea ice in the Ross Sea
and around eastern Antarctica, leading to the overall increase (Fig. P.4a; Stammerjohn
et al., 2008; Holland and Kwok, 2012; Simpkins et al., 2013). While the circumpolar
ice increase is statistically significant, it has been suggested that it may still be due to
natural variability (Latif et al., 2013; Mahlstein et al., 2013; Polvani and Smith, 2013;
Simpkins et al., 2013; Zunz et al., 2013; Fan et al., 2014). For example, observations over
the satellite era coincide with a phase change in the Interdecadal Pacific Oscillation (IPO)
from positive to negative, and as such the IPO influence on Antarctic sea ice could present

as a trend, even though it is due to natural variability.

(a) Observed SIC trend (b) CMIPS SIC trend

5 432101 2 3 45

Figure P.4: Annual SIC trends over 1979-2013. (a) Observed SIC from the NSIDC
Bootstrap algorithm, and (b) CMIP5 multi-model mean SIC. The CMIP5 multi-model
mean is calculated using the first available ensemble member for each model as in Part
1. Stippling indicates significance: (a) at the 95% level as determined by a two-sided
Student’s t test, and (b) where 80% of models agree on the sign of the mean trend (Purich
et al., 2013), which corresponds to 33 out of 41 models. The mean-state 15% SIC contour
is shown in black. In (a), RS=Ross Sea, AS=Amundsen Sea, BS=Bellingshausen Sea, and
WS=Weddell Sea.

Contrasting the observed sea ice increase, the majority of CMIP5 models and the
multi-model mean simulate a decrease in Antarctic sea ice over 1979-2013 (Fig. P.4b;
Mahlstein et al., 2013; Polvani and Smith, 2013; Zunz et al., 2013; Turner et al., 2013a;
Swart and Fyfe, 2013). There is also considerable bias in many models’ sea ice extent
(SIE) and seasonal cycle, which complicates comparisons with observations (Turner et al.,
2013a). The observed increase has also been suggested to lie within the range of modelled
natural variability (Mahlstein et al., 2013; Polvani and Smith, 2013; Swart and Fyfe,
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2013), although modelled Antarctic sea ice variability tends to be overestimated (Zunz
et al., 2013; Turner et al., 2013a). At the time of commencing this thesis, few studies
had proposed physical mechanisms that may be responsible for the difference between
observed and simulated Antarctic sea ice trends (Bintanja et al., 2013; Swart and Fyfe,
2013; Haumann et al., 2014), and among these, there was considerable disagreement about

the mechanisms at play.

Freshwater fluxes into the Southern Ocean control surface stratification and as such
SIE. A freshening of the Southern Ocean due to accelerated Antarctic ice shelf and/or
ice sheet melting was proposed as a possible mechanism contributing to the observed
increase in Antarctic sea ice (Bintanja et al., 2013). As the CMIP5 models do not simulate
dynamic ice sheet mass loss, this lack of freshwater input could affect their simulated
sea ice trends and contribute to the disparity with the observed increase. Early model
studies of the influence of surface freshening on Antarctic sea ice found freshening to be
associated with an increase in ice coverage in ocean-ice models (Marsland and Wolff, 2001;
Beckmann and Goosse, 2002; Hellmer, 2004; Aiken and England, 2008). However, recent
studies using global coupled climate models with additional freshwater applied around
the Antarctic margins to simulate increased ice sheet melt/runoff have found conflicting
results: Bintanja et al. (2013) find that increased freshwater has likely contributed to the
increase in Antarctic SIE, while Swart and Fyfe (2013) find the influence to be small and

not able to explain the observed sea-ice changes.

With the role of surface freshening on Antarctic sea ice trends remaining unclear,
the recent observed sea ice increase has been largely attributed to regionally changing
winds (Turner et al., 2009; Holland and Kwok, 2012; Fan et al., 2014; Li et al., 2014).
Using tracked sea ice motion, wind-driven changes in ice advection were identified in
West Antarctica, and wind-driven thermodynamic changes elsewhere (Holland and Kwok,
2012). Global-warming modulated teleconnections to the Amundsen Sea Low (Turner
et al., 2009) have been linked to the reduced sea ice in the Amundsen and Bellingshausen
Seas and the increased sea ice in the Ross Sea (Li et al., 2014; Simpkins et al., 2014).

Hemispheric-scale wind changes associated with the positive trend in the SAM (Mar-
shall, 2003) were also hypothesised to have caused observed sea ice changes (Turner et al.,
2009). On interannual timescales, a positive SAM strengthens the jet and shifts it pole-
wards, resulting in cool SST and increased SIE at most longitudes due to enhanced Ekman
drift (Fig. P.2; Hall and Visbeck, 2002; Sen Gupta and England, 2006; Lefebvre and Goosse,
2008; Thompson et al., 2011). However, in association with the positive SAM trend, a
number of observational (Simpkins et al., 2012) and modelling (Sigmond and Fyfe, 2010;
Bitz and Polvani, 2012; Smith et al., 2012) studies found Southern Ocean warming and
an overall sea ice decline on these longer time scales, contrasting the interannual relation-
ship found between the SAM, SST and SIE. The recent identification of a two-time-scale
SST response to high-latitude wind changes in model experiments explains how long-term
SAM trends might induce an SST response opposite to that associated with interannual

variations. Namely, under a continual positive SAM and enhanced northward Ekman
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transport, an initial high-latitude SST cooling, caused by equatorward transport of cool
water, is followed by an eventual warming (on the order of years to decades), due to the
eventual upwelling of warm subsurface water overwhelming the initial cooling response
(Marshall et al., 2014).

Thesis overview

The remainder of this thesis consists of three Parts presenting the scientific findings of
this research project, followed by the Concluding Remarks. Each Part is organised as a
self-contained study with its own abstract, introduction, methods, results and discussion,
along with supplementary material included at the end of each Part. For brevity, the
references from each Part have been consolidated and appended in the single Bibliography
at the end of the thesis. Finally, Appendices A, B and C contain copies of three published
journal articles that have resulted from this research. Appendix D presents additional
scientific findings building upon Part 3. Appendices E, F and G contain copies of three

additional published journal articles that I have coauthored during my PhD tenure.

Part 1 focusses on the discrepancy between observed and CMIP5 trends in total
Antarctic sea ice coverage over 1979-2013. I show that weaker trends in the intensification
of the Southern Hemisphere westerly-wind jet simulated by the models may contribute to
this disparity. During austral summer a strengthened jet leads to increased upwelling of
cooler subsurface water and strengthened equatorward transport, conducive to increased
sea ice. Because the majority of models underestimate summer jet trends, this cooling
process is underestimated compared to observations, and is insufficient to offset warming
in the models. The findings of Part 1 suggest that a realistic simulation of observed
wind changes, as well as of near-surface ocean temperature structure, may be crucial for

reproducing the recent observed sea ice increase.

Part 2 investigates the role of interannual variability in contributing to trends in
regional Antarctic sea ice coverage over 1979-2013. A strengthening of the Amundsen
Sea Low (Turner et al., 2013b) has been shown to largely explain the observed increase
in Antarctic sea ice in the eastern Ross Sea and decrease in the Bellingshausen Sea (Li
et al., 2014; Turner et al., 2015b; Meehl et al., 2016a). I show that while these changes are
not generally seen in CMIP5 model simulations, they are reproduced in simulations of two
independent coupled climate models when these models are constrained by tropical Pacific
variability. My analysis suggests that the phase change in the Interdecadal Pacific Oscil-
lation from positive to negative over 1979-2013 contributed to the observed strengthening
of the Amundsen Sea Low and associated pattern of Antarctic sea ice change during this
period. The findings of Part 2 highlight the importance of accounting for teleconnections
from low to high latitudes in both model simulations and observations of Antarctic sea ice

variability and change.
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Part 3 examines the impact of broad-scale surface freshening of the high-latitude
Southern Ocean in a global coupled climate model, using the Australian Community Cli-
mate and Earth System Simulator version 1.0 (ACCESS1.0). I perform experiments using
ACCESS1.0 with additional freshwater applied to the Southern Ocean to assess the in-
fluence of recent surface freshening. The simulations explore the impact of persistent and
long-term broad-scale freshening due to processes including precipitation minus evapora-
tion changes. Thus, unlike previous studies, the freshening is applied as far north as 55°S,
beyond the Antarctic sea ice margin. I find that imposing a large-scale surface freshening
trend, as estimated from observations, causes a surface cooling and sea-ice increase. This
surface cooling occurs due to a reduction in ocean convection and weakened entrainment
of warm subsurface waters into the surface ocean. Additional experiments are conducted
with surface salinity restoration applied to capture observed regional salinity trends un-
der pre-industrial conditions. Remarkably, without any mechanical wind trend forcing,
these simulations overall accurately represent the spatial pattern of observed surface tem-
perature and sea-ice trends around Antarctica. The findings of Part 3 demonstrate the
importance of accurately simulating changes in Southern Ocean salinity, and thus changes
in processes such as precipitation, ice-shelf melt and sea-ice freshwater fluxes, to capture

changes in ocean circulation, SST and sea ice.
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Part 1

Evidence for link between
modelled trends in Antarctic
sea ice and underestimated
westerly wind changes

The material in this Part is based around work published as:

Purich, A., W. Cai, M. H. England, and T. Cowan, 2016: Evidence for link between
modelled trends in Antarctic sea ice and underestimated westerly wind changes. Nature
Communications, 7, 10409, doi:10.1038 /ncomms10409.

A. P, W. C. and M. H. E. conceived the study and undertook the initial analyses. A.
P. assembled and analysed the observational and CMIP5 data, prepared all figures and
wrote the first draft of the manuscript. T. C. assisted with data analysis. All authors

contributed to the development of ideas, writing and revising the manuscript.

Accompanying supplementary material is included at the end of this Part in Section 1.5.

The published version of this material is included in Appendix A.
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PART 1. SEA ICE TRENDS LINKED TO WESTERLY WIND CHANGES

Abstract

Despite global warming, total Antarctic sea ice coverage increased over 1979-2013. How-
ever the majority of Coupled Model Intercomparison Project phase five models simulate
a decline. Mechanisms causing this discrepancy have so far remained elusive. Here we
show that weaker trends in the intensification of the Southern Hemisphere westerly-wind
jet simulated by the models may contribute to this disparity. During austral summer a
strengthened jet leads to increased upwelling of cooler subsurface water and strengthened
equatorward transport, conducive to increased sea ice. Because the majority of models
underestimate summer jet trends, this cooling process is underestimated compared to ob-
servations, and is insufficient to offset warming in the models. Through the sea ice-albedo
feedback, models produce a high-latitude surface ocean warming and sea ice decline, con-
trasting the observed net cooling and sea ice increase. A realistic simulation of observed

wind changes may be crucial for reproducing the recent observed sea ice increase.

1.1 Introduction

Despite regional melting, total Antarctic sea ice has been expanding over the past 35 years
(Cavalieri and Parkinson, 2008; Comiso and Nishio, 2008; Parkinson and Cavalieri, 2012).
Such changes impact surface albedo and deep water formation, and thus are important
to global climate. Spatial analysis of sea ice concentration (SIC) trends reveals oppos-
ing regional changes since satellite observations began in 1979; decreasing sea ice in the
Amundsen and Bellingshausen Seas is outweighed by increasing sea ice in the Ross Sea
and around eastern Antarctica, leading to an overall increase (Fig. 1.1a; Stammerjohn
et al., 2008; Holland and Kwok, 2012; Simpkins et al., 2013). Although the circumpolar
ice increase is statistically significant, it has been suggested that it may still be within
the range of natural variability (Simpkins et al., 2013; Mahlstein et al., 2013; Polvani and
Smith, 2013; Zunz et al., 2013; Fan et al., 2014; Gagné et al., 2015). However, as the most
recent years of the sea ice record are included, the strength and the statistical significance
of the trend has increased (Simmonds, 2015).

The sea ice increase has been attributed to regional-scale wind trends causing both
dynamic and thermodynamic changes (Turner et al., 2009; Holland and Kwok, 2012; Fan
et al., 2014; Li et al., 2014; Simpkins et al., 2014; Turner et al., 2015a). On the other hand,
models have linked hemispheric-scale wind changes associated with the positive trend in
the Southern Annular Mode (SAM; Marshall, 2003), induced by increasing greenhouse
gases and stratospheric ozone depletion (Arblaster and Meehl, 2006; Son et al., 2010;
Polvani et al., 2011), to Southern Ocean warming and a sea ice decline (Sigmond and Fyfe,
2010; Bitz and Polvani, 2012; Smith et al., 2012). This contrasts interannual variations, in
which a positive SAM intensifies the westerly jet and shifts it polewards, resulting in cool

sea surface temperature (SST) and increased sea ice extent (SIE) at most longitudes due
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1.2. DATA AND METHODS

to enhanced Ekman drift (Hall and Visbeck, 2002; Sen Gupta and England, 2006; Lefebvre
and Goosse, 2008). An exception is along the Antarctic Peninsula, where a positive SAM is
associated with reduced sea ice, due to circulation changes associated with the Amundsen
Sea Low (Stammerjohn et al., 2008; Turner et al., 2013b).

Most Coupled Model Intercomparison Project phase 5 (CMIP5) models fail to sim-
ulate the observed SIE increase in their historical experiments (Mahlstein et al., 2013;
Polvani and Smith, 2013; Zunz et al., 2013; Turner et al., 2013a; Swart and Fyfe, 2013;
Gagné et al., 2015). The vast majority of models produce a decrease in SIE and sim-
ulate considerable bias in mean-state SIE and its seasonal cycle (Turner et al., 2013a).
The observed increase is suggested to lie within the range of modelled natural variability
(Mahlstein et al., 2013; Polvani and Smith, 2013; Swart and Fyfe, 2013), although mod-
elled Antarctic sea ice variability tends to be overestimated (Zunz et al., 2013; Turner
et al., 2013a), and when the spatial pattern of sea ice trends is considered, the observed
changes are distinguishable from the modelled pattern during austral summer and autumn
(Hobbs et al., 2015). To date, few studies have proposed mechanisms that may be respon-
sible for the difference between observed and simulated Antarctic sea ice trends (Bintanja
et al., 2013; Swart and Fyfe, 2013; Haumann et al., 2014).

This study compares physical mechanisms affecting Antarctic sea ice in the CMIP5
models and observations, with the aim of explaining the difference between the observed
increase and the modelled decline. We analyse monthly-mean observations and output
from 41 CMIP5 models with 87 realisations, over 1979-2013, the period for which regular
satellite observations are available. Observed and modelled trends are assessed, and inter-
model relationships used to gain insight into why models overall generate too great a sea
ice loss and what the important processes behind this are. Because the CMIP5 models
underestimate recent changes in the SAM and the westerly-wind jet intensification (Swart
and Fyfe, 2012; Bracegirdle et al., 2013; Mahlstein et al., 2013; Purich et al., 2013), we
investigate the influence of jet trends on Antarctic sea ice and Southern Ocean SST. We
find that underestimated changes in wind-induced ocean circulation in the models may

contribute, in part, to their large Antarctic sea ice decline.

1.2 Data and methods

1.2.1 Data

CMIP5 data from the historical and Representative Concentration Pathway 8.5 (RCP8.5;
high-emission scenario) experiments are concatenated to match the observational period.
The choice of RCP scenario over 2006-2013 has minimal influence on results, as all forc-
ing scenarios are very similar over this time frame. We analyse all CMIP5 models that
have SIC data available for both the historical and RCP8&.5 experiments. This includes 41

CMIP5 models, with a total of 87 realisations (between one and 10 runs are available per
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PART 1. SEA ICE TRENDS LINKED TO WESTERLY WIND CHANGES

model), listed in the legend of Fig. 1.2. We also make use of SST, potential temperature,
sea surface salinity, subsurface salinity (historical experiment only), surface air tempera-
ture, zonal wind, surface wind stresses, evaporation, precipitation, total cloud cover, mean
sea level pressure and surface heat fluxes from the CMIP5 archive. At the time of analysis
potential temperature was not available for FGOALS-s2 and FIO-ESM, and salinity was
not available for HadGEM2-AO. Various surface heat flux terms were not available for
CMCC-CMS, FIO-ESM, GISS-E2-R (rlilp2 only), HadGEM2-AO, MPI-ESM-LR (r2ilpl
and r3ilpl only) and MRI-ESM1.

For comparison to observations, we use passive microwave SIC processed using the Na-
tional Snow and Ice Data Center (NSIDC) Bootstrap algorithm (Comiso and Nishio, 2008).
The possibility for spurious trends in this SIC dataset has been identified (Eisenman et al.,
2014), so results are compared to those obtained with SIC processed using the National
Aeronautics and Space Administration (NASA) Team algorithm, and found to be very
similar. For area-averaged SIE we make use of the pre-calculated NSIDC SIE index (Fet-
terer et al., 2002) commonly used in other studies (Simmonds, 2015; Gagné et al., 2015).
Results from the NSIDC Bootstrap SIC are very similar. We use SST data from the Hadley
Centre Sea Ice and Sea Surface Temperature dataset (HadISST; Rayner et al., 2003). For
ocean temperature and salinity we take an average of the Simple Ocean Data Assimilation
(SODA) v2.2.4 (Carton and Giese, 2008) and Ishii (Ishii and Kimoto, 2009) reanalyses.
For atmospheric variables, we use the European Centre for Medium-Range Weather Fore-
casts (ECMWF) ERA-Interim reanalysis (Dee et al., 2011), regarded as the most reliable
reanalysis over the Amundsen and Bellingshausen Seas (Bracegirdle et al., 2013), and
over Antarctica (Bromwich et al., 2011; Bracegirdle and Marshall, 2012). Uncertainty ex-
ists in ERA-Interim wind trends (Swart et al., 2015), however considering trends evident
in the National Centers for Environmental Prediction (NCEP)/National Center for At-
mospheric Research (NCAR) reanalysis, NCEP /Department of Energy (DOE) reanalysis
and Twentieth Century reanalysis v2, ERA-Interim winds may modestly underestimate
the jet intensification, as this product yields the weakest trend among these four reanalyses
(Swart et al., 2015). Weaker jet intensification is seen in NASA Modern Era-Retrospective
analysis for Research and Applications (MERRA) and NCEP Climate Forecast System
Reanalysis (CFSR), although these products have previously been excluded when exam-
ining Southern Ocean wind strength trends, due to possible issues with reanalysis data
assimilation (Swart and Fyfe, 2012). The overall balance of evidence suggests that ERA-
Interim winds provide one the best estimates of wind trends over the Southern Ocean for
the full study period of 1979-2013.

All data is bilinearly interpolated to a standard 2°x2° grid. This resolution is chosen
to avoid over extrapolating low resolution (atmospheric) data from some models to higher
resolutions. Potential temperature is converted from o to z levels where required, and ver-
tically interpolated to 40-depth levels (matching the SODA reanalysis). Data is stratified
into seasonal and annual mean fields. The year of an austral summer corresponds to the

year of the January-February.
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1.2.2 Metrics

A number of metrics are calculated for observations and each model. Time series of
metrics are used to investigate and compare linear trends and interannual variability be-
tween models and observations. For inter-model relationships, each ensemble member is
included in analysis and weighted evenly. Linear trends are calculated using the least
squares regression method, and are scaled by linear trends in global-mean temperature to
take into account the different climate sensitivity of the models. Statistical significance
is determined using the two-sided Student’s ¢ test. When assessing the significance of in-
terannual correlation coefficients, the lag-1 autocorrelation is accounted for by estimating

the effective sample size, Nsy, as:

1 — 7179
Ngsr =N | ——= 1.1
eff <1+m2) (1.1)

Where N is the sample size, and 1 and ro are the lag-1 autocorrelations of the time series
of interest (Ciasto and Thompson, 2008).

SIE in the models is defined as the circumpolar area where SIC exceeds 15% (Turner
et al., 2013a). We focus on SIE as an area-averaged metric, as it is commonly assessed
(Mahlstein et al., 2013; Polvani and Smith, 2013; Swart and Fyfe, 2013; Turner et al.,
2013a; Zunz et al., 2013), although we also present SIC trends to display regional trend
characteristics (Fig. 1.1). High-latitude metrics [e.g. SST, sea surface salinity, precipitation
minus evaporation (P-E)| are defined as area-averaged fields south of 55°S, except where
noted otherwise. Only ocean grid points are considered in area averages. We note that
in HadISST, the SST in grid cells partially covered by sea ice is determined based on a
statistical relationship between SST and SIC (Rayner et al., 2003), whereas in the CMIP5
models SST is defined as the temperature of the uppermost model layer. The choice of
latitude is assessed and results are found to be robust over a range of high-latitudes. Jet
strength is defined as the maximum 925-hPa westerly wind between 35-70°S, where a
cubic spline approximation is applied to the zonal-mean zonal wind (Bracegirdle et al.,
2013).

Meridional Ekman transport, Vg, is calculated from the surface zonal wind stress
(Vg = —72/pf), and Ekman pumping, wg, from the curl of surface wind stresses (wg =
v X (T/f)/p), where T is the wind stress, p is the density of seawater and f is the Coriolis
parameter. Trends calculated from area-averaged Ekman transport and pumping time
series are sensitive to the choice of latitude band, due to variations in the wind fields
amongst models and observations. To allow for spatial variations amongst models, we
calculate the first empirical orthogonal function (EOF) of both Ekman transport and
pumping over 55-70°S and use the standardised principal components (PCs) to represent
the Ekman transport and pumping time series, respectively. During summer, the first
EOFs for both Ekman transport and pumping are well separated (North et al., 1982) from
subsequent patterns in all models and observations. The first EOFs are related to the SAM,
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the leading mode of atmospheric variability in the extratropical Southern Hemisphere
(Thompson et al., 2011), and have a more coherent influence on SST (Supplementary Fig.
9). To account for the effect that equatorward Ekman transport has on SST, we estimate
horizontal temperature advection by multiplying the Ekman transport PC by the mean-
state horizontal temperature difference between 55-60°S and 65-70°S, calculated for the
zonal-mean surface layer (0-25 m). Likewise, to account for the effect that Ekman pumping
has on SST, we estimate the vertical temperature advection by multiplying the Ekman
pumping PC by the mean-state vertical temperature difference between the surface layer
(0-25 m) and the layer just below the summer thermocline (70-80 m), calculated for the

zonal-mean over 55-70°S.

1.3 Results

1.3.1 Sea ice and SST spatial trends

In contrast to observations (Fig. 1.1a), multi-model mean SIC trends (Fig. 1.1b) show a
decrease in all sea ice regions. The majority of models show an overall decrease in sea ice,
despite inter-model variations in simulated spatial patterns, with many models showing
small regions of increasing SIC (Fig. 1.6 in Section 1.5). The multi-model mean regional
decrease lacks broad significance, except in the Bellingshausen and northern Weddell Seas,
and in isolated pockets of eastern Antarctica and the Ross Sea. Coincident with the
observed increase in Antarctic sea ice, high-latitude SST has also decreased over 1979-
2013 (Fig. 1.1c; see also Bintanja et al., 2013; Fan et al., 2014; Marshall et al., 2014), with
cooling strongest in the Ross Sea. In contrast, the CMIP5 models show Southern Ocean
surface warming over most regions (Fig. 1.1d), although there is no inter-model consensus

in terms of warming at high latitudes.

1.3.2 Sea ice, SST and jet relationships

Comparing SIC and SST trend patterns exhibited by individual models (Figs 1.6, 1.7 in
Section 1.5) reveals that models with stronger SST warming show a larger SIC decrease, as
expected (Mahlstein et al., 2013). A strong inter-model relationship exists between trends
in area-averaged high-latitude (south of 55°S) SST and in circumpolar SIE: models that
simulate greater warming produce a greater reduction in ice (Fig. 1.2). This relationship
is highly statistically significant (p<0.001), and is evident in all seasons [shown for austral
summer (December—February; DJF) and austral winter (June-August; JJA), Fig. 1.2a and
b, respectively; all seasons in Table 1.1 in Section 1.5]. The observed trends fit the tail-end
of the spread in model trends. When trends are scaled by global mean temperature trends
to take into account differences in climate sensitivity between observations and models,
the observed SIE trend lies outside the 95% confidence interval of model trends. However,

in absolute terms, the observed Antarctic sea ice trend is not statistically distinguishable
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(a) Observed SIC trend (% °C" GW) (c) Observed SST trend (°C °C™ GW)

(d) CMIP5 SST trend (°C °C" GW)

-30-24-18-12 6 0 6 12 18 24 30

Figure 1.1: Annual SIC and SST trends over 1979-2013. (a) observed SIC from the
NSIDC Bootstrap algorithm; (b) CMIP5 multi-model mean SIC; (c) observed SST from
HadISST; and (d) CMIP5 multi-model mean SST. Trends are expressed as a change per
degree of global warming. Multi-model means are calculated using the first available
ensemble member for each model. Stippling indicates significance: (a,c) at the 95% level
as determined by a two-sided Student’s ¢ test; and (b,d) where 80% of models agree on
the sign of the mean trend (Purich et al., 2013), which corresponds to 33 out of 41 models.
The mean-state 15% SIC contour is shown in black. In (a), RS=Ross Sea, AS=Amundsen
Sea, BS=Bellingshausen Sea, and WS=Weddell Sea.

from the modelled trends at the 95% confidence level. As such, natural internal variability
remains a viable explanation for the observed trend. Despite this, it is still of interest
to investigate mechanisms that lead to the range in observed and modelled SIE trends.
The SIE-SST relationship (Fig. 1.2) suggests that ocean changes may influence sea ice
trends. As such, to explain why the majority of CMIP5 models simulate a decrease in
Antarctic sea ice in contrast to the observed increase, we must understand why modelled
high-latitude SST warms too fast.
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Figure 1.2: Trends in SIE versus trends in high-latitude SST over 1979-2013. (a) DJF;
and (b) JJA. Trends are expressed as a change per degree of global warming. All available
model ensemble members are shown (87 realisations). Observed SST from HadISST and
SIE from NSIDC. Each model is shown by a marker with the number of runs per model
indicated in the legend, the multi-model mean is shown by a black dot, and observations
are shown by a black asterisk. The inter-model correlation coefficient and p-value are
shown above each panel. For p<0.05, the inter-model regression is shown by a black line.
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Given the links between the westerly-wind jet, sea ice and SST (Sigmond and Fyfe,
2010; Bitz and Polvani, 2012; Smith et al., 2012; Hall and Visbeck, 2002; Sen Gupta
and England, 2006; Lefebvre and Goosse, 2008), we next investigate the influence of jet
intensification trends. There is a significant inter-model relationship between jet strength
trends and SIE trends during austral summer and autumn (p<0.01; Table 1.1 in Section
1.5). During these seasons, there is also a strong and significant relationship between high-
latitude SST and jet strength (p<0.001; Fig. 1.3a; Table 1.1 in Section 1.5). In contrast,
during winter there is no inter-model relationship between jet strength trends and SIE
trends, although the relationship between jet strength trends and SST trends persists
(p<0.001; Fig. 1.3b). This relationship shows that models with a more intensified jet cool,
or warm less, while models with a weaker intensification, or weakened jet, warm more. In
summer, significant relationships are also found between trends in jet position and high-
latitude SST, with a stronger poleward shift in the jet associated with high-latitude SST

cooling or weaker warming (Table 1.1 in Section 1.5).
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Figure 1.3: Trends in jet strength versus trends in high-latitude SST over 1979-2013.
(a) DJF; and (b) JJA. Trends are expressed as a change per degree of global warming. All
available model ensemble members are shown. Observed jet strength from ERA-Interim.
Figure details as per Fig. 1.2.

Processes embedded in the inter-model trend relationships appear to also operate in
the inter-model relationship in the mean state: models with stronger mean-state zonal-
winds south of 55°S tend to have a larger ice area, particularly during autumn (Mahlstein
et al.,, 2013). On interannual timescales, an intensified summer and autumn jet is as-
sociated with above average SIE in the observations (p<0.05; Table 1.2 and Fig. 1.8 in
Section 1.5). However, the majority of CMIP5 models do not capture this interannual
relationship (median p>0.2), indicating a failure to simulate wind-ice interactions ade-
quately. This may explain the somewhat weak inter-model relationship between trends in
jet strength and SIE (Table 1.1 in Section 1.5).

Within individual CMIP5 models, interannual jet strength is more strongly corre-
lated with high-latitude SST (Table 1.2 and Fig. 1.8 in Section 1.5). An intensified jet is
associated with cooler high-latitude SST (Hall and Visbeck, 2002; Sen Gupta and Eng-
land, 2006). The observed relationship is significant over summer (p<0.05), while for the
majority of CMIP5 models it is statistically significant in both spring and summer (me-
dian p<0.05 and p<0.01, respectively). Thus relative to observations, variations in the
modelled jet have a weaker influence on variations in sea ice yet more influence on SST.
As such, we focus on jet-SST dynamics, noting the strong relationship between SST and
SIE (Fig. 1.2) that links wind changes back to sea ice.

1.3.3 Wind-induced effects on SST

We hypothesise that the jet-SST trend relationship in the CMIP5 models is conducted
through a high-latitude Ekman response to changing winds. There, the wind stress forces

equatorward Ekman transport, and the wind stress curl forces upward Ekman pumping
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(Section 1.2.2; Marshall and Speer, 2012; Marshall et al., 2014). As such, an intensified
jet results in strengthened equatorward Ekman transport and usually increased Ekman

upwelling at high latitudes.

Ekman upwelling has a strong cooling effect on SST during summer when warm
water resides at the surface forming a cap over cool Winter Water at depths ~20-150
m (Fig. 1.4a). The warm surface water results from short-wave radiation being received
by the summer ice-free surface waters as sea ice melts. Beneath this, the permanent
pycnocline with cold, fresh water overlying warm, salty water is apparent. By contrast,
during winter surface waters are colder than water below (Fig. 1.4b), consistent with the
typical temperature profile described for the high-latitude Southern Ocean (Marshall and
Speer, 2012), caused by seasonal sea ice melt/freeze and advection processes that freshen
the surface layer. Because of the seasonal stratification, during summer enhanced Ekman
upwelling brings cooler waters to the surface, and this surface cooling spreads further

north due to enhanced equatorward transport.

Consistently, summer Ekman pumping trends are significantly correlated with SST
trends at high latitudes (p<0.001; Fig. 1.4c): models with a strong increase in Ekman
upwelling show SST cooling or weak warming, whereas models with weak trends in Ekman
pumping show strong warming. Ekman transport trends are also significantly correlated
with high-latitude SST trends in summer (p<0.001; Fig. 1.9 in Section 1.5): models with
a strong increase in equatorward Ekman transport show cooling or weak warming. Scale
analysis (Ferreira et al., 2015) has suggested that horizontal Ekman transport should
initially dominate over vertical Ekman upwelling; in contrast, here we find that south of
~60°S, both Ekman transport and Ekman pumping are important (Section 1.5.1; Fig.
1.10 in Section 1.5).

The CMIP5 models underestimate the summer intensification (Fig. 1.3a) and pole-
ward shift in the jet (Mahlstein et al., 2013; Bracegirdle et al., 2013), and therefore also
underestimate the increased upward Ekman pumping (Fig. 1.4c) and equatorward Ekman
transport (Fig. 1.9¢ in Section 1.5) compared to observed trends. Many models underesti-
mate the vertical temperature advection despite overestimating the surface stratification
during summer (Fig. 1.4a). This contributes to their high-latitude SST warming trends

in contrast to observed cooling.

We note that there is considerable uncertainty in the observed jet trend, due to
sparse observations over the high-latitude Southern Hemisphere (Son et al., 2010; Swart
and Fyfe, 2012). While only ERA-Interim jet trends are presented here, stronger jet
intensification is also seen in three other reanalyses (Section 1.2.2; Swart et al., 2015).
Increased wind speed is also evident in station-based wind observations (Yang et al.,
2007; Handle et al., 2012). However, satellite-based wind observations available over the
shorter 19882011 period may cast some doubt over reanalysis trends (Swart et al., 2015),
although the satellite products themselves contain uncertainty (Foreman et al., 2011).

Overall, the analyses presented here depend on an accurate wind trend estimate over
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Figure 1.4: Potential temperature profiles and Ekman pumping trends over 1979-2013.
Seasonal zonal-mean potential temperature profiles averaged over 60-70°S for: (a) DJF;
and (b) JJA. The first available ensemble members for each model is shown. The observed
profile (black) is an average of SODA and Ishii over 1979-2011. Trends in Ekman pumping
versus trends in high-latitude SST for: (c¢) DJF; and (d) JJA. Trends are expressed as a
change per degree of global warming. Ekman pumping trends are calculated as the trend
in the Ekman pumping PC multiplied by the mean-state vertical temperature gradient
near the surface. All available model ensemble members are shown. Details in (c,d) as
per Fig. 1.2.

the Southern Ocean, although the mechanisms described remain robust. Further, while
the observed (ERA-Interim) jet intensification is stronger than the multi-model mean, it
does lie within the model spread (Fig. 1.3a). Nevertheless, as discussed above, the strong
inter-model relationship shown here suggests that the strength of jet intensification is an
important process influencing high-latitude SST in observations and coupled models, and

the majority of models produce a weaker intensification.
No significant relationship between trends in Ekman pumping and SST exists during
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winter (Fig. 1.4d; Table 1.1 in Section 1.5). This is to be expected, given the seasonal
variation in vertical temperature stratification: during winter increased upwelling would
cause warming, offsetting cooling from increased equatorward transport (Table 1.1 in
Section 1.5).

1.3.4 Timescales of Ekman response

On interannual time scales a positive SAM is associated with cool high-latitude SST (Fig.
P.2; Hall and Visbeck, 2002; Sen Gupta and England, 2006; Lefebvre and Goosse, 2008),
whereas over longer periods a positive trend in the SAM has been linked to high-latitude
SST warming (Sigmond and Fyfe, 2010; Bitz and Polvani, 2012; Smith et al., 2012).
The apparent contradiction between the SAM-SST relationship over interannual versus
multidecadal time scales has been explained by a two-time-scale SST response to high-
latitude wind changes (Marshall et al., 2014; Ferreira et al., 2015). Initially, a positive SAM
trend is associated with short-term cooling, by increasing the northward Ekman transport
of cold surface waters in the prevailing westerly wind regions (Sen Gupta and England,
2006; Marshall et al., 2014; Ferreira et al., 2015), consistent with the inter-model trend
relationship here (Fig. 1.9 in Section 1.5). Over time, however, the cooling is replaced with
a warming, accounted for by prolonged enhanced upwelling in a region where a temperature
inversion occurs (Sigmond and Fyfe, 2010; Bitz and Polvani, 2012; Smith et al., 2012). Our
results are consistent with these previous studies: most CMIP5 models simulate a positive
SAM trend (i.e. jet intensification; Fig. 1.3a), increased upwelling and high-latitude SST
warming (upper right quadrant of Fig. 1.4c). Our results suggest, however, that over the
35-year period assessed here, Ekman upwelling is not responsible for the surface warming
during summer, because due to the seasonal stratification profile, models that simulate a
stronger upwelling trend show a weaker rate of surface warming. Instead, the inter-model
relationship suggests that cooling due to Ekman upwelling offsets other warming factors.
Importantly, most models underestimate the increase in Ekman upwelling, resulting in
a weaker cooling effect that is insufficient to offset warming from other processes, most

notably surface heat fluxes.

The seasonal variation in the subsurface temperature profile is not discussed in pre-
vious studies, and is key to interpreting our results: in contrast to previous studies which
link initial cooling to equatorward Ekman transport only (Marshall et al., 2014; Ferreira
et al., 2015), our results suggest that Ekman pumping during summer is also important.
It is plausible that the cooling associated with summer upwelling may eventually be re-
placed by warming as water from below the mixed layer is entrained (Marshall et al.,
2014; Ferreira et al., 2015), however over the time scale assessed here (1979-2013), this
does not appear to be the case. In previous model experiments, the time required for this
temperature-trend transition varies from an order of years to a couple of decades (Ferreira
et al., 2015). If the time scale to a complete transition from initial cooling to later warming

was at the longer end of this estimate, then the surface cooling seen in the observations
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and in some models could be consistent with this mechanism. The seasonal variation in

the temperature profile may also contribute to a longer transitional time scale.

1.3.5 Ekman contribution to observed-modelled disparity

The mechanisms identified above are present during summer. Using the difference between
the observed (ERA-Interim) and multi-model mean jet strength trends, the sensitivity of
SST trends to jet trends (i.e. the inverse of Fig. 1.3a), and the sensitivity of SIE to SST
(Fig. 1.2a), >25% of the difference in the CMIP5 SIE trends can be attributed to their
underestimated jet intensification. As such, the underestimation of wind trends in CMIP5

models likely contributes to the sea ice decreases simulated by the majority of models.

Due to the thermal inertia of the ocean, SST anomalies in summer are likely to persist
and exert an influence beyond this season. Observed spring ice tendencies have been found
to persist until the following winter (Stammerjohn et al., 2012; Holland, 2014), and here
we find that in both observations and models, summer ice tendencies persist significantly
during autumn and winter. This confirms that the summer Ekman-SST mechanism can

influence trends throughout much of the year (Smith et al., 2012; Ferreira et al., 2015).

Positive feedbacks associated with the wind-induced circulation changes could also
contribute to the difference between observed and modelled trends. In observations, the
magnitude of Ekman pumping and transport increases such that the associated cooling
more than offsets the high-latitude heat flux increase. Cooler SST leads to increased
sea ice, particularly in the Ross Sea sector. Through the sea ice-albedo feedback, solar
radiation decreases, conducive to further cooling and increased sea ice (Stammerjohn et al.,
2012). The consequence is decreased zonal-mean downward heat flux in the sea-ice zone
(Fig. 1.11c in Section 1.5). In the majority of the models, although the magnitude of
Ekman pumping and transport also increases, it is to a smaller extent such that the
associated cooling is not sufficient to offset the heat flux increase. The above sea ice-
albedo feedback process operates in reverse, leading to an increased heat flux into the
ocean in the sea-ice zone (Fig. 1.11d in Section 1.5). Based on the occurrence of opposite
reinforcing feedback mechanisms occurring in observations and the majority of CMIP5
models, the difference between observed and modelled jet strength trends can lead to very

different sea ice changes.

1.3.6 Considering other mechanisms

Further support for the importance of Ekman upwelling and transport comes from con-
sidering other potential mechanisms. Here we explore other possible processes and find
that none of these contradict or offer an alternative explanation for the results described

above.
It could be hypothesised that models with stronger jet trends show reduced high-
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latitude SST warming as a result of changed cloud cover or evaporative cooling, and that
the correlations presented above between Ekman pumping and SST (Fig. 1.4c) are co-
incidental. No inter-model relationship is found between trends in SST and trends in
overlying cloud cover during summer (p>0.15; Table 1.3 in Section 1.5), possibly due to
differing cloud-jet relationships present in the models (Grise and Polvani, 2014). A signif-
icant inter-model relationship is found between high-latitude SST trends and evaporation
trends (p<0.001; Table 1.3 in Section 1.5), in which models with increasing SST show
an increase in evaporation, and vice-versa. This suggests that SST anomalies are driv-
ing evaporation variations, as warmer waters evaporate more readily, whereas evaporative
cooling would have the opposite effect on SST. Thus evaporative fluxes are not the cause
of the excessive warming in most CMIP5 models, instead they are a response to this warm-
ing. These results support our hypothesis above; namely, that the relationship between

the westerly-wind jet and SST trends occurs due to changes in ocean circulation.

Outside of the summer sea-ice zone, spatial trends in total downward heat flux oppose
those in SST (Fig. 1.11 in Section 1.5), i.e. regions of SST cooling are associated with
increased heat flux into the ocean, suggesting that changes in SST are driving changes
in heat flux and not the other way around. During summer the inter-model relationship
between trends in SST and surface heat fluxes over these predominantly ice-free areas (55—
65°S) is insignificant, although the sense of the relationship suggests that models with SST
cooling show increased heat flux into the ocean (Fig. 1.12 in Section 1.5), again suggesting
that changes in SST are driving changes in heat flux. Thus net heat flux trends are of the
wrong sign to account for model SST trends. It is also noted that area-averaged trends in
observed heat fluxes, although uncertain, are comparable to those in CMIP5 models over

this region.

Southern Ocean freshening due to accelerated Antarctic ice shelf and/or ice sheet
melting, not simulated by CMIP5 models, was proposed as a possible mechanism con-
tributing to the Antarctic sea ice increase (Bintanja et al., 2013). However, further model
experiments found the influence of ice sheet melt on sea-ice trends to be minimal (Swart
and Fyfe, 2013). As such, this deficiency alone in CMIP5 models cannot account for the
disparity between observed and simulated Antarctic sea ice trends. Nevertheless, reduced
Southern Ocean convection in CMIP5 models has been linked with surface freshening
(de Lavergne et al., 2014), suggesting that overall changes in freshwater fluxes may be

important for surface temperature trends (Morrison et al., 2015).

Inter-model trends in SIE are strongly related with trends in sea surface salinity
(p<0.001; Table 1.3 and Fig. 1.13a in Section 1.5): models with increasing salinity show a
strong decrease in sea ice while models with surface freshening show an increase, or weaker
decrease, in sea ice. The sense of this relationship suggests that ocean surface salinity is
influencing sea ice, not the other way around, as sea-ice driven salinity changes would see
freshening correspond to higher rates of sea-ice melt. Instead, greater sea-ice coverage is
linked to fresher surface conditions and increased surface stratification, which suppresses

convective overturning; and vice versa for reduced sea-ice coverage.
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1.4. DISCUSSION

Sea surface salinity trends cannot be explained by trends in high-latitude P-E, as
surprisingly increasing P—E is associated with increasing salinity (p=0.05 during summer;
Table 1.3 and Fig. 1.13b in Section 1.5), opposite to what would be expected, because
both P-E and surface salinity trends co-vary with the jet. Again, changes in wind-induced
ocean circulation provide the likely explanation. Namely, surface salinity trends are weakly
related with Ekman pumping trends (p<0.1 during summer; Table 1.3 and Fig. 1.13c in
Section 1.5): models with a stronger increase in Ekman upwelling show an increase in
surface salinity, and models with a weaker increase (or decrease) in Ekman upwelling show
a decrease in surface salinity, due to the upwelling (or lack thereof) of saltier water from
depth (Fig. 1.13d in Section 1.5). The temperature response associated with the Ekman
upwelling of salty subsurface water (warming due to decreased stability and increased
convective overturning) dampens the direct Ekman-SST response (upwelling of cool Winter
Water), and may be why no significant Ekman-SIE relationship is found directly in the

models over the 35-year period assessed.

1.4 Discussion

Both the observed and CMIP5 SIE trends are linked to the westerly-wind jet intensification
through the influence of SST. The models underestimate the observed jet intensification
during summer, although we caution that the observed jet trend is uncertain. This causes
a weaker strengthening of high-latitude Ekman pumping and transport than observed. Al-
though increased Ekman upwelling of cool Winter Water and the associated equatorward
Ekman transport contribute to the observed SST cooling, because their trends are un-
derestimated in the models, these terms are insufficient to offset warming from increased
surface heat fluxes. This leads to faster surface warming and a decreasing sea-ice trend
in most of the models (summarised in Fig. 1.5). Once these trends are initiated, the sea
ice-albedo positive feedback ensures the trend is sustained. These findings demonstrate
the importance of accurately simulating changes in the wind (Sen Gupta et al., 2009;
Mahlstein et al., 2013). By contrast, in the observations, the cooling effect from the wind
changes appears to be sufficient to offset the warming tendency resulting in an initial
cooling. The same sea ice-albedo positive feedback operates in reverse, leading to further
cooling and an increasing sea ice trend. While analyses are largely conducted over circum-
polar regions, when repeated for the Ross Sea sector where observed SIE has increased

most substantially, results remain robust.

Our finding, that underestimated wind trends contribute to the discrepancy between
the observed and model sea-ice changes, occurs despite the fact these models do not
resolve eddies, although almost all include a suitable eddy-induced advection scheme to
approximate their effects. In the real world eddy-compensation would partially counteract
wind-induced changes (Downes and Hogg, 2013; Ferreira et al., 2015), although Ekman
changes still dominate in the surface layer (Meredith et al., 2012; Morrison and Hogg,

2013). In the presence of an eddy compensation effect, the underestimation of the impact
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1979-2013 Warming atmosphere
Mean state (heat fluxes)
Change tendency
Observed change
MMM CMIP5 change

Strengthening and poleward shifting jet

SST warming, SIE decrease
+«——1— SST cooling, SIE increase

-
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100 m

Cool layer below surface during summer

80°S 70°S 60°S 50°S 40°S

Figure 1.5: Schematic of decadal scale wind induced surface layer changes during sum-
mer. Over recent decades, the observed westerly-wind jet has strengthened and shifted
poleward during austral summer (circles with dots). This has increased the upward Ekman
pumping and equatorward Ekman transport (large arrows). During summer increased up-
welling at high latitudes brings cooler Winter Water to the surface. Combined with equa-
torward transport, this leads to SST cooling in observations. Multi-model mean (MMM)
CMIP5 changes (red) are weaker than observed changes (blue). Under global warming
these weaker Ekman changes are insufficient to offset warming from other factors (curvy
arrow). As such, multi-model mean CMIP5 high-latitude SST has warmed rather than
cooled, and Antarctic sea ice has declined rather than expanded (small arrows).

in the models could be even larger. This influence and others, such as the role of deep
ocean overturning or convection, will provide fertile ground for further research into the

recent Southern Ocean circulation and sea ice changes.
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1.5 Supplementary material

Table 1.1: Inter-model correlation coefficients between trends over 1979-2013. Correla-
tion coefficients between modelled trends in two metrics (p values in brackets), calculated
for all available model ensemble members. Correlations significant at the 95% confidence
level are shown in bold. Jet position defined such that an equatorward trend is positive
and a poleward trend is negative. Ekman pumping and Ekman transport trends are calcu-
lated as the trends in the Ekman PCs multiplied by the mean-state vertical and horizontal
temperature gradients, respectively (as in Figs 1.4, Fig. 1.9).

DJF MAM JJA SON
SIE-SST -0.70 (<0.001) -0.75 (<0.001) -0.70 (<0.001) -0.73 (<0.001)
Jet strength-SIE 0.30 (0.004)  0.29 (0.006) 0.18 (0.10) 0.10 (0.38)
Jet strength-SST -0.55 (<0.001) -0.38 (<0.001) -0.37 (<0.001)  -0.18 (0.10)
Jet position-SIE -0.06 (0.57) -0.17 (0.12) -0.09 (0.41) 0.05 (0.66)
Jet position-SST 0.52 (<0.001)  0.29 (0.007)  0.28 (0.010) 0.14 (0.20)
Ekman pumping-SIE 0.17 (0.13) 0.13 (0.25) 0.05 (0.64) 0.10 (0.37)
Ekman pumping-SST  -0.54 (<0.001) -0.12 (0.30) -0.03 (0.79) -0.19 (0.087)
Ekman transport-SIE 0.03 (0.42) 0.16 (0.15) 0.16 (0.16) -0.03 (0.82)
Ekman transport-SST -0.50 (<0.001) -0.21 (0.065) -0.28 (0.011) -0.03 (0.82)
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Table 1.2: Interannual correlation coefficients between seasonal metrics over 1979-2013.
Observed and median CMIP5 correlation coefficients (p values in brackets). Significance
takes into account the lag-1 autocorrelation. For the median CMIP5 correlation, the p
value is calculated using the median lag-1 autocorrelation. Correlations significant at the
95% confidence level are shown in bold. Individual CMIP5 correlation coefficients are
shown in Fig. 1.8.

DJF MAM JJA SON
Jet strength—SIE
Observed 0.39 (0.025) 0.35 (0.039) 0.21 (0.23) 0.03 (0.87)
CMIP5 median 0.16 (0.37) 0.18 (0.29) 0.06 (0.75) 0.10 (0.56)
Jet strength—SST
Observed -0.40 (0.016)  -0.14 (0.43)  -0.01 (0.95) -0.10 (0.58)

CMIP5 median ~ -0.47 (0.005)  -0.21 (0.22)  -0.17 (0.33) -0.39 (0.020)

Table 1.3: Additional inter-model correlation coefficients between trends over 1979-2013.
As for Table 1.1, for additional metrics assessed in Section 1.3.6. SSS refers to sea surface
salinity. Ekman pumping trends in this table are calculated as the trend in the Ekman
pumping PC.

DJF MAM JJA SON
Evaporation-SST 0.69 (<0.001) 0.76 (<0.001) 0.63 (<0.001) 0.51 (<0.001)
Cloud cover-SST -0.15 (0.16) 0.08 (0.48) 0.19 (0.076) 0.23 (0.033)
SIE-SSS -0.44 (<0.001)  -0.11 (0.35)  -0.37 (0.002) -0.42 (<0.001)
Ekman pumping-SSS  0.20 (0.094) 0.23 (0.058) 0.12 (0.34) -0.02 (0.89)
P-E-SSS 0.24 (0.050) 0.15 (0.21) 0.11 (0.38) 0.00 (0.99)
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Observed and CMIP5 SIC trends (% °C" GW)

NSIDC Bootstrap Multimodel mean MRI-CGCMS, r1itp1 bec-csmi-i, riifpl  GFDL-ESM2G, riilpl  MPLESM-MR, rfitpl  GISS-E2-H, r1i1p2 NorESM1-M, rip1 GISS-E2-R, r1i1p2

GFDL-ESM2M, r1i1p1 CNRM-CMS, rditp1 IPSL-CM5A-LR, r3i1p1  CSIRO-Mk3-6-0, r6i1p1 MIROCS, r1itp1 FGOALS-g2, ri1p1 GISS-E2-R-CC, r1itp1  CSIRO-Mk3-6-0, r3i1p1

CMCC-CM, r1i1p1 MPI-ESM-LR, r2i1p1 MIROCS, r2i1p1 CSIRO-Mk3-6-0, r10i1p1 IPSL-CM5A-LR, r2i1p1 CanESM2, r4i1p1 GISS-E2-H, ri1p3 HadGEM2-ES, r3i1p1

ACCESS1-0, r1itp1 HadGEM2-CC, r3itp1 GISS-E2-R, r1i1p3 CCSM4, rditp1 CSIRO-Mk3-6-0, r1i1p1  IPSL-CM5B-LR, r1ilp1  IPSL-CM5A-LR, r1ifp1  CSIRO-Mk3-6-0, r5i1p1  HadGEM2-ES, r2i1p1

CSIRO-Mk3-6-0, r8i1p1 CNRM-CMS, r1i1p1 MIROCS, r3i1p1 MPI-ESM-LR, r3i1p1 CCSM4, r2i1p1 FIO-ESM, r3i1p1

FIO-ESM, r2i1p1 IPSL-CM5A-MR, r1itp1  CESM1-CAMS, r3i1p1 ACCESS1-3, r1i1pt CESM1-WACCM, r3i1p1 MRI-ESMT1, rti1p1

GFDL-CMS3, rlitp1 HadGEM2-ES, rtitp1 CESM1-CAMS, r2i1p1 NorESM1-ME, r1i1p1 HadGEM2-CC, r2i1p1 GISS-E2-R, rti1p1 CESM1-BGC, rlit1p1 CanESM2, r5i1p1

CSIRO-Mk3-6-0, r2i1p1 CCSM4, r3i1p1 CanESM2, r2i1p1 CanESM2, r1i1p1 FIO-ESM, ri1p1

CESM1-WACCM, r4i1p1 CCSM4, r5i1p1 CanESM2, r3i1p1 CNRM-CMS, r2i1p1 CNRM-CMS, r10i1p1 HadGEM2-AO, rlitp1 BNU-ESM, r1i1p1 MIROC-ESM, r1i1p1 CESM1-CAMS, rli1p1

FGOALS-s2, r3i1p1 MPI-ESM-LR, r1i1p1 inmema4, r1i1p1 FGOALS-s2, r2i1p1 GISS-E2-H-CC, ritp1 CMCC-CESM, rti1p1 CNRM-CMS, r6i1p1

Figure 1.6: Annual SIC trends for observations and models over 1979-2013. Trends are
expressed as a change per degree of global warming. (top left) Observed SIC from the
NSIDC Bootstrap algorithm. (top second left) Multi-model mean. Individual models are
ordered based on their annual SIE trend, with models with the largest SIE increase shown
first (top rows) and models with the largest SIE decrease shown last (bottom rows).
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Observed and CMIP5 SST trends (°C °C" GW)

HadISST Multimodel mean MRI-CGCMS3, r1i1p1 bec-csmi-1,riitpl  GFDL-ESM2G, rtitpl  MPIESM-MR, rfilpt  GISS-E2-H, rfi1p2 NorESM1-M, r1itpt GISS-E2-R, r1itp2
S - RN 3 g

FGOALS-g2, rli1p1 GISS-E2-R-CC, rlilp1  CSIRO-Mk3-6-0, r3i1p1 CMCC-CMS, rti1p1

Ty N TS TR

CMCC-CM, rtitpt MPI-ESM-LR, r2i1p1

ACCESS1-0, rli1p1 HadGEM2-CC, r3i1p1 GISS-E2-R, r1i1p3

CESM1-CAMS, r3i1p1 ACCESS1-3, ritp1
K T

CESM1-CAMS, r2i1p1 NorESM1-ME, r1i1p1

T

MIROC-ESM, r1i1p1 CESM1-CAMS, rli1p1

Figure 1.7: Annual SST trends for observations and models over 1979-2013. Trends
are expressed as a change per degree of global warming. (top left) Observed SST from
HadISST. (top second left) Multi-model mean. Individual models are ordered as per Fig.
1.6.
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Figure 1.8: Interannual correlation coefficients between jet strength, high-latitude SST
and SIE over 1979-2013. (a) DJF; and (b) JJA. Interannual correlations are calculated for
observations and each model realisation separately, using linearly de-trended time series.
The interannual correlations between high-latitude SST and jet strength are shown on the
horizontal axes. The interannual correlations between SIE and jet strength are shown on
the vertical axes. All available model ensemble members are shown. Observed SST from
HadISST, SIE from NSIDC and jet strength from ERA-Interim. Figure details as per
Fig. 1.2. Grey shading indicates correlations insignificant at the 95% confidence level, as
determined by a two-sided Student’s ¢ test. Autocorrelation is not accounted for in this
shading, but has very little influence on the significance of individual models (p values
change by <0.005). SST-jet correlations within the vertical grey band are insignificant.
SIE-jet correlations within the horizontal grey band are insignificant. Both SST-jet and
SIE-jet correlations within the centre darker grey square are insignificant. Most of the
JJA correlations shown in (b) lie in the centre darker grey square and are insignificant. In
DJF (a), more correlations lie outside the vertical band of grey shading, but not outside
the horizontal band of grey shading, indicating that in most models there is a stronger
interannual jet-SST relationship then there is interannual jet-SIE relationship.
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Figure 1.9: Zonal-mean temperature versus latitude, and Ekman transport trends over
1979-2013. Seasonal zonal-mean temperature averaged over 0-25 m for: (a) DJF; and (b)
JJA. The first available ensemble member for each model is shown. The observed profile
(black) is an average of SODA and Ishii over 1979-2011. Trends in Ekman transport
versus trends in high-latitude SST for: (c¢) DJF; and (d) JJA. Trends are expressed as a
change per degree of global warming. Ekman transport trends are calculated as the trend
in the Ekman transport PC multiplied by the mean-state horizontal temperature gradient
at high latitudes. All available model ensemble members are shown. Figure details as per

Fig. 1.2.
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1.5.1 Scale analysis

Horizontal temperature advection due to Ekman transport is compared with vertical tem-
perature advection due to Ekman upwelling (Fig. 1.10). We use area-averaged terms for
calculations so that various latitude bands can be assessed; as we are interested in mean-
state orders of magnitude rather than linear trends, comparing area averages rather than

PCs is reasonable.

Horizontal and vertical advection terms are compared as follows:

VETy/h
a:Ey/

! 1.2
Wi, (1.2)

Where Ty is the horizontal temperature gradient over the latitude bands assessed, h is
the depth of the surface layer (25 m), and T, is the vertical temperature gradient at
the base of the summer mixed layer. The inclusion of A in the numerator is necessary
to directly compare terms as Ekman transport is a depth-integrated flow in the upper h

metres, whereas Ekman pumping is a velocity.

Over all latitude bands assessed Vg >> wg, however Ty /h << T.. As a result, we
find the numerator and denominator in Equation 1.2 to be of similar orders of magnitude.
Further equatorward, where 7, is relatively large and 57 X7 small, northward Ekman trans-
port is larger and a ~ 5-10, but between 60-75°S, where the zonal wind transitions from
westerly to easterly, a ~ 0.5-2. As such, we conclude that over these latitude bands, both
Ekman transport and Ekman pumping terms are important in driving variations in SST,

and hence sea ice.
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Figure 1.10: DJF horizontal versus vertical mean-state temperature advection over 1979-
2013. Advection terms are averaged over: (a) 55-60°S; (b) 60-65°S; (c) 65-70°S; and (d)
70-75°S. The horizontal axes show the numerator from Equation 1.2 (horizontal temper-
ature advection) and the vertical axes show the denominator from Equation 1.2 (vertical
temperature advection). The ratio of horizontal to vertical advection («) is shown for
the observations and the multi-model mean (MMM) above each panel. The a=1 and the
a=-1 lines are shown. Points that lie to the right of the two lines (as in a) indicate that
a>1 and horizontal temperature advection dominates over vertical temperature advection.
Points that lie above the two lines (as in c) indicate that -1<a<1 and vertical temperature
advection dominates over horizontal temperature advection. All available model ensemble
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(a) Observed SST trend (°C °C™" GW) (c) Observed SHF trend (Wm?°C™" GW)
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Figure 1.11: DJF trends in SST and downward total heat flux (positive heating the
ocean) over 1979-2013. (a) Observed SST from HadISST; (b) CMIP5 multi-model mean
SST; (c) observed heat flux from ERA-Interim; and (d) CMIP5 multi-model mean heat
flux. Trends are expressed as a change per degree of global warming. Multi-model means
are calculated using the first available ensemble member for each model. Stippling indi-
cates significance: (a,c) at the 95% level as determined by a two-sided Student’s ¢ test;
and (b,d) where 80% of models agree on the sign of the mean trend, which corresponds
to 30 out of 37 models. The mean-state 15% SIC contour is shown in black.
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Figure 1.12: Trends in downward total heat flux (positive heating the ocean) versus SST
over 1979-2013. (a) DJF; and (b) JJA. Trends are expressed as a change per degree of
global warming and are calculated over 55-65°S. Observed heat flux from ERA-Interim,
although considerable uncertainty exists in this estimate. Figure details as per Fig. 1.2.
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Figure 1.13: DJF trends over 1979-2013 and mean-state salinity profiles over 1979-
2005. (a) trends in SIE versus trends in high-latitude sea surface salinity; (b) trends in
high-latitude ocean P-E versus trends in high-latitude sea surface salinity; (c) trends in
Ekman pumping versus trends in high-latitude sea surface salinity; and (d) climatological
zonal-mean salinity profiles averaged over 60-70°S. Trends are expressed as a change per
degree of global warming. All available model ensemble members are shown in (a—c). The
first available ensemble member is shown in (d). Observed salinity (black line in d) from
SODA and Ishii, and precipitation from ERA-Interim. Ekman pumping trends in (c) are
calculated as the trend in the Ekman pumping PC. Figure details for (a—c) as per Fig.
1.2.
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Observed and CMIP5 SST, Ekman pumping PC correlation
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Figure 1.14: DJF correlations between SST and Ekman pumping PCs for observa-
tions and models over 1979-2013. Interannual correlations are calculated using linearly
de-trended time series. (top left) Observed wind stress from ERA-Interim, SST from
HadISST. (top second left) Multi-model mean. Individual models are ordered as per Fig.
1.6.
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Abstract

A strengthening of the Amundsen Sea Low from 1979-2013 has been shown to largely
explain the observed increase in Antarctic sea ice concentration in the eastern Ross Sea
and decrease in the Bellingshausen Sea. Here we show that while these changes are not
generally seen in freely-running coupled climate model simulations, they are reproduced in
simulations of two independent coupled climate models; one constrained by observed sea
surface temperature anomalies in the tropical Pacific, and the other by observed surface
wind-stress in the tropics. Our analysis confirms previous results and strengthens the
conclusion that the phase change in the Interdecadal Pacific Oscillation from positive to
negative over 1979-2013 contributed to the observed strengthening of the Amundsen Sea
Low and associated pattern of Antarctic sea ice change during this period. New support for
this conclusion is provided by simulated trends in spatial patterns of sea ice concentrations
that are similar to those observed. Our results highlight the importance of accounting for
teleconnections from low to high latitudes in both model simulations and observations of

Antarctic sea ice variability and change.

2.1 Introduction

The dipole pattern of recent Pacific sector sea ice trends, with decreasing ice in the Belling-
shausen Sea and increasing ice in the Ross Sea, has been attributed to changing winds
(Holland and Kwok, 2012; Fan et al., 2014), and specifically to the strengthening of the
Amundsen Sea Low (Turner et al., 2009, 2015b; Clem and Fogt, 2015; Clem and Renwick,
2015; Meehl et al., 2016a; Raphael et al., 2016). There is some suggestion that recent
increasing Antarctic sea ice trends since 1979 can be explained by interdecadal variability
(Fan et al., 2014; Gagné et al., 2015), particularly arising from the phase change of the In-
terdecadal Pacific Oscillation (IPO) to negative after the late-1990s (Meehl et al., 2016a),
rather than by direct anthropogenic forcing. As such, it is pertinent to scrutinise the
proposed causes of these trends. Here we further examine the concept that recent trends
in tropical sea surface temperature (SST) and tropical-to-extratropical teleconnections in-
fluenced the Amundsen Sea Low, thus contributing to the observed pattern of Antarctic
sea ice trends. The goal of this study is to address and quantify the influence of tropical
Pacific SST variability on Antarctic sea ice trends, specifically focussing on the role of the
1PO.

Tropical Pacific SST variability influences the Amundsen Sea Low via convectively
generated atmospheric Rossby wavetrains, including the well-known Pacific South Ameri-
can (PSA) pattern (Hoskins and Karoly, 1981; Mo and Higgins, 1998; Mo, 2000; Yuan and
Martinson, 2000; Irving and Simmonds, 2016) as well as a meridionally oriented wavetrain
during spring (Clem and Fogt, 2015). Through its influence on equatorial and off equa-

torial convection, El Nifo-Southern Oscillation (ENSO) teleconnections to Antarctic sea
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ice have been previously noted. La Nina is associated with a strengthened Amundsen Sea
Low, causing increased sea ice in the eastern Ross and Amundsen Seas due to increased
southerly flow at the surface, and decreased sea ice in the Bellingshausen Sea due to in-
creased northerly flow in this region; and vice versa for El Nino (Renwick, 2002; Turner,
2004; Stammerjohn et al., 2008; Ciasto and England, 2011; L’Heureux and Thompson,
2006; Simpkins et al., 2012; Ciasto et al., 2015). There are seasonal variations in the
ENSO teleconnection, with a link between El Nifio and the negative Southern Annular
Mode (SAM; and La Nina and the positive SAM), present during austral summer, but
not during austral winter (e.g. L’Heureux and Thompson, 2006; Simpkins et al., 2012).
The magnitude of atmospheric circulation anomalies associated with ENSO are roughly
comparable for all seasons (relative to the seasonal cycle of ENSO), although are strongest
during austral spring, and the strongest influence on sea ice occurs during austral winter
and particularly spring (Jin and Kirtman, 2009; Simpkins et al., 2012). There are also
differences in the teleconnections for different types of El Nifio events (e.g. eastern Pacific

versus central Pacific events; Ciasto et al., 2015).

Tropical Pacific SSTs have been connected to sea ice reductions in the Bellingshausen
Sea via a strengthened Amundsen Sea Low during austral autumn (Ding and Steig, 2013).
Atmospheric wind forcing associated with ENSO variability has been linked to seasonal
sea-ice duration trends over 1990-2007 in the Atlantic and Pacific sectors (Matear et al.,
2015). Clem and Fogt (2015) found that the negative trend in the Pacific Decadal Os-
cillation since 1979 has contributed to the deepening of the Amundsen Sea Low during
austral spring. Recently, as noted above, Meehl et al. (2016a) have also linked the increase
in Ross Sea ice trends to the phase shift of the IPO to negative (below normal tropical
eastern Pacific SST on the decadal timescale) that occurred in the late-1990s. Warming
of the tropical Atlantic Ocean has also been linked with a deepening Amundsen Sea Low,
and thus to sea ice changes (Li et al., 2014, 2015a,b; Simpkins et al., 2014). However,
recent evidence suggests that the tropical eastern Pacific rather than the tropical Atlantic
provides the dominant forcing since the late 1990s with the shift to the negative phase of
the IPO at this time (Meehl et al., 2016a).

To date, investigation of changes in the tropical Pacific and Atlantic and their tele-
connections to Antarctic sea ice have been tested using atmospheric general circulation
models (Li et al., 2014, 2015a,b; Simpkins et al., 2014; Meehl et al., 2016a) and an ocean-ice
general circulation model (Matear et al., 2015); potentially neglecting important coupled
ocean-atmosphere-ice feedbacks. We also note that Simpkins et al. (2012) found no sig-
nificant relationship between trends in sea ice concentration (SIC) and trends in ENSO
over 1980-2008, while Liu et al. (2004) and Yu et al. (2011) found that the trends in the
SAM and ENSO produce similar spatial patterns in sea ice compared to the observed
trends, but explain less than a third of the magnitude of total SIC trends over 1979-2002
and 1979-2007, respectively. With the additional years in the analysis period assessed
here (1979-2013), as well as consideration of the phase change of the IPO over this pe-
riod in the late-1990s (e.g. Meehl et al., 2016b), it is worth revisiting how changes in the
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tropical Pacific may have influenced Antarctic sea ice trends in a coupled framework. We
also attempt to separate the externally forced signal from the signal generated by inter-
nal variability in the Pacific, something not attempted in previous studies. We examine
simulations from two different partially-coupled experiments that are forced by observed
variability in certain pre-defined regions (termed “pacemaker” experiments) to investigate
how observed tropical Pacific decadal variability affected observed Antarctic sea ice trends.
The use of these pacemaker experiments enables an estimate of the role of Pacific Ocean

SST variability forcing on SIC trends.

2.2 Data and methods

2.2.1 Data and model experiments

We utilise passive microwave SIC processed using the National Snow and Ice Data Center
(NSIDC) Bootstrap algorithm (Comiso and Nishio, 2008), and SST from Hadley Centre
Sea Ice and Sea Surface Temperature (HadISST; Rayner et al., 2003). We also assess
SIC processed using the National Aeronautics and Space Administration (NASA) Team
algorithm, as it is possible that spurious trends are present in the Bootstrap algorithm
dataset (Eisenman et al., 2014) and results are found to be almost identical. Mean sea
level pressure (MSLP) is taken from ERA-Interim (Dee et al., 2011), regarded to be the
most reliable reanalysis over Antarctica (Bromwich et al., 2011; Bracegirdle and Marshall,
2012), and the Amundsen and Bellingshausen Seas (Bracegirdle et al., 2013).

To estimate the forced SIC and MSLP responses, we use the Coupled Model Inter-
comparison Project phase 5 (CMIP5) multi-model mean. To match observations, CMIP5
data from the historical and Representative Concentration Pathway (RCP) 8.5 experi-
ments are concatenated over 1979-2013. The choice of RCP scenario for the time period
assessed (i.e. 2006-2013) has minimal influence, as all forcing scenarios are very similar
over this period. We include all CMIP5 models that have SIC data available for both of
these experiments, totalling 87 realisations from 41 CMIP5 models (listed in Table 2.1
in Section 2.5). Each realisation is weighted evenly in the multi-model mean. While the
majority of CMIP5 models do not capture the observed increase in Antarctic sea ice, the
observed sea ice trend lies within the spread of models (Gagné et al., 2015; Purich et al.,
2016a), and the large ensemble of realisations provides the best available estimate of forced
SIC and MSLP responses.

Ocean assimilation coupled pacemaker experiments are run using the low-resolution
Community Earth System Model version 1.0.3 (CESM1; Shields et al., 2012; Chikamoto
et al., 2015b). This version of CESM1 uses the Community Atmosphere Model version 4
(CAM4) and has atmosphere and land T31 (~3.75°) horizontal resolution, and ocean and
sea ice~ 3.75° horizontal resolution. CMIP5 anthropogenic and natural forcings are used,
based on the CMIP5 historical and RCP4.5 (after 2005) scenarios, including greenhouse
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gases, aerosols, stratospheric ozone, solar variations and volcanic eruptions.

The CESM1 pacemaker experiments assimilate observed three-dimensional tempera-
ture and salinity anomalies (ORA-S4; Balmaseda et al., 2013) into the ocean component
of the coupled model. Data in sea-ice regions is not assimilated, so temperature anomalies
in the sea-ice region are not constrained by observations and sea-ice variations are com-
pletely controlled by modelled internal dynamics. Because these experiments assimilate
anomalies rather than absolute fields, the assimilation takes into account model biases
related to the climatology, as well as having an externally forced component. Based on
this, the assimilation runs have the same climatology and externally forced component as
the historical runs. Therefore, the difference between assimilation runs and historical runs

is the first order representation of internal climate variability.

Four CESM1 ensemble experiments with a partial assimilation approach in global
or regional oceans similar to Chikamoto et al. (2015a) are conducted for the time period
19792013, with ten ensemble members each:

e Historical scenario (CESM1-HIST; historical forcings, no assimilation);

e Global ocean assimilation (CESM1-GLOB; historical forcings, with global ocean

assimilated, excluding sea-ice regions);

e Equatorial Pacific Ocean assimilation (CESM1-eqPAC; historical forcings, with the
entire equatorial Pacific Ocean between 10°S-10°N assimilated!, remaining ocean

unconstrained); and

e Atlantic Ocean assimilation (CESM1-ATL; historical forcings, with the Atlantic

Ocean between 30°S-70°N assimilated, remaining ocean unconstrained).

To complement the CESM1 pacemaker experiments, wind-stress assimilation pace-
maker experiments are conducted using an updated version of the Canadian Earth System
Model version 2 (CanESM2; Arora et al., 2011) with an improved representation of ocean
mesoscale eddy transfer coefficients (Saenko et al., 2016). CMIP5 anthropogenic forcings
are applied in all CanESM2 experiments, based on the CMIP5 historical and RCP4.5
(after 2005) scenarios, including greenhouse gases, aerosols and stratospheric ozone. Half
of the ensemble members also include solar variations and volcanic eruptions, while the
other half do not. As the influence of these natural forcings over the latter part of the
experimental period has been shown to be small (Saenko et al., 2016; Sigmond and Fyfe,

2016), the two subsets are combined.

The CanESM2 pacemaker experiments assimilate the wind-stress felt by the ocean,
using the monthly surface wind stress field from ERA-Interim, which is closely constrained
by observations. Three CanESM2 ensemble experiments with surface wind-stress assimi-

lation in global or regional oceans as in Saenko et al. (2016) and Sigmond and Fyfe (2016)

Note that this differs from the experimental setup of (Kosaka and Xie, 2013), in which only
the eastern equatorial Pacific was assimilated.
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are conducted for the time period 1979-2012 (note that 2013 is not available for these

CanESM2 experiments), with ten ensemble members each:

e Climatology (CanESM2-CLIM; time-varying historical forcings, with annually re-

peating climatological global wind-stress assimilated);

e Global wind-stress assimilation (CanESM2-GLOB; time-varying historical forcings,

with monthly-evolving global wind-stress assimilated); and

e Tropical wind-stress assimilation (CanESM2-TROP; time-varying historical forcings,
with monthly-evolving wind-stress between 35°S—35°N across all three ocean basins

assimilated).

For CanESM2, all experiments include historical forcings, but only the time-varying
assimilation experiments include internal variability in the assimilated wind stress field.
The experiments have similar, although not identical climatologies (the CanESM2-CLIM
annually repeating wind stress is based on 1979-1984, while the CanESM2-GLOB and
CanESM2-TROP wind stress covers 1979-2012; Fig. 2.10 in Section 2.5). We again assume
that the difference between the time-varying assimilation experiments (CanESM2-GLOB
and CanESM2-TROP) and the climatology assimilation (CanESM2-CLIM) provides an
estimate of the internal variability. This has previously been shown to be reasonable
(Sigmond and Fyfe, 2016).

2.2.2 Analysis methods

For comparison between observations and models, all data are first bilinearly interpolated
to a 2°x2° horizontal grid. All data are then annually averaged over the typical ENSO-
cycle year (May through to the following April and referred to using the year of the
January—April; Fig. 2.1). This averaging year is chosen to keep ENSO signals together
(e.g. Fogt and Bromwich, 2006). Data from May 1979 to April 2013 are analysed (May 1979
to April 2012 for CanESM2), and we refer to this period as 1979-2013. The seasonality of
teleconnections has previously been shown to be important (e.g. Jin and Kirtman, 2009;
Li et al., 2014, 2015a,b; Simpkins et al., 2014). Here we focus on the annual average
from May to April, but have also assessed seasonal averages, which are presented in the

supplementary material (Section 2.5) and discussed briefly below.

To characterise ENSO we use SST anomalies in the Nino 3.4 region (5°S-5°N, 170°E~
120°W; Fig. 2.1), with anomalies referenced to the full period, 1979-2013. El Nifio and La
Nina events are defined here as occurrences when the Nino 3.4 index exceeds +0.75 stan-
dard deviations (based on the full 12-month average; Fig. 2.1c¢). Sensitivity to the choice
of ENSO index and threshold are tested and results are found to be robust. To define
the IPO we use the Tripole Index (TPI) as in Henley et al. (2015), calculated as equato-
rial Pacific SST anomalies (10°S-10°N, 170°E-90°W) minus averaged mid-latitude SST
anomalies (25°N—-45°N, 140°E-145°W and 50°S-15°S, 150°E-160°W; Fig. 2.1b). Notably,
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Figure 2.1: (a) SST and MSLP trends [°C and hPa (10 y)~!] over 1979-2013. SST is
shown in colour (blue=negative, red=positive) with MSLP contours overlain [-2 (dashed)
to 2 (solid) by 0.2 hPa (10 y)~!, with the zero contour in bold]. Stippling indicates sta-
tistical significance of SST trends at the 95% confidence level using a two-sided Student’s
t test. Area-averaged time series for the regions indicated by black boxes: (b) unfiltered
IPO (positive phase in red, negative phase in blue), with the filtered IPO (calculated from
HadISST; Henley et al. 2015) shown by the black curve; (c¢) Nino 3.4 index; (d) Amundsen
Sea Low MSLP; (e) Ross Sea SIC; and (f) Bellingshausen Sea SIC. The transition from
positive IPO to negative IPO is marked with a dashed black line. In (c—f) El Nino events
in red, La Nina events in blue, neutral years in grey, and 13-year low-pass filtered time
series overlain in black.

we do not filter the IPO index. This is because we are interested in both the long-term
trend in the IPO, which is in itself a low-pass filter analysis, as well as its interannual
variations (e.g. for calculating the interannual regression with SIC). Without filtering, the
TPI strongly resembles the Nino 3.4 index (e.g. Newman et al., 2016); however, the TPI
also takes into account variability in mid-latitude regions (black boxes marked with ‘b’ in
Fig. 2.1a), important when considering the influence of the tropical Pacific on the high
latitudes. Over the period assessed here, while there has been no significant trend in the
Nino 3.4 index (p=0.38), there has been a significant trend in the unfiltered IPO TPI
(p=0.03; Fig. 2.1b,c) due to the transition from positive to negative that occurred in the
late-1990s (e.g. Lee and McPhaden, 2008). Here we assume that the “trend” arises from
subsampling multi-decadal climate variability, not from changes in external forcing. This
is supported by the fact that the historical CMIP5 experiments do not capture a phase
shift of the TPO during this time (refer to Section 2.3.4). As such, there are important
differences between the IPO and the Nifio 3.4 index emanating from the off-equatorial
components of the IPO (Fig. 2.1a).

Linear trends in SIC and MSLP are calculated using least squares regression. Ob-

served trend significance is determined using a two-sided Student’s ¢ test at the 95%
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confidence level. Autocorrelation is accounted for by defining the effective sample size,

Neyy as:

1—rm
N.jp=N 2.1
eff (1+7’1) (2.1)

where N is the sample size and 7 is the lag-1 autocorrelation of the detrended SIC time
series (Simpkins et al., 2012). The CMIP5 forced response for the period of interest is
then subtracted from observed trends, to provide a rough estimate of unforced long-term

trends in the observations.

For both CESM1 and CanESM2, trends are calculated for each ensemble member and
then averaged (ten runs per ensemble). Ensemble average trend significance is determined
when the simulated ensemble mean trend exceeds two standard deviations of individual
ensemble member trends (~95% confidence level). Difference trends between assimilation
runs and the historical or climatology runs are also calculated for each model (for example,
CESM1-GLOB minus CESM1-HIST). Difference trend significance is determined using a

t test to compare two means at the 95% confidence level.

IPO-related trends in SIC and MSLP are calculated as the IPO trend (arising from
internal decadal timescale variability) multiplied by the regression coefficient between the
linearly-detrended TPO and linearly-detrended SIC or MSLP (e.g. Purich et al., 2013;
Clem and Fogt, 2015). Significance of the observed IPO-related trends is assessed using a
two-sided Student’s ¢ test at the 95% confidence level, testing both the IPO trend and the
regression coefficient. Autocorrelation in the regression coefficient significance test was

accounted for by defining the effective sample size, N.ys as:

1—17rirg
Nespr=N|——— 2.2
I <1 + 7‘17”2) ( )

where N is the sample size, ry is the lag-1 autocorrelation of the detrended SIC time
series and ry is the lag-1 autocorrelation of the IPO time series (Ciasto and Thompson,
2008). Modelled significance is determined when the average modelled trend exceeds two

standard deviations of individual ensemble member trends (~95% confidence level).

To examine how the IPO-modulation of ENSO events has contributed to changes
in the Amundsen Sea Low and the regional SIC surplus (e.g. Ross Sea) and deficit (e.g.
Bellingshausen Sea), observed cumulative maps are calculated for SIC and MSLP. This
procedure is similar to calculating composites but without dividing by the number of
events. The benefit of using cumulative anomaly maps in this case is that the magnitude
of different cumulative anomalies can be directly compared. For example, the cumulative
anomalies during all years of the negative IPO phase can be directly compared to the
cumulative anomalies during only ENSO years of this IPO phase, to see what contribution
ENSO years make to the total cumulative anomalies. Significance is calculated using a ¢
test to compare two means at the 95% confidence level (for example, El Nifio years versus
all years, La Nina years versus all years, and El Nino years versus La Nina years). The

sample size is defined as the number of events in the smallest group being compared.
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2.3 Results

2.3.1 Observed trends

The observed annual mean SIC trend pattern with the external CMIP5 forcing signal re-
moved (Fig. 2.2a) looks similar to the total trend pattern (Fig. 2.3a). Significant increases
in SIC are seen around much of Antarctica (Fig. 2a magenta shading; Stammerjohn et al.,
2008; Holland and Kwok, 2012; Simpkins et al., 2012), with a particularly strong increase
in the Ross Sea. Smaller areas of significant decreases in SIC are seen in the Amundsen and
Bellingshausen Seas (Fig. 2.2a green shading). In these areas the observed sea ice decline
(Fig. 2.3a) is stronger than the CMIP5 ensemble trend (Fig. 2.4a). The observed SIC trend
pattern shows similarity to the SIC composite difference pattern for ENSO events (Stam-
merjohn et al., 2008; Simpkins et al., 2012; Ciasto et al., 2015). This motivates further
investigation into the role of the tropical Pacific SST anomalies in influencing Antarctic

SIC trends, particularly the dipole SIC trends between the Ross and Bellingshausen Seas.

2.3.2 Pacemaker trends

If decadal SST wvariability in the tropical Pacific is remotely influencing Antarctic SIC
trends via changed atmospheric circulation, assuming that atmospheric teleconnections
are adequately represented in the models, we would expect that coupled model experi-
ments in which tropical Pacific SST variability matches the observations should simulate
SIC trends similar to those observed. Therefore, we next consider the SIC trends from
the pacemaker experiments. As described above (Section 2.2.1), the CESM1 assimila-
tion runs have the same climatology and externally forced component as the historical
runs. Therefore, we assume that subtracting CESM1-HIST from both CESM1-GLOB
and CESM1-eqPAC gives a first order estimate of the internal (linearly unforced) vari-
ability. Similarly, we interpret the difference between CanESM2-GLOB and CanESM2-
TROP from CanESM2-CLIM as a rough linear indicator of internal variability with the
caveats discussed above. Subtracting out the CESM1-HIST or CanESM2-CLIM trends
(Fig. 2.4b,c) from the assimilation trends (Fig. 2.3b—e) thus provides a first order estimate
of the decadal variability without the influence of anthropogenic forcings such as increas-
ing greenhouse gases, aerosols and stratospheric ozone depletion. That is, this method
highlights the influence of tropical teleconnections, as well as the decadal component of

the SAM trend due to tropical interactions and intrinsic variability.

We note that the forced trends as simulated by the CMIP5 multi-model mean (Fig.
2.4a), CESM1-HIST (Fig. 2.4b) and CanESM2-CLIM (Fig. 2.4c) are similar, although
the CMIP5 multi-model mean is more zonally symmetric, as expected due to averaging
across 41 different models. In all panels, the positive trend in the SAM is seen through the
negative MSLP trend encompassing the Antarctic continent. In the CMIP5 multi-model

mean there is a circumpolar decrease in SIC, and while there are regions in CESM1-HIST
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(a) Observed minus CMIP5 MMM

(d) CESM1-eqPAC minus HIST

54321012345
SIC trend (% decade™)
MSLP contours from -2 (dashed) to 2 (solid) by 0.2 hPa decade™

Figure 2.2: SIC and MSLP trends (% and hPa (10 y)~!), with trends due to historical
forcings removed: (a) observed minus CMIP5 multi-model ensemble; (b) CESM1-GLOB
minus CESM1-HIST; (¢) CanESM2-GLOB minus CanESM2-CLIM; (d) CESM1-eqPAC
minus CESM1-HIST; and (e) CanESM2-TROP minus CanESM2-CLIM. In all Figs, SIC
is shown in colour (green=negative, magenta=positive) with MSLP contours overlain
(dashed=negative, bold=zero and solid=positive contours). Ensemble average trends are
calculated over 1979-2013 using annually averaged SIC. Stippling indicates statistical sig-
nificance of SIC trends at the 95% confidence level: (a) using a two-sided Student’s ¢ test;
and (b—e) using a t test to compare two means.
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(a) Observed

5-4-3-2-1012345
SIC trend (% decade™)
MSLP contours from -2 (dashed) to 2 (solid) by 0.2 hPa decade™

Figure 2.3: As for Fig. 2.2, but showing total SIC and MSLP trends (i.e. including trends
due to natural variability and historical forcings).

and CanESM2-CLIM where there are very weak or no trends in SIC, most regions also
show a decrease. As such, subtracting the forced trends (Fig. 2.4) from the total trends
(Fig. 2.3) to obtain the decadal variability signal (i.e. trends due to internal variability; Fig.
2.2) has the result of weakening the negative MSLP trends over the Antarctic continent
that are also seen in Fig. 2.3, and of largely reducing the vast areas of total decreasing SIC
seen in both the CESM1 (Fig. 2.3b,d) and CanESM2 (Fig. 2.3c,e) simulations. Because the
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(a) CMIP5 MMM (b) CESM1-HIST (c) CanESM2-CLIM

SIC trend (% decade™)

Figure 2.4: As for Fig. 2.2, but showing the SIC and MSLP trends due to historical
forcings: (a) CMIP5 multi-model mean; (b) CESM1-HIST; and (¢) CanESM2-CLIM.

CMIP5 multi-model mean SIC trend is largely zonally symmetric (Fig. 2.4a), subtracting
this from the total observed SIC trend (Fig. 2.3a) does not substantially change the regional
pattern of SIC trends in the observed decadal variability signal, although decreases are

made weaker and increases are made stronger (Fig. 2.2a).

CESM1-GLOB decadal variability (minus HIST') signals (Fig. 2.2b) in SIC and MSLP
look qualitatively similar to the observed trends (Fig. 2.2a): there are large regions of
increasing SIC in eastern Antarctica and in the eastern Ross and Amundsen Seas (although
notably the observed increasing SIC in the western Ross Sea is not captured), while a
decrease in SIC is seen in the Bellingshausen Sea. A strengthening of the Amundsen Sea
Low is apparent; however the strongest decrease in MSLP is located further towards the
Antarctic Peninsula than observed, and does not extend as far west. As a result, the strong
increase in the Ross and Amundsen Seas SIC is shifted eastward compared to the satellite
data. Meehl et al. (2016a) show that the position of the convective heating anomaly in the
tropical Pacific influences the location of the resulting teleconnection, so these biases may
be due to differences in the position of tropical Pacific precipitation anomalies between
observations and CESMI1.

CESM1-eqPAC decadal variability signals (Fig. 2.2d) show very similar trends in
MSLP to CESM-GLOB (Fig. 2.2b), along with decreasing SIC in the Bellingshausen Sea
and increasing SIC in the eastern Ross and Amundsen Seas, suggesting that tropical
Pacific variability is driving signals in these regions in CESM1-GLOB (Fig. 2.2b). The
overall MSLP pattern in these experiments is consistent with the PSA pattern. Elsewhere,
CESM1-eqPAC trend signals do not resemble CESM1-GLOB signals, however increasing
SIC in CESM1-ATL (Fig. 2.5) suggests that Atlantic SST anomaly forcing is driving
the CESM1-GLOB signals in the Atlantic and Indian sectors. Further, while CESM1-
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eqPAC variability shows a weak decrease in the eastern Ross Sea (Fig. 2.2d), CESM1-ATL
variability shows an increase (Fig. 2.5a). It also appears that CESM1-eqPAC and CESM1-
ATL forcings are largely additive (as in Li et al., 2015b), explaining the majority of the
decadal SIC signals in CESM1-GLOB. We note that the increase in SIC in the eastern
Ross and Amundsen Seas is slightly weaker in CESM1-eqPAC (Fig. 2.2d) compared to
CESM1-GLOB (Fig. 2.2b), suggesting that a portion of this decadal signal must come

from outside of the tropical Pacific and Atlantic Oceans, likely from the extratropics.

(a) CESM1-ATL minus HIST (b) CESM1-ATL

5-4-3-2-1012 3465
SIC trend (% decade™)
MSLP contours from -2 (dashed) to 2 (solid) by 0.2 hPa decade™

Figure 2.5: As for Fig. 2.2, but showing CESM1 trends from the Atlantic assimilation:
(a) CESM1-ATL minus HIST; and (b) CESM1-ATL trends (i.e. including trends due to
natural variability and historical forcings).

In Li et al. (2015b) tropical Atlantic forcing, rather than Pacific forcing, leads to
the strongest deepening of the Amundsen Sea Low. Li et al. (2015b) use CAM4, the
same atmospheric component of CESM used in this study, although at a higher resolu-
tion (approximately 2° horizontal resolution, compared to approximately 3.75° resolution
here) and with a different dynamical core (a finite volume core, compared to a spectral
core here). However, Li et al. (2015b) used Atmospheric Model Intercomparison Project
(AMIP)-type specified SST forcing compared to the partially coupled experiments here.
Previous studies have suggested the lack of coupling in AMIP-type runs can cause er-
rors by the atmosphere responding too strongly in certain regions to SST perturbations
(e.g. Barsugli and Battisti, 1998). In convective heating anomaly experiments designed
to specify the actual dynamic heating that forces teleconnections (as opposed to SST),
negative convective heating anomalies in the eastern equatorial Pacific (arising from the
observed negative phase of the IPO) produced a stronger response in the Amundsen Sea
Low compared to a positive convective heating anomaly in the equatorial Atlantic (arising
from observed positive tropical Atlantic SSTs; Meehl et al., 2016a). Thus, there are con-
tributions to the deepening of the Amundsen Sea Low from convective heating anomalies
in both the tropical Atlantic and tropical Pacific, but evidence from Meehl et al. (2016a)

shows that the equatorial eastern Pacific makes the larger contribution. Other differences
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in the dominance of Atlantic or Pacific teleconnections may be due to resolution and/or
dynamical differences in the atmospheric model, to differences arising from the coupled
system, and/or to differences in the SST fields assimilated (total observed SST, compared

to observed SST anomalies here) and the differing climatologies that follow.

We next compare results from CESM1 to CanESM2 (Fig. 2.2c,e). While both mod-
els show a strengthening of the Amundsen Sea Low, the wavetrain structure differs. In
contrast to the clear PSA pattern displayed by CESM1 (Fig. 2.2b,d), CanESM2 shows
a positive MSLP signal further west. Both CanESM2-GLOB (Fig. 2.2¢) and CanESM2-
TROP (Fig. 2.2¢) show an increase in sea ice in the Amundsen and eastern Ross Seas, as
also simulated by CESM1, and the decrease in the western Ross Sea seen in CESM1-eqPAC
is also seen in CanESM2-TROP. Whereas CESM1 captures the observed decrease in sea
ice in the Bellingshausen Sea, CanESM2 decadal variability shows an increase here, but a
decrease in the Weddell Sea (CanESM2-GLOB), possibly due to the eastward elongation
of the negative MSLP signal. While there are differences in the decadal variability signals
of SIC and MSLP between CESM1 and CanESM2, both models capture a strengthening
of the Amundsen Sea Low, and the corresponding increase in sea ice in the Amundsen and

eastern Ross Seas.

2.3.3 Seasonality of trends

While our focus is on annual mean trends, patterns do vary seasonally (L’Heureux and
Thompson, 2006; Simpkins et al., 2012; Ciasto et al., 2015). We briefly discuss the season-
ality of the observed and simulated SIC and MSLP trends, noting that trends in CESM1-
GLOB and CESM1-eqPAC are largely similar, and likewise for CanESM2-GLOB and
CanESM2-TROP; as such, we group the simulations from each model together in our

discussion.

Observed decadal variability signals in SIC during austral summer (Fig. 2.11a in Sec-
tion 2.5) and autumn (Fig. 2.12a in Section 2.5) show decreasing SIC in the Amundsen and
Bellingshausen Seas, and increases elsewhere. However, CESM1 (Figs 2.11b,d and 2.12b,d
in Section 2.5) and CanESM2 (Figs 2.11c,e and 2.12c,e in Section 2.5) show an increase
in SIC in the Amundsen Sea, and little trend in the western Ross Sea. In austral winter
(Fig. 2.13a in Section 2.5) and spring (Fig. 2.14a in Section 2.5) the region of observed
decreasing SIC shifts eastward to the Antarctic Peninsula, with increases elsewhere. Both
models show an increase in SIC in the eastern Ross and Amundsen Seas, and CESM1
shows a decrease in SIC in the Bellingshausen Sea (Figs 2.13b,d and 2.14b,d in Section

2.5). The biases in seasonal SIC variability are rendered in the annual mean (Fig. 2.2).

While a strengthening of the Amundsen Sea Low is seen for observations and both
CESM1 and CanESM2 in the annual-mean (Fig. 2.2), this signal is largely due to strength-
ening occurring during austral autumn and winter (Figs 2.12 and 2.13 in Section 2.5, re-

spectively). During summer, there is a strong positive SAM trend in the forced trends
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simulated by the CMIP5 multi-model mean, CESM1-HIST and CESM1-CLIM (Fig. 2.15
in Section 2.5). When subtracted to obtain decadal variability, only a weak negative
MSLP signal is seen in observations over the eastern Ross Sea (Fig. 2.11a in Section 2.5).
In CESM1 there is a weak negative signal located over the Bellingshausen Sea (Fig. 2.11b,d
in Section 2.5). In CanESM2, despite removing the SAM trend there is a clear deepening
of the Amundsen Sea Low (Fig. 2.11c,e in Section 2.5). During autumn, a clear PSA
wavetrain pattern is evident in observations, as also reported in Ding and Steig (2013).
Both models capture the PSA pattern, although it is weaker than observed, particularly
in CanESM2. In winter the wavetrain pattern is more meridionally oriented in observa-
tions and for CESM1. A similar negative MSLP signal is seen in both models during
spring (Fig. 2.14 in Section 2.5), however in observations the signal is centred over the
eastern Ross Sea, rather than over the Amundsen and Bellinghausen Seas (Fig. 2.14a in
Section 2.5). While PSA-like wavetrains are shown by CESM1 and CanESM2, a more

meridionally-oriented wavetrain is seen in observations (Clem and Fogt, 2015).

2.3.4 IPO-related sea ice trends

We next examine the contribution of tropical decadal SST variability on Antarctic sea
ice in these pacemaker experiments. Based on the similarity between decadal variability
SIC and MSLP signals in the Pacific sector in CESM1-GLOB and CESM1-eqPAC (cf.
Fig. 2.2b and d), we focus on tropical Pacific variability. Due to the experimental setup,
for CanESM2 all tropical variability is considered (i.e. CanESM2-TROP; including Pa-
cific, Atlantic and Indian Oceans). We calculate SIC and MSLP trends congruent with
decadal variability in the IPO, which is manifested as a trend from positive to negative in
subsampling multi-decadal variability, using an unfiltered TPI to represent the IPO. As
described above (Section 2.2.2), without filtering the TPI strongly resembles the Nino 3.4
index (cf. Fig. 2.1b and ¢; Newman et al., 2016); however, the TPI also takes into account
variability of subtropical and mid-latitude regions, which could be potentially important
when considering the influence of the tropical Pacific on the high latitudes [such as the
influenced of the South Pacific Convergence Zone (SPCZ), e.g. Schneider et al., 2012; Clem
and Renwick, 2015; Meehl et al., 2016b]. As also mentioned above (Section 2.2.2), while
there has been no significant trend in the Nino 3.4 index, there has been a significant
trend in the IPO during the time period under consideration due to the transition from
the positive phase of the IPO to negative in the late-1990s (Fig. 2.1b,c). There have also
been changes in the frequency (more La Nina than El Nino events; e.g. Ummenhofer et al.,
2009) and spatial characteristics (more central Pacific than eastern Pacific El Nifo events;
e.g. McPhaden et al., 2011) of ENSO. These ENSO changes coincide with the IPO tran-
sitioning from the positive to the negative phase (Figs 2.1 and 2.6; Lee and McPhaden,
2008; Meehl et al., 2014; Fyfe et al., 2016) and motivate our interest in the significant
trend of the IPO.

The observed IPO-related SIC trends (Fig. 2.7a) show a decrease in the Belling-
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(a) Observed

(b) CESM1-GLOB
I’SST=0.95, rMSLP=O'89

R .

(c) CanESM2-GLOB
I’SST=0.82, rMSLP=0'86

-05 -04 -03 -02 04 O 01 02 03 04 05
IPO-congruent SST trend (°C)
MSLP contours from -2 (dashed) to 2 (solid) by 0.2 hPa

Figure 2.6: SST and MSLP trends congruent with trends in the IPO due to its transition
from positive to negative [°C and hPa (10 y)~!]: (a) observed; (b) CESM1-GLOB; and (c)
CanESM2-GLOB. Congruent trends are calculated over 1979-2013 as the linear regression
of detrended SST onto the detrended IPO, multiplied by the trend in the IPO. In (b—c)
congruent trends are calculated for each ensemble member individually and then averaged
across members. Stippling indicates statistical significance of SST trends at the 95%
confidence level: (a) using a two-sided Student’s ¢ test to test significance of both the IPO
trend and the regression coefficient; and (b—c) where the ensemble average trend exceeds
two standard deviations. Pattern correlations between observed and modelled trends are
calculated over the global domain and indicated above panels (b—c).
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shausen Sea and an increase in the eastern Ross and Amundsen Seas, in association with
a strengthened Amundsen Sea Low (Fig. 2.7a). This pattern is similar to the total trend
pattern in the Pacific sector (Fig. 2.1a), albeit weaker, and the region of increasing SIC
is shifted eastwards. In particular, the IPO-related SIC trends (Fig. 2.7a) cannot account
for the observed increase in the western Ross Sea (Figs 2.2a, 2.3a). The CMIP5 multi-
model mean, CESM1-HIST and CanESM2-CLIM show essentially no congruent trends
(Fig. 2.16a,b,d in Section 2.5), as expected because the unconstrained model runs or en-
semble members all have different phases of the IPO, which cancel out in the multi-model
mean or ensemble averages. This also indicates that the external forcing is not causing one
phase of the IPO to be favoured. IPO-related SIC and MSLP trends in CESM1-GLOB
(Fig. 2.7b) and CESM1-eqPAC (Fig. 2.16¢ in Section 2.5) both agree well with the obser-
vations, showing a deepening of the Amundsen Sea Low as part of the PSA pattern, and a
corresponding positive SIC trend in the eastern Ross and Amundsen Seas and a negative
SIC trend in the Bellingshausen Sea. Further, these IPO-related SIC trends are very simi-
lar to the decadal variability signals discussed above (Fig. 2.1b,c). CanESM2-GLOB (Fig.
2.7c¢) and CanESM2-TROP (Fig. 2.16e in Section 2.5) also show similar IPO-related SIC
and MSLP trends. The pattern correlations between simulated and observed congruent
trends are high for both models, particularly for MSLP (Fig. 2.7). The agreement between
the IPO-related SIC trends and total SIC trends thus suggest that the IPO is contributing
to the regional dipole pattern of SIC trends in the Pacific sector, with the exception of
the western Ross Sea, where the observed SIC increase is not explained by the IPO, nor
simulated by either model (Figs 2.2b,c and 2.3b,c).

(b) CESM1-GLOB (c) CanESM2-GLOB
(a) Observed rsic=0.68, rys.p=0.94 rgic=0.53, rysp=0.93

1
IPO-congruent SIC trend (% decade™)
MSLP contours from -2 (dashed) to 2 (solid) by 0.2 hPa decade™

Figure 2.7: As for Fig. 2.6, but for SIC and MSLP trends congruent with trends in
the IPO due to its transition from positive to negative [% and hPa (10 y)~!]. Pattern
correlations are calculated over the domain shown (50-90°S).

The IPO-related SIC and MSLP trends are largely similar across all seasons (Figs 2.17

to 2.20 in Section 2.5). A strengthened Amundsen Sea Low is seen in all seasons, strongest
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during austral winter and spring in observations and CESM1-GLOB, and strongest from
austral autumn to spring in CanESM2-GLOB. Increased SIC in association with these
circulation changes is seen in the eastern Ross and Amundsen Seas in all seasons, for
observations, CESM1-GLOB and CanESM2-GLOB. Decreased SIC in the Bellingshausen
Sea is also seen for most seasons and across the observations and both models, however it
often lacks significance, and is not seen for CanESM2-GLOB during austral summer (Fig.
2.17c¢ in Section 2.5). Overall, the strong agreement between the observations, CESM1 and
CanESM2, and the similarity in IPO-related SIC trends across the seasons strengthens

the conclusions made above regarding the annual-mean [PO-related trends.

2.3.5 IPO modulation of ENSO teleconnection

Meehl et al. (2016a) proposed that Ross Sea SIC trends have been influenced by the
phase shift of the IPO (Fig. 2.1b). In their study, they find that changes in precipitation
and convective heating primarily in the eastern Pacific and secondarily in the SPCZ region
associated with the phase shift of the IPO in the late-1990s force anomalous Rossby waves,
teleconnecting to the Amundsen Sea Low and causing a strengthening (as also described
in Schneider et al., 2012; Clem and Renwick, 2015). From this, they infer that changes in
the geostrophic wind result in more southerly flow over the Ross Sea, leading to increased
sea ice in this region. In addition to increased Ross Sea ice, other studies relating the
strengthened Amundsen Sea Low to Antarctic sea ice trends also find reduced sea ice in
the Bellingshausen Sea due to increased northerly flow, (e.g. Li et al., 2014; Simpkins et al.,
2014). We have confirmed here that the regional SIC trend characteristics associated with
the IPO are due to a deepening of the Amundsen Sea Low (Fig. 2.7).

As described above (Section 2.1), the ENSO teleconnection to Antarctic sea ice has
been widely studied (e.g. Renwick, 2002; Stammerjohn et al., 2008; Simpkins et al., 2012;
Ciasto et al., 2015). Despite no significant trend in the Nifio 3.4 index over 1979-2013,
during the positive phase of the IPO more El Nifio events occurred (between 1979-1998
there were six El Nifos and two La Ninas; Fig. 2.1c), whereas during the negative phase
of the IPO more La Nina events occurred (between 1999-2013 there were two El Ninos
and six La Ninas; Fig. 2.1c). Through Rossby wavetrain teleconnections to the Southern
Hemisphere, a change in the frequency and spatial character of ENSO could impact the
strength of the Amundsen Sea Low (Fig. 2.1d), which may lead to a rectification and a net
surplus or deficit of SIC in different regions over 1979-2013 (Fig. 2.1e,f). Over 1990-2007,
Matear et al. (2015) found that wind forcing associated with ENSO contributed to sea-ice
duration trends in both the east and west Pacific sectors, further motivating examination

of the ENSO contribution over the longer period here.

Comparing the cumulative anomalies of observed SIC and MSLP during the positive
phase of the IPO with those during only ENSO years of the positive IPO (cf. Fig. 2.8a and
d), it is clear that the two patterns are similar to each other, dominated by El Nino (Fig.

2.9a). Likewise, the cumulative anomalies during the negative phase of the IPO are similar
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(a) +IPO (19 years) (b) -IPO (15 years) (c) -IPO minus +IPO (b minus a)

-100 -80 -60 -40 -20 O 20 40 60 80 100
Cumulative SIC anomaly (%)
MSLP contours from -50 (dashed) to 50 (solid) by 5 hPa

Figure 2.8: Observed SIC and MSLP cumulative anomalies (% and hPa): (a) positive
IPO (1979-1999); (b) negative IPO (2000-2013); (c) IPO difference (b minus a); (d) ENSO
years during positive IPO (six El Ninos and two La Ninas); (e) ENSO years during negative
IPO (two El Ninos and six La Ninas); and (f) ENSO difference (e minus d). Cumulative
anomalies are calculated as the sum of SIC and MSLP anomalies during specified events,
without normalising by the number of events. Stippling indicates statistical significance
of cumulative SIC anomalies at the 95% confidence level using a ¢ test to compare two
means: (a,b,d,e) comparing the select events to all years; and (c,f) comparing the two
differenced groups.

to those during only ENSO years of the negative IPO (c¢f. Fig. 2.8b and e), dominated by
La Nina (Fig. 2.9b). Following on, comparing their difference patterns (i.e. negative IPO
minus positive IPO; negative IPO ENSO events minus positive IPO ENSO events; cf. Fig.
2.8c and f) shows that the ENSO cumulative anomaly pattern difference is very similar to
the corresponding IPO cumulative anomaly difference, and is dominated by the difference
between El Nifio and La Nina (Fig. 2.9c). We note that these results should be considered
with caution, as there is a trend in the IPO, as well as in the SIC and MSLP time series
used in this analysis. However, repeating the analysis with linearly detrended time series
(Figs 2.21, 2.22 in Section 2.5) finds that the spatial pattern of cumulative SIC anomalies
in the eastern Ross, Amundsen and Bellingshausen Seas that occur during the two phases
of the TPO are largely explained by the ENSO events in these phases. This supports the
interpretation of Fig. 2.8.
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(a) EI'Nino (8 years) (b) La Nina (8 years) (c) La Nina minus EI Nino (b minus a)
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Cumulative SIC anomaly (%)
MSLP contours from -50 (dashed) to 50 (solid) by 5 hPa

Figure 2.9: As for Fig. 2.8, but showing cumulative anomalies for: (a) El Nifo; (b) La
Nina; and (c¢) La Nina minus El Nino (b minus a).

The total SIC trends resulting from the impact of IPO can also be understood via the
unequal number of El Nino and La Nina events during each IPO phase; i.e. more El Nifio
events during positive IPO and more La Nina events during negative IPO, as well as a
change in the nature of events (Ashok et al., 2007; McPhaden et al., 2011). Furthermore,
the ENSO teleconnection to high latitudes appears nonlinear and asymmetric with respect
to El Nino and La Nina (Fig. 2.8d,e; also noted by Ciasto et al. 2015). As such, the
cumulative impacts from El Nino and from La Nina do not completely offset, but rectify
into mean changes. These mean changes are especially conspicuous when there are more
El Nino events during positive IPO and more La Nina events during negative IPO (Fig.
2.8f). The difference between the cumulative impact during the negative IPO phase and
during the positive IPO phase accounts for a large portion of the trend, suggesting that
the influence of the IPO on the Amundsen Sea Low and SIC is overall manifest via its
association with an unequal number of El Nifio and La Nina events during the two phases
of the IPO.

2.4 Discussion

Since regular satellite observations became available in 1979, Antarctic SIC has increased
in most regions, despite greenhouse warming over the same period (Cavalieri and Parkin-
son, 2008; Comiso and Nishio, 2008; Parkinson and Cavalieri, 2012) and multi-model
averages that show decreasing SIC. A particularly large increase in sea ice has been ob-
served in the Ross Sea, although sea ice has been declining near the Antarctic Peninsula
in the Amundsen and Bellingshausen Seas (Stammerjohn et al., 2008; Holland and Kwok,
2012; Simpkins et al., 2012). Utilising coupled pacemaker experiments we provide further
evidence in support of internal decadal climate variability associated with the IPO as a

driving influence on Antarctic sea ice trends in the Pacific sector, specifically in the east-
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ern Ross, Amundsen and Bellingshausen Seas. We note, however, that the IPO cannot
account for sea ice trends in the western Ross Sea. Our analysis suggests that tropical
Pacific SST anomalies associated with the IPO and ENSO contribute to the rectification

of observed trends on Antarctic sea ice.

The pacemaker experiments assessed here are based on coupled atmosphere-ocean-sea
ice models, which differ from previous studies using atmospheric-only models (Li et al.,
2014, 2015a,b; Simpkins et al., 2014; Meehl et al., 2016a). This is notable, because although
these studies suggest that a strengthening of the Amundsen Sea Low due to tropical
teleconnections can be linked to observed changes in the sea ice, the sea ice response is

not directly simulated in the latter.

The majority of CMIP5 models simulate a decline in Antarctic sea ice extent (Turner
et al., 2013a; Zunz et al., 2013), and while the overall observed trend has been shown to lie
within modelled variability (Mahlstein et al., 2013; Polvani and Smith, 2013; Swart and
Fyfe, 2013; Turner et al., 2013a; Zunz et al., 2013), when the regionality of sea ice trends is
accounted for, trends during austral summer and autumn are outside the modelled range
of variability (Hobbs et al., 2015). As with the majority of CMIP5 models, CESM1-HIST
and CanESM2-CLIM lose too much sea ice compared to observed. However, CMIP5
ensemble members that happened to match the timing of the negative phase of the IPO

also simulated an increase of Antarctic sea ice during the early 2000s (Meehl et al., 2014).

In both the CESM1 and CanESM2 assimilation experiments, the strengthened Amund-
sen Sea Low associated with the phase shift of the IPO results in an increase in sea ice
in the eastern Ross and Amundsen Seas, however this increase is weaker than observed.
Further, neither model captures the strong observed increase in sea ice in the western Ross
Sea, and due to the lack of IPO-related sea ice trends in this region even in observations
(Fig. 2.7a), it is unlikely that trends in this region are linked to the IPO phase change. Sea
ice increases elsewhere around Antarctica are also not simulated in these models. Based
on the assessment of decadal variability signals it appears that the CESM1 and CanESM2
assimilation experiments capture the observed variability well, but one interpretation is
that greenhouse warming overwhelms the total trends in SIC in these experiments. An-
other possibility is that the locations of anomalous precipitation and convective heating
anomalies may not be in the same locations or magnitudes as observed. It could be
possible that either Antarctic sea ice variations in both CESM1 and CanESM2 are too
sensitive to global warming, or that these models underestimate the amplitude of decadal
variability of Antarctic sea ice by an overly damped response to tropical Pacific variabil-
ity. A damped response may be the result of the cold SST bias in both models in the
SPCZ region, suppressing convection there and damping the remote atmospheric response,
because it has been shown that positive SST/precipitation/convective heating anomalies
there during negative IPO can contribute to a deepening of the Amundsen Sea Low (Clem
and Renwick, 2015; Meehl et al., 2016a). More realistic simulations of recent Antarctic
sea ice variations could thus be achieved by improving model deficiencies involved in the

climate response to external forcings and the remote impact of tropical regions. Other
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caveats include issues with how sea ice is modelled in current coupled climate models, and

how the simulated sea ice interacts with ocean, surface air temperature and winds.

Due to the various feedbacks between sea ice and the climate system (e.g. Goosse
and Zunz, 2014), assessing coupled models is important to fully understand how tropical
teleconnections influence Antarctic sea ice. For example, while changed surface wind
trends may be conducive to a sea ice increase in the Ross Sea, it is likely that a net SST
cooling is also required for sea ice to increase and to accurately capture positive ice-albedo
and ocean thermal warming feedbacks (Stammerjohn et al., 2012). For both CESM1
and CanESM2, the assimilation experiments show less ice loss in most sectors than their
corresponding CESM1-HIST or CanESM2-CLIM experiments, but not a net ice increase.
Without simulating the correct sign of observed sea ice changes, positive feedbacks will
reinforce the ice loss, rather than the ice growth, propagating differences (e.g. Purich et al.,
2016a).

Finally, we note that a number of previous studies have found teleconnections from the
tropical Atlantic to the Amundsen Sea Low to be important in driving Ross and Belling-
shausen Seas sea ice changes (Li et al., 2014, 2015a,b; Simpkins et al., 2014). Therefore, it
is likely that details of the decadal patterns of tropical SST, precipitation and convective
heating anomalies, as well as seasonality, are important in model simulations and the ob-
served SIC, at least until 2013. Since the IPO has apparently changed phase around 2014
(Meehl et al., 2016b) the overall trend of SIC should now become less positive and may
eventually turn negative on decadal timescales. While Atlantic forcing appears to play a
role in influencing sea ice trends in the Atlantic and Indian sectors, in CESM1 the equa-
torial Pacific forcing seems to dominate sea ice trends in the Pacific sector. The design
of the CanESM2 experiments does not allow for a direct comparison. Further work using
coupled models is required to isolate the influences of the tropical Atlantic and Pacific

oceans on different sectors of Antarctic sea ice in a fully coupled framework.
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2.5 Supplementary material

Table 2.1: CMIP5 models used in this study and their expansions.

Model FExpansion

ACCESS1.0 Australian Community Climate and Earth-System Simulator, version
1.0

ACCESS1.3 Australian Community Climate and Earth-System Simulator, version
1.3

bee-csml-1 Beijing Climate Center Climate System Model, version 1.1

bce-csml-1-m
BNU-ESM
CanESM2
CCSM4
CESM1-BGC
CESM1-CAM>5
CESM1-WACCM

CMCC-CESM

CMCC-CM
CMCC-CMS

CNRM-CM5

CSIRO-Mk3-6-0

FGOALS-g2

FGOALS-s2

FIO-ESM

GFDL-CM3
GFDL-ESM2G

Beijing Climate Center Climate System Model, version 1.1, moderate
resolution

Beijing Normal University Earth System Model

Second Generation Canadian Earth System Model

Community Climate System Model, version 4

Community Earth System Model, version 1, Biogeochemistry
Community Earth System Model, version 1, Community Atmosphere
Model, version 5

Community Earth System Model, version 1, Whole Atmosphere
Community Climate Model

Centro Euro-Mediterraneo sui Cambiamenti Climatici Carbon Earth
System Model

Centro Euro-Mediterraneo sui Cambiamenti Climatici Climate Model
Centro Euro-Mediterraneo sui Cambiamenti Climatici Climate Model
with a resolved Stratosphere

Centre National de Recherches Météorologiques Coupled Global Cli-
mate Model, version 5

Commonwealth Scientific and Industrial Research Organisation Mark
3.6.0

Flexible Global Ocean-Atmosphere-Land System Model, grid-point
version 2

Flexible Global Ocean-Atmosphere-Land System Model, spectral ver-
sion 2

First Institute of Oceanography-Earth System Model

Geophysical Fluid Dynamics Laboratory Climate Model, version 3
Geophysical Fluid Dynamics Laboratory Earth System Model with
Generalized Ocean Layer Dynamics (GOLD) component

Continued on next page
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Table 2.1: Continued from previous page.

Model FEzxpansion

GFDL-ESM2M Geophysical Fluid Dynamics Laboratory Earth System Model with
Modular Ocean Model, version 4 (MOM4) component

GISS-E2-H Goddard Institute for Space Studies ModelE/Hycom

GISS-E2-H-CC Goddard Institute for Space Studies ModelE/Hycom, interactive Car-
bon Cycle

GISS-E2-R Goddard Institute for Space Studies ModelE/Russell

GISS-E2-R-CC Goddard Institute for Space Studies ModelE/Russell, interactive Car-
bon Cycle

HadGEM2-AO Hadley Centre Global Environment Model, version 2, Atmosphere
Ocean

HadGEM2-CC Hadley Centre Global Environment Model, version 2, Carbon Cycle

HadGEM2-ES Hadley Centre Global Environment Model, version 2, Earth System

inmem4 Institute of Numerical Mathematics Climate Model, version 4

IPSL-CMb5A-LR

IPSL-CM5A-MR

IPSL-CM5B-LR

MIROC5
MIROC-ESM

MIROC-ESM-CHEM

MPI-ESM-LR
MPI-ESM-MR
MRI-CGCM3

MRI-ESM1
NorESM1-M
NorESM1-ME

Institut Pierre Simon Laplace Coupled Model, version 5A, low reso-
lution

Institut Pierre Simon Laplace Coupled Model, version 5A, mid reso-
lution

Institut Pierre Simon Laplace Coupled Model, version 5B, low reso-
lution

Model for Interdisciplinary Research on Climate, version 5

Model for Interdisciplinary Research on Climate, Earth System
Model

Model for Interdisciplinary Research on Climate, Earth System
Model, Chemistry Coupled

Max Planck Institute Earth System Model, low resolution

Max Planck Institute Earth System Model, medium resolution
Meteorological Research Institute Coupled Atmosphere—Ocean Gen-
eral Circulation Model, version 3

Meteorological Research Institute Earth System Model, version 1
Norwegian Earth System Model, version 1, medium resolution
Norwegian Earth System Model, version 1, medium resolution with

capability to be fully emission driven
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(a) CanESM2-CLIM

0 3 6 9 12 15 18 21 24 27 30 -0.5-04-03-02-0.1 0 0.1 0.2 0.3 04 0.5
SST climatology (°C) SST bias (°C)
MSLP contours from 980 to 1020 by 4 hPa MSLP contours from -2 (dashed) to 2 (solid) by 0.4 hPa

Figure 2.10: CanESM2 mean-state SST and MSLP: (a) CanESM2-CLIM; (b) CanESM2-
GLOB; and (d) CanESM2-TROP. Bias compared to CanESM2-CLIM: (c) CanESM2-
GLOB; and (e) CanESM2-TROP.
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(a) Observed minus CMIP5 MMM

5-4-3-2-1012345
SIC trend (% decade™)
MSLP contours from -2 (dashed) to 2 (solid) by 0.2 hPa decade™

Figure 2.11: As for Fig. 2.2, but showing austral summer (December—February) SIC and
MSLP trends.
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(a) Observed minus CMIP5 MMM

54321012345
SIC trend (% decade™)
MSLP contours from -2 (dashed) to 2 (solid) by 0.2 hPa decade

Figure 2.12: As for Fig. 2.2, but showing austral autumn (March-May) SIC and MSLP
trends.
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(a) Observed minus CMIP5 MMM

(b) CESM1-GLOB minus HIST (c) CanESM2-GLOB minus CLIM

5-4-3-2-1012345
SIC trend (% decade™)
MSLP contours from -2 (dashed) to 2 (solid) by 0.2 hPa decade™

Figure 2.13: As for Fig. 2.2, but showing austral winter (June-August) SIC and MSLP
trends.
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(a) Observed minus CMIP5 MMM

(b) CESM1-GLOB minus HIST (c) CanESM2-GLOB minus CLIM

54321012345
SIC trend (% decade™)
MSLP contours from -2 (dashed) to 2 (solid) by 0.2 hPa decade

Figure 2.14: As for Fig. 2.2, but showing austral spring (September—November) SIC and
MSLP trends.

67



PART 2. TROPICAL PACIFIC DRIVERS OF SEA ICE TRENDS

(a) CMIP5 MMM (b) CESM1-HIST (c) CanESM2-CLIM

SIC trend (% decade™)
MSLP contours from -2 (dashed) to 2 (solid) by 0.2 hPa decade™

Figure 2.15: As for Fig. 2.4, but showing austral summer SIC and MSLP trends. A
positive trend in the SAM is evident as the strong zonally-symmetric dipole pattern in
MSLP trends, with decreasing pressure at high latitudes and increasing pressure at mid
latitudes.
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(a) CMIP5 MMM

(b) CESM1-HIST (c) CESM1-eqPAC
reic=0.44, fyg p=0.91 re16=0.63, fys.p=0.91

(d) CanESM2-CLIM (e) CanESM2-TROP
r6c=0.53, Mg p=0.64 r616=0.56, fys.p=0.91

54-3-2-1012345
IPO-congruent SIC trend (% decade™)
MSLP contours from -2 (dashed) to 2 (solid) by 0.2 hPa decade”

Figure 2.16: As for Fig. 2.7, but for: (a) CMIP5 multi-model mean; (b) CESM1-HIST;
(c) CESM1-eqPAC; (d) CanESM2-CLIM; and (e) CanESM2-TROP. The lack of SIC and
MSLP signals in (a,b,d) is due to different models or members having different phases of
the IPO, and congruent trends thus cancelling out in the multi-model or ensemble means.
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(b) CESM1-GLOB (c) CanESM2-GLOB
(a) Observed rS|C=O'33’ rMSLp=O.88 rs|c=0.42, rMSLP=0-90

0 1
IPO-congruent SIC trend (% decade™)
MSLP contours from -2 (dashed) to 2 (solid) by 0.2 hPa decade™

Figure 2.17: As for Fig. 2.7, but showing austral summer ITPO-congruent trends.

(b) CESM1-GLOB (c) CanESM2-GLOB
(a) Observed rgic=0.32, rys p=0.47 rsic=0.45, rys.p=0.51

0 1
IPO-congruent SIC trend (% decade™)
MSLP contours from -2 (dashed) to 2 (solid) by 0.2 hPa decade™

Figure 2.18: As for Fig. 2.7, but showing austral autumn IPO-congruent trends.
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(b) CESM1-GLOB (c) CanESM2-GLOB
(a) Observed rs|c=0.69, rMSLP=0'62 rs|c=o.49, rMSLP=O‘67

1
IPO-congruent SIC trend (% decade™)
MSLP contours from -2 (dashed) to 2 (solid) by 0.2 hPa decade™

Figure 2.19: As for Fig. 2.7, but showing austral winter IPO-congruent trends.

(b) CESM1-GLOB (c) CanESM2-GLOB
(a) Observed rgic=0.75, rysp=0.78 rgc=0.67, rys p=0.79

-5 -4 -3 -2 -1 0 1 2 3 4 5
IPO-congruent SIC trend (% decade™)
MSLP contours from -2 (dashed) to 2 (solid) by 0.2 hPa decade™

Figure 2.20: As for Fig. 2.7, but showing austral spring IPO-congruent trends.
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(a) +IPO (19 years) (b) -IPO (15 years) (c) -IPO minus +IPO (b minus a)

-100 -80 -60 -40 -20 0 20 40 60 80 100
Cumulative SIC anomaly (%)
MSLP contours from -50 (dashed) to 50 (solid) by 5 hPa

Figure 2.21: As for Fig. 2.8, but for linearly detrended SIC and MSLP time series.

(a) El Nino (8 years) (b) La Nina (8 years) (c) La Nina minus El Nino (b minus a)

-100 -80 -60 -40 -20 O 20 40 60 80 100
Cumulative SIC anomaly (%)
MSLP contours from -50 (dashed) to 50 (solid) by 5 hPa

Figure 2.22: As for Fig. 2.9, but for linearly detrended SIC and MSLP time series.
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Part 3

Impacts of broad-scale surface
freshening of the Southern
Ocean in a coupled climate

model

The material in this Part is based around work published as:

Purich, A., M. H. England, W. Cai, A. Sullivan, and P. J. Durack, 2018: Impacts of
broad-scale surface freshening of the Southern Ocean in a coupled climate model. Journal

of Climate, 31, 2613-2632, doi:10.1175/JCLI-D-17-0092.1.

A. P. and M. H. E. conceived the study. A. P. undertook the model simulations with
assistance from A. S. A. P. assembled the observational and model data, undertook all
analyses, prepared all figures and wrote the first draft of the manuscript. All authors

contributed to the development of ideas, writing and revising the manuscript.

Accompanying supplementary material is included at the end of this Part in Section 3.5.
The published version of this material is included in Appendix C. Additional material
building upon the findings from this Part are included in Appendix D.
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Abstract

The Southern Ocean surface has freshened in recent decades, increasing water column
stability and reducing upwelling of warmer subsurface waters. The majority of Coupled
Model Intercomparison Project phase five (CMIP5) models underestimate or fail to cap-
ture this historical surface freshening, yet little is known about the impact of this model
bias on regional ocean circulation and hydrography. Here we perform experiments using
a global coupled climate model with additional freshwater applied to the Southern Ocean
to assess the influence of recent surface freshening. The simulations explore the impact
of persistent and long-term broad-scale freshening due to processes including precipita-
tion minus evaporation changes. Thus, unlike previous studies, the freshening is applied
as far north as 55°S, beyond the Antarctic ice margin. We find that imposing a large-
scale surface freshening causes a surface cooling and sea-ice increase under pre-industrial
conditions, due to a reduction in ocean convection and weakened entrainment of warm
subsurface waters into the surface ocean. This is consistent with inter-model relation-
ships between CMIP5 models and our simulations, which suggest that models with larger
surface freshening also exhibit stronger surface cooling and increased sea ice. Additional
experiments are conducted with surface salinity restoration applied to capture observed
regional salinity trends. Remarkably, without any mechanical wind trend forcing, these
simulations accurately represent the spatial pattern of observed surface temperature and
sea-ice trends around Antarctica. This study highlights the importance of accurately sim-
ulating changes in Southern Ocean salinity to capture changes in ocean circulation, sea

surface temperature and sea ice.

3.1 Introduction

Observed Southern Ocean changes over recent decades include a surface freshening (Durack
and Wijffels, 2010; Durack et al., 2012; de Lavergne et al., 2014), surface cooling (Fan et al.,
2014; Marshall et al., 2014; Armour et al., 2016; Purich et al., 2016a) and circumpolar
increase in Antarctic sea ice (Cavalieri and Parkinson, 2008; Comiso and Nishio, 2008;
Parkinson and Cavalieri, 2012). Various explanations for the increase in Antarctic sea ice
extent (SIE) seen since regular satellite observations began in 1979, which has occurred
despite global warming over this period, have been proposed (Hobbs et al., 2016). These
include natural variability (Mahlstein et al., 2013; Polvani and Smith, 2013; Zunz et al.,
2013; Li et al., 2014; Simpkins et al., 2014; Gagné et al., 2015; Meehl et al., 2016a; Purich
et al., 2016b), changes in surface winds (Holland and Kwok, 2012; Fan et al., 2014; Turner
et al., 2009; Li et al., 2014; Simpkins et al., 2014; Purich et al., 2016a), surface freshening
due to ice sheet and shelf runoff and iceberg fluxes (Bintanja et al., 2013, 2015; Swart and
Fyfe, 2013; Pauling et al., 2016) and surface freshening due to sea ice transport (Haumann
et al., 2016).
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Surface freshening can act to increase sea ice coverage by increasing surface strati-
fication, reducing convective mixing of warmer subsurface waters and causing a surface
cooling (e.g. Marsland and Wolff, 2001; Liu and Curry, 2010; de Lavergne et al., 2014; Mor-
rison et al., 2015). Early model studies of the influence of surface freshening on Antarctic
sea ice found freshening to be associated with an increase in ice coverage in ocean-ice
models (Marsland and Wolff, 2001; Beckmann and Goosse, 2002; Hellmer, 2004; Aiken
and England, 2008). However, more recent studies using global coupled climate models
with additional freshwater applied around the Antarctic margins to simulate increased
ice sheet melt/runoff have found conflicting results: Bintanja et al. (2013, 2015) found
that the increased freshwater has likely contributed to the increase in Antarctic SIE, while
Swart and Fyfe (2013) found the influence to be small and not able to explain the observed
sea-ice changes. Pauling et al. (2016) also found that applying an extra freshwater flux
around the continental margins was insufficient to offset anthropogenic forcing. Zunz and
Goosse (2015) find that the inclusion of an additional freshwater flux in simulations with
data assimilation improves the reconstruction of sea ice trends, however it does not seem
to be required to obtain an increase in sea ice extent in hindcast simulations. Meanwhile,
Kirkman and Bitz (2011) find that under global warming conditions, increased melting of
sea ice leads to surface freshening, which in turn leads to surface cooling of the Southern

Ocean.

These previous studies (Bintanja et al., 2013, 2015; Swart and Fyfe, 2013; Pauling
et al., 2016) focussed on runoff from Antarctic ice-sheet/shelf melt as the source of fresh-
water to the Southern Ocean, in part motivated by the fact that models participating in
the Coupled Model Intercomparison Project phase 5 (CMIP5) explicitly exclude such melt
contributions. However, Pauling et al. (2016) find that the CMIP5 models happen to sim-
ulate runoff changes due to precipitation changes over Antarctica that are approximately
the same as estimated land-ice and ice-shelf melt rates. Further, the largest source of
freshwater to the Southern Ocean is the precipitation minus evaporation (P-E) falling di-
rectly onto the ocean (Pauling et al., 2016). Increased P—E leads to stronger stratification
and a reduction in oceanic vertical heat transfer, and thus to increased sea ice (Martinson,
1990; Marsland and Wolff, 2001; Goosse and Zunz, 2014). Observational estimates of P-E
over the Southern Ocean are highly uncertain: there are no direct measurements of pre-
cipitation over the ocean and satellite estimates provide only a snapshot in time based on
the time of the scan (e.g. Trenberth et al., 2017), while evaporation is estimated from bulk
formula with many uncertain inputs, leading to considerable imbalances in global surface
flux estimates (e.g. Josey et al., 2013). As such there is a large spread in observational
products and reanalyses (Fig. 3.1). A detailed assessment of P-E trends in various reanal-
yses since 1989 found no robust widespread precipitation trends over the sea ice region,
and a large disagreement between reanalyses (Bromwich et al., 2011). However, most
estimates suggest there has been an increase in precipitation and P-E over the Southern
Ocean south of 50°S since 1979 (Fig. 3.1) and this is consistent with the multidecadal
broad-scale freshening that has been reported in numerous independent studies (Durack
and Wijffels, 2010; Helm et al., 2010; de Lavergne et al., 2014; Haumann et al., 2016).
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Figure 3.1: Salinity and precipitation trends over 1950-2000. (a) Observed sea surface
salinity (SSS) trends from Durack and Wijffels (2010); (b) zonal-mean SSS trends for
observations (Durack and Wijffels, 2010) and CMIP5 models; (c) zonal-mean precipitation
trends for observations (ERA-Interim, COREv2, GPCPv2.2, CMAP standard, CMAP
enhanced) and CMIP5 models; and (d) zonal-mean P-E trends for observations (ERA-
Interim, COREv2) and CMIP5 models. In (a), stippling indicates significance at the 95%
level. In (b) observations are shown in dashed black. In (c—d) observations are shown in
colours, and vary in the time periods they cover (refer to Section 3.2.3). In (b-d) CMIP5
models are shown in grey, and the ACCESS1.0 CMIP5 run is shown in dark blue.

Measurements of surface salinity provide an integrated view of freshwater input
changes, and the surface freshening seen since 1950 (Fig. 3.1a; Durack and Wijffels, 2010;
de Lavergne et al., 2014), along with interior freshening (e.g. Wong et al., 1999), further
suggest that there has been an increase in broad-scale freshwater input, likely including
an increase in P-E over the Southern Ocean (e.g. Durack et al., 2012; de Lavergne et al.,

2014). This increase is also in agreement with the positive trend in the Southern Annular
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Mode (SAM) observed over the latter half of the twentieth century (Marshall, 2003), asso-
ciated with a poleward shift and intensification in the extratropical westerly wind jet and
storm tracks (e.g. Thompson and Solomon, 2002; Fyfe, 2003; Frederiksen and Frederik-
sen, 2007). These SAM changes have previously been suggested to increase precipitation
over the high-latitude Southern Ocean (whilst decreasing precipitation in mid latitudes;
e.g. Son et al., 2009), with less influence on evaporation (Purich and Son, 2012), thus
enhancing total P-E over a broad region of the high-latitude Southern Ocean (including
well north of the sea-ice margin). The goal of this study is to better understand the role
of this broad-scale freshening of the surface Southern Ocean on both surface cooling and

Antarctic sea ice trends.

Further, while CMIP5 models capture the observed sign of the recent SAM trend,
they tend to underestimate its strength, and equivalently the trend in the westerly-wind
jet (Swart and Fyfe, 2012; Wilcox et al., 2012; Bracegirdle et al., 2013; Mahlstein et al.,
2013; Purich et al., 2013). The CMIP5 models also either underestimate or fail to capture
the surface freshening seen in observations over 1950-2000 between 50-60°S; of the models
that exhibit surface freshening, all underestimate the strength of the observed freshening,
and only five models are within the observational uncertainty range (Figs 3.1b, 3.2; Durack,
2015). That is, 26 out of 31 CMIP5 models assessed in this study show sea surface salinity
(SSS) trends over 50-60°S that are inconsistent with the observed freshening (Fig. 3.2).
When multiple realisations per model are considered, 60 out of 68 CMIP5 realisations
show SSS trends that are inconsistent with the observed freshening (Fig. 3.10 in Section
3.5). This is likely due to model precipitation and cloud biases, however uncertainty in
observed P-E makes it difficult to assess the extent to which models underestimate changes
in precipitation (Fig. 3.1c) and P-E (Fig. 3.1d). Internal variability may also play a role
in contributing to the observed trend. In any case, Figs 3.1b, 3.2 indicates that for almost
all cases, the models’ simulation of the recent multi-decadal surface freshening is weaker
than observed. In addition to precipitation biases, a component of the SSS freshening
could be due to increased ice shelf melt, land-ice melt, or an increase in northward sea-
ice advection and melt. It is thus difficult to fully separate the processes that might be
biased in CMIP5 models. Either way, as high-latitude surface freshening is associated
with surface cooling and a sea ice increase, this may be another factor contributing to
the CMIP5 models excessive Southern Ocean surface warming contrasting the observed
surface cooling (Marshall et al., 2014; Purich et al., 2016a), and sea ice decline contrasting
the observed increases (Mahlstein et al., 2013; Polvani and Smith, 2013; Swart and Fyfe,
2013; Turner et al., 2013a; Zunz et al., 2013; Gagné et al., 2015) over recent decades.
Understanding whether an underestimated broad-scale freshening may have contributed
to the differences between observed and CMIP5 trends provides further motivation for

investigating the role of broad-scale freshening in driving Southern Ocean surface changes.

In this study we perform experiments using the Australian Community Climate and
Earth System Simulator version 1.0 (ACCESS1.0), a global coupled climate model par-
ticipating in CMIP5. In a recent CMIP5 assessment this model was found to be one of
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Figure 3.2: Trends in SSS over 1950-2000, area averaged over 50—60°S. The first available
realisation for each CMIP5 model is shown, along with the CMIP5 multi-model mean and
the Durack and Wijffels (2010) observational estimate. Error bars show the approximate
95% confidence estimates of the observed trend, and horizontal dashed lines are included
for comparison between the CMIP5 trends and observations.

the best in the suite for simulating regional distribution and extent of Antarctic sea-ice
(Ivanova et al., 2016). We apply an idealised freshwater flux over the high-latitude South-
ern Ocean between 55-70°S, with the aim of achieving a SSS trend similar in magnitude
to the Durack and Wijffels (2010) trend. The sea surface temperature (SST) and sea ice
responses to the broad-scale freshwater input are examined and the regional pattern of
changes and sea ice feedbacks are discussed. We also make a comparison with CMIP5
output. Our results suggest that recent multi-decadal trends in large-scale surface salinity
over the Southern Ocean have played a role in the observed surface cooling seen in this
region. In addition, our simulations suggest that the underestimation of observed surface
freshening by CMIP5 models is an important factor contributing to the SST warming and
Antarctic sea ice decline seen in almost all CMIP5 models, at odds with observed trends.
While diagnosed as an important factor here, we find that a uniform freshening alone
cannot fully account for the model-observed differences. Other factors, such as decadal
variability (Li et al., 2014; Simpkins et al., 2014; Meehl et al., 2016a; Purich et al., 2016b),
responses to greenhouse gas forcing (Armour et al., 2016) and stratospheric ozone forcing
(Turner et al., 2009), and wind forcing effects (Holland and Kwok, 2012; Fan et al., 2014;
Purich et al., 2016a) are likely also important.

3.2 Data and methods

3.2.1 Model description

The ACCESS model is a fully-coupled global climate model, developed by the Common-
wealth Scientific and Industrial Research Organisation and the Australian Bureau of Me-
teorology (Bi et al., 2013b). It is built by coupling the United Kingdom (UK) Met Office
atmospheric Unified Model (UM; Davies et al., 2005; Martin et al., 2010, 2011) to the
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Geophysical Fluid Dynamics Laboratory Modular Ocean Model version 4pl (MOM4pl;
Griffies et al., 2010) and the Los Alamos National Laboratory sea ice model version 4.1
(CICE4.1; Hunke and Lipscomb, 2010), as described in Bi et al. (2013a). These model com-
ponents are coupled using the Centre Européen de Recherche et de Formation Avancée en
Calcul Scientifique Ocean Atmosphere Sea Ice Soil version 3.2 (OASIS3.2; Valcke, 2006)
coupling framework. ACCESS1.0 is configured with the UK Met Office Hadley Centre
Global Environment Model, version 2 (HadGEM2, r1.1) atmospheric physics and the UK
Met Office Surface Exchange Scheme land surface model version 2. The atmospheric
component of the model used here has an N96 horizontal resolution of approximately
1.25° latitude by 1.875° longitude, and 38 vertical levels. The ACCESS configuration of
MOM4pl and CICEA4.1 has 360 longitude by 300 latitude points on a logically rectangular
grid with enhanced resolution at the equator, and 50 vertical levels with 10 m resolution
in the upper 200 m (Bi et al., 2013b).

3.2.2 Experimental design

Using ACCESS1.0 in fully coupled configuration, simulations with an additional freshwater
flux into the ocean component are branched from a pre-industrial control (piControl) run.
We refer to these as the freshwater simulations. Freshwater simulations have the same
forcings as for the ACCESS1.0 CMIP5 piControl run, including pre-industrial atmospheric
concentrations of COs, CHy, NoO and Ogs, the solar constant, and aerosol emissions,
seasonally-varying biogenic aerosol concentrations and a background SOs outgassing flux
but with the stratosphere clear of volcanic aerosols (Bi et al., 2013b; Dix et al., 2013).
This experimental design was chosen rather than including historical and future scenario
forcings to isolate the influence of Southern Ocean surface freshening on the climate system
from other confounding factors. Five ensemble members are branched from different years
of the piControl run, each five years apart, and run for 50 years. We consider the five
member ensemble to investigate the role of unforced variability on these relatively short

simulations.

Our aim is to simulate a clear freshening signal of similar magnitude to the broad-scale
freshening of the Durack and Wijffels (2010) SSS trend that will allow an investigation into
the influence of this observed surface freshening on regional hydrography and circulation.
We are not initially trying to replicate the observed SSS trend exactly (although later on
we consider SSS restoring experiments that match the observed geographic distribution),
but rather use an idealised freshwater forcing to obtain freshening trends of approximately
comparable magnitude. To achieve this, an identical freshwater flux is added to each en-
semble member as an additional P-E flux into the ocean model component over 55-70°S,
while the atmosphere is able to freely evolve to this additional flux. The additional P-E
flux is applied as a P-E flux correction, to augment the P-E flux received due to atmo-
spheric processes, rather than by prescribing the total P—E. This yields a surface freshening

trend under otherwise piControl conditions. The added freshwater flux is constant over
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55-70°S, and zero elsewhere, and increases by a constant amount each year, representing
an annually increasing linear trend in P-E. Due to model sensitivity assessed in short
tests, a freshwater flux trend of 0.1 mm day~' (10 y)~! is applied, which yields a clear
freshening signal as desired (Fig. 3.3b). This is considerably larger than the P-E trend
simulated by the CMIP5 models as shown in Fig. 3.1d.

3.2.3 Observational and CMIP5 datasets

We compare output from the ACCESS1.0 freshwater simulations to various observationally
based datasets. For surface and subsurface salinity, we utilise trends from Durack and
Wijffels (2010), calculated for 1950-2000. We also utilise potential temperature trends
from Durack and Wijffels (2010). For surface trends over 1979-2013 we use SST from
the Hadley Centre Sea Ice and Sea Surface Temperature dataset (HadISST; Rayner et al.,
2003) and passive microwave sea ice concentration (SIC) processed using the National
Snow and Ice Data Center (NSIDC) Bootstrap algorithm (Comiso and Nishio, 2008; Meier
et al., 2013, updated 2016). For area-averaged SIE we make use of the NSIDC SIE index
(Fetterer et al., 2002). We note that there is an inconsistency in the time periods of
the different observational datasets assessed here. Continuous observations of Antarctic
sea ice are limited to the satellite period, 19792013, and one of the motivations of this
research is to better understand the drivers of Antarctic sea ice trends over this time.
While the HadISST SST dataset extends back far earlier than 1979, analysing the same
period as for sea ice is useful in understanding how SST and sea ice trends are related.
This also has the added benefit of using the temporal period where satellite data coverage
provides the dominant measurement inputs for HadISST. Unfortunately, observations of
SSS and subsurface fields are severely limited, and while shorter period trend estimates
do exist (e.g. over 1970-2004; Durack et al., 2014), error estimates increase markedly, as
the primary limitation in Southern Hemisphere trends are a lack of data. Over shorter
time periods interannual/decadal variability also dominates, whereas over longer periods
such as 1950-2000, trends are more coherent and physically interpretable. Based on this
limitation, despite not aligning with the satellite-measured sea ice and SST period, we
choose to assess the 1950-2000 SSS and subsurface trends. Changes over the various
periods are all scaled to show the trend per decade, to allow for an easier comparison

across the differing time scales of the products analysed.

Data sparsity is a considerable challenge when assessing the pre-Argo period for global
ocean temperature and salinity changes, and is a particular problem in the sparsely sam-
pled Southern Hemisphere. Durack and Wijffels (2010) discuss the issue of data sparsity,
and provide uncertainty estimates for the presented trend results. Their Table 1 also
includes error estimates for regional comparisons to other published literature. We note
that other studies that have assessed trends in salinity have also attempted to provide un-
certainty estimates: the Durack and Wijffels (2010) analysis is one of at least five studies
(see also Boyer et al., 2005; Hosoda et al., 2009; Helm et al., 2010; Skliris et al., 2014) that
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have assessed salinity changes for the global ocean. Each of these studies reports a consid-
erable broad-scale freshening for the Southern Ocean. A recent Southern Ocean regionally
focused study by de Lavergne et al. (2014) has reproduced the freshening patterns using
very different methodologies to previous studies (see their Fig. 2), strongly suggesting that
the Southern Ocean surface freshening is a real observed feature, with the obvious caveat

that all observed estimates are limited by measurements.

To support our findings based on the Durack and Wijffels (2010) dataset, we under-
took a parallel analysis using the EN4.2.0 dataset (Good et al. 2013; Fig. 3.11 in Section
3.5). The EN4.2.0 dataset is not optimised for trend calculation (rather the dataset is
focused on “reconstructing” each month of the ocean state from 1900-2017), and there-
fore is highly sensitive to data sparsity and “zero anomalies”. However, when we contrast
the same period analysed in Durack and Wijffels (2010), we get similar spatial patterns
for the key features we are assessing (e.g. broad-scale freshening south of 50°S but with
increased salinity in the Bellingshausen and eastern Amundsen Seas, part of the Weddell

Sea, the Cosmonauts Sea and around 140°E), however with smaller magnitudes.

As mentioned above, observational estimates of P-E over the Southern Ocean are
highly uncertain (e.g. Josey et al., 2013; Bromwich et al., 2011). We compare various pre-
cipitation and evaporation datasets, including Global Precipitation Climatology Project
version 2.2 (GPCPv2.2) precipitation over 1979-2013 (Adler et al., 2003), CPC Merged
Analysis of Precipitation (CMAP) standard and enhanced precipitation over 1979-2013
(Xie and Arkin, 1997), ERA-Interim precipitation and evaporation over 1979-2013 (Dee
et al., 2011), and Coordinated Ocean Research Experiments version 2 (COREv2) precip-
itation and evaporation over 1979-2006 (Large and Yeager, 2009). We do not include the
National Centers for Environmental Prediction/National Center for Atmospheric Research
precipitation and evaporation, as this reanalysis is already incorporated in the CMAP en-
hanced precipitation product, and in the COREv2 fields. We emphasise the limitations
with observational precipitation and evaporation products over the Southern Ocean, as
discussed in Section 3.1, and as such rely on surface salinity to provide an integrated view

of freshwater input changes.

CMIP5 data from 31 models with a total of 68 runs are also analysed (refer to Table
3.1 in Section 3.5 for a list of models). All models with required variables available
(SSS, SST, SIC, potential temperature, precipitation and evaporation) for the historical
experiment over 1950-2005 and the Representation Concentration Pathway 8.5 (RCP8.5;
high emission scenario) experiment over 2006-2013 are included in the analysis. As all

scenarios have similar forcings over 2006-2013, the choice of RCP8.5 is arbitrary.

3.2.4 Data analysis

Prior to analysis all ACCESS1.0 and observational data is bilinearly regridded to a 1°x1°
grid. Due to the large amount of data dealing with the CMIP5 ensemble, CMIP5 data is
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bilinearly regridded to a 2°x2° grid. Annual and seasonal averages are then calculated.

Grid point linear trends of surface fields are calculated. Significance of observed
trends is determined using a two-sided Student’s ¢ test at the 95% confidence level. Au-

tocorrelation is accounted for by defining the effective sample size Neg as follows:

1—7“1
Neg =N 3.1
a=N(152) (.

where NV is the sample size, and ry is the lag-1 autocorrelation of the detrended time series
of interest (Simpkins et al., 2012). Note that grid-point SSS trends and an estimate of
error are provided directly from Durack and Wijffels (2010) and are simply area averaged
here, and that the different observational products vary in the time periods for which
they are available. Ensemble mean trends for the freshwater simulations are calculated
by taking the linear trend in each 50-year simulation, de-drifting by removing the linear
trend in the piControl for the corresponding 50-year period (e.g. Sen Gupta et al., 2013),
and then averaging across the five simulations. Significance of ensemble mean trends
is determined when the absolute value of the ensemble mean trend is greater than two

standard deviations of the inter-member spread (~95% confidence level).

Zonal mean linear trends of subsurface fields are calculated by first taking the three-
dimensional trends and then averaging zonally. Salinity and potential temperature trends
provided by Durack and Wijffels (2010) are simply averaged zonally. Note that significance
of these observed trends is also averaged zonally, so should be considered as a guide
only. As for the surface fields, 50-year trends for individual ensemble members are first
calculated, and then de-drifted by removing the zonal-mean trend in the piControl for
the corresponding 50-year period. De-drifted trends are then averaged to determine the
ensemble mean trend. Significance is determined when the absolute value of the ensemble
mean trend is greater than two standard deviations of the inter-member spread (~95%

confidence level).

Zonal mean trends are calculated for the CMIP5 models over 1950-2000. However, for
area-averaged metrics we consider trends over 1979-2013, for comparison with satellite-
based observational estimates of SST (HadISST) and SIC (NSIDC Bootstrap). Area-
averaged SSS and SST are calculated over 55-70°S and SIE is calculated as the total area
where SIC exceeds 15%. Comparable metrics are calculated for the observational products

and for the freshwater simulations.
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3.3 Results

3.3.1 Freshwater simulations

Observed and ensemble mean trend maps are shown in Fig. 3.3, displaying the regional
patterns of trends. The Durack and Wijffels (2010) SSS trends (Fig. 3.3a) show substantial
freshening over the Southern Ocean, although there is a notable increase in surface salinity
in the Bellingshausen Sea. HadISST cooling (Fig. 3.3c) is seen in all regions, except near
the coast in the Amundsen and Bellingshausen Seas, where a significant warming is seen.
Except for a region of increased salinity off east Antarctica and a weak increase in the
Weddell Sea, the regions of cooling tend to align well with the regions of freshening, and
vice versa, despite comparing the Durack and Wijffels (2010) and HadISST datasets over
different periods for the reasons outlined in Section 3.2.3. These two trend maps (Fig.
3.3a,c) have an uncentred pattern correlation coefficient of r=0.50 (see also Fig. 3.12 in
Section 3.5). Sea ice changes largely mirror SST changes (Fig. 3.3e), with increased SIC in
most regions around Antarctica, but decreased SIC in the Amundsen and Bellingshausen
Seas, and in the outer Weddell Sea.

The broad scale trends seen in the observations are also captured in the freshwater
simulations: applying an idealised increased freshwater flux into the ocean causes an SSS
freshening (Fig. 3.3b), increasing the surface stability. All ensemble members simulate a
freshening trend in SSS over 50—70°S in response to the applied freshwater flux, although
it is worth noting that the simulated zonal-mean freshening in response to the applied P-E
flux is stronger than the observed freshening. The increased stability reduces convective
overturning, resulting in less entrainment of heat into the mixed layer, and can also result
in reduced upward vertical isopycnal heat transport (Gregory, 2000; Kirkman and Bitz,
2011). In response to the surface freshening, all ensemble members also show a broad-
scale surface cooling, accompanied by increased sea ice coverage occurs in most regions
(Fig. 3.3d,f). As for the observations, there is a strong relationship between regions of
freshening (Fig. 3.3b) and cooling (Fig. 3.3d) in the freshwater simulations, with these
two trend maps having an uncentred pattern correlation of 7= 0.86 (see also Fig. 3.12 in
Section 3.5).

Zonal-mean trend patterns in simulated salinity (Fig. 3.4b) and potential tempera-
ture (Fig. 3.5b) reveal a high-latitude freshening and cooling of the surface layer, with
warming below (discussed further in Section 3.3.2). These patterns indicate a reduction in
cool-season convective overturning between ~60-70°S (Fig. 3.5b) due to increased surface
stability, with less entrainment of warmer subsurface waters to the surface ocean when
convection is reduced. Similar to Kirkman and Bitz (2011), we also assess trends in “water
age”, which acts as a tracer in ACCESS1.0 and indicates the length of time since a parcel

of water has been at the surface. Regional agreement between areas of subsurface warming
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(a) D&W 2010 SSS trends (PSU (10 y)™)

(b) ACCESS1.0 SSS trends (PSU (10 y)™)
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Figure 3.3: (left) Observed; and (right) ensemble-mean 50-year trends from the AC-
CESS1.0 freshwater simulations. (a,b) SSS trends; (c,d) SST trends; and (e,f) SIC trends.
In all panels, stippling indicates trend significance at the 95% level. Observations are from
(a) Durack and Wijffels (2010; 1950-2000); (c) HadISST (1979-2013); and (e) NSIDC
Bootstrap (1979-2013).

and increased water age (Fig. 3.6)! provides further indication that reduced ocean con-
vection is causing the subsurface warming (and surface cooling), as this corresponds to a
decreased input of young water, as also identified in the simulations by Kirkman and Bitz
(2011). Along-isopycnal mixing changes may also contribute to the similarities between

potential temperature and water age trends (Gregory, 2000; Kirkman and Bitz, 2011).

!The uncentred pattern correlation coefficients between potential temperature and water age
increase with depth from r= 0.01 at 55 m, to r=0.46 at 537 m, and r= 0.92 at 2183 m (see also
Fig. 3.13 in Section 3.5).

84



3.3. RESULTS

(a) D&W 2010 salinity trends (PSU (10 y)™) (b) ACCESS1.0 salinity trends (PSU (10 y)™)
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Figure 3.4: Zonal-mean 50-year salinity trends. (a) Observed salinity trends from Durack
and Wijffels (2010); (b) ensemble-mean trends from the ACCESS1.0 freshwater simula-
tions; (c¢) CMIP5 multi-model mean trends over 1950-2000; and (d) sum of ACCESS1.0
freshwater ensemble mean trends and CMIP5 multi-model mean trends, i.e. (b)+(c). In
(a—c), stippling indicates trend significance at the 95% level.

Increased total surface heat fluxes into the ocean between 60-70°S (Fig. 3.7a) suggest
that the surface heat fluxes largely respond to the SST and sea-ice changes, not the
other way around. In particular, the heat flux trends are an indicator of increased sea
ice and surface cooling in response to the changes in ocean circulation (i.e. less heat is
lost to the atmosphere when ice cover is increased, and in ice-free areas more sensible
heat is transferred from the atmosphere to the cooler ocean surface; and there is also
reduced heat loss via outgoing longwave radiation changes). However, between 50-60°S
there is a weak decrease in the total surface heat flux into the ocean (Fig. 3.7a). This is
likely due to a secondary mechanism related to the reduced ocean convection, whereby a
broad-scale shoaling of the mixed layer (Fig. 3.7b), particularly during austral winter (Fig.
3.7d), allows more sensible heat loss from the surface during wintertime (Fig. 3.7c). This
leads to a weak decrease in the annual-mean total heat flux into the ocean over 50-60°S,

contributing to the surface cooling in this region.

Despite a zonal-mean freshwater flux being applied in the simulations, regional pat-
terns also emerge. Of particular note, broad significant SSS trends are not seen in the Ross

Sea, which may be a result of spurious deep convection simulated by ACCESS1.0 in this
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Figure 3.5: Zonal-mean 50-year potential temperature trends. (a) Observed potential
temperature trends from Durack and Wijffels (2010); (b) ensemble-mean trends from the
ACCESS1.0 freshwater simulations; (¢) CMIP5 multi-model mean trends over 1950-2000;
and (d) sum of ACCESS1.0 freshwater ensemble mean trends and CMIP5 multi-model
mean trends, i.e. (b)+(c). In (a—c), stippling indicates trend significance at the 95% level.

region (e.g. Fig. 3.7b; de Lavergne et al., 2014), and as a result there is weak (and largely
insignificant) warming in this region (Fig. 3.3d), and a decreasing sea ice trend (a portion
of which is significant, Fig. 3.3f). This contrasts the strong cooling and sea ice growth
in the Ross Sea seen in observations (Fig. 3.3c,e), which have been linked to atmospheric
circulation patterns associated with decadal variability (e.g. Meehl et al., 2016a; Purich
et al., 2016b). A zonal-mean surface freshening and cooling can be seen in all seasons
(shown for austral summer in Fig. 3.14 and for austral winter in Fig. 3.15 in Section 3.5).
Sea ice trends respond to the seasonal cycle of growth and retreat, being largest closer to
the coast in summer (Fig. 3.14), and in the outer ice pack in winter (Fig. 3.15). While a
constant freshwater flux is applied into the ocean model component of ACCESS1.0 over
55—70°S, the model is free to redistribute this freshwater elsewhere. Over the annual cycle,
the additional freshwater input at high latitudes in the model increases SIC, and exports
sea ice equatorward where it melts, highlighting the importance of the freshwater redis-
tribution by sea ice, as also discussed in Kirkman and Bitz (2011) and Haumann et al.
(2016).
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(a) 55 m pot. temp. trends (°C (10 y)™) (b) 55 m water age trends (y (10 y)™)
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Figure 3.6: Ensemble-mean 50-year trends. (left) Potential temperature; and (right)
water age from the ACCESS1.0 freshwater simulations. Water age acts as a tracer in
ACCESS1.0 and indicates the length of time since a parcel of water has been at the

surface. Trends are shown for depths of: (a,b) 55 m; (c,d) 537 m; and (e,f) 2183 m. In all
panels, stippling indicates trend significance at the 95% level.

3.3.2 Further assessment of subsurface trends

Given the idealised nature of the applied freshwater forcing simulations, it is far from
surprising to see differences between the zonal-mean latitude versus depth salinity trends
in observations and the freshwater simulations. The observed freshening (Fig. 3.4a) is
strongest at the surface to 150 m between 45-70°S, and extends to 1500 m depth between
30-40°S, whereas the simulated freshening (Fig. 3.4b) is strongest at the surface to 150

m between 40-70°S. The simulated subsurface freshening does not extend as deep as
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(a) Annual heat flux into ocean trends (b) Annual MLD trends (m (10 y)™)
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Figure 3.7: Ensemble-mean 50-year trends. (left) Zonal-mean surface heat fluxes; and
(right) mixed layer depth. Trends are shown for: (a,b) the annual-mean; and (c¢,d) austral
winter (JJA). In (b,d) the colour bar is non-linear, with green and magenta shading
indicating trends in the regions of deep ocean convection, and stippling indicates trend
significance at the 95% level.

observed, extending to 1100 m between 30-40°S, nor does it extend as far equatorward.
This could be due to overly strong diffusive mixing of the anomalous low-salinity waters,
a chronic problem in non eddy-resolving ocean models (England, 1993), or because the
freshwater simulations don’t include surface temperature changes, which have been shown
to be important to replicate observed subsurface salinity changes (Lago et al., 2016). Both
observations and the freshwater forcing simulations also exhibit a surface salinification
north of 30°S. Salinity increases are stronger and more pervasive in observations than
in the freshwater forcing simulations, because the primary drivers of the observed SSS
increase relate to a poleward migration of the mid-latitude westerly-wind jet and storm
tracks, which in turn sees precipitation and the northward transport of cool fresh water
diminish at this latitude band (e.g. Sen Gupta and England, 2006). In contrast, in the
freshwater forcing simulations no wind shift is imposed, leaving only the local stratification
changes (and any other associated feedbacks) as the major mechanism for surface water-

mass change.

The observed trend in potential temperature (Fig. 3.5a) shows strong warming at
the surface for all latitudes (likely driven by greenhouse warming) except between 55—
70°S, where there is an absence of warming. Warming of the Southern Ocean below 150 m

occurs between 40-70°S. The freshwater simulations (Fig. 3.5b) show a surface cooling over
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the Southern Ocean, strongest between 40-70°S to 100 m. Between 60—70°S a significant
warming signal is seen extending to 3000 m. As discussed above, the simulated salinity and
potential temperature signals indicate an increase in surface stability, reducing convective
overturning in the Southern Ocean, and thus also the upwelling of warmer subsurface
waters, causing a cooling at the surface and warming below (as in e.g. Martinson, 1990;
Marsland and Wolff, 2001). This surface cooling is then conducive to increased sea ice, as

seen in the surface trend map (Fig. 3.3e).

Despite the differences discussed above, the freshwater simulations capture the ob-
served subsurface salinity pattern much more accurately than the CMIP5 multi-model
mean does (Fig. 3.4c). However, without increased radiative forcing in the freshwater
simulations, it is not expected that the simulated potential temperature trends (Fig. 3.5b)
will capture all characteristics of the observed trends (Fig. 3.5a). For comparison, the
potential temperature trends from the CMIP5 multi-model mean are shown in Fig. 3.5c.
This panel represents the modelled estimate of the long-term mean climate system re-
sponse to increased radiative forcing with variability averaged out. As with observations,
a surface warming is seen in the CMIP5 multi-model mean, extending to 2000 m around
50°S. However, as discussed in Section 3.1, the CMIP5 multi-model mean does not exhibit
Southern Ocean surface cooling, or freshening, in contrast to observations. Further, the
CMIP5 multi-model mean warming is weaker than observed between 150-900 m at 70°S.
Linear addition of the freshwater simulation trend pattern (Fig. 3.5b) and the CMIP5
multi-model mean trend pattern (Fig. 3.5¢) yields the pattern shown in Fig. 3.5d. We add
these two trend patterns as while many of the CMIP5 models do show some freshening
associated with historical forcings (Figs 3.1b, 3.2), it is generally underestimated com-
pared to observations over the high latitudes. Adding the CMIP5 multi-model mean with
underestimated surface freshening (Figs 3.4c, 3.5¢) to the freshwater simulations without
historical forcings (Figs 3.4b, 3.5b) thus provides a useful qualitative comparison to the
observations (Figs 3.4d, 3.5d). Qualitatively, this pattern better captures the 55-70°S
surface cooling and subsurface warming than the CMIP5 multi-model mean alone. This
suggests that Southern Ocean surface freshening along with increased radiative forcing are

both important components in influencing the high-latitude trends in temperature.

3.3.3 Inter-model trend comparison

We next consider the inter-model relationships between the CMIP5 models and the fresh-
water simulations, to better understand the role freshwater forcing has in influencing
Southern Ocean trends. Figure 3.8 shows area-averaged trends in Southern Ocean SSS,
SST and SIE for observations, the freshwater simulations and the CMIP5 models. For
comparison, the trend from the ACCESS1.0 realisation submitted to CMIP5 is also high-
lighted (hereafter referred to as ACCESS1.0 CMIP5).
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Figure 3.8: 35-year trends in SSS, SST and SIE for the ACCESS1.0 freshwater simu-
lations, observations and CMIP5 models. (a) SSS versus SST; (b) SIE versus SST; and
(c) SIE versus SSS. SSS and SST are area-averaged over 55-70°S. Coloured markers show
individual freshwater simulations, the freshwater ensemble mean is shown by a black dot,
observations are shown by a black asterisk, the CMIP5 multi-model mean is shown by a
dark grey dot, the CMIP5 models are shown by light grey markers, and the ACCESS1.0
CMIP5 run is shown by a small dark blue marker. Observed SST and SIE trends, and
CMIPS5 trends are calculated over 1979-2013. Freshwater simulation trends are calculated
for the last 35 years of the experiments, to cover a comparable length period to the CMIP5
models, and SIE and SST observations. Due to observational limitations as discussed in
Section 3.2.3, observed SSS trends are calculated over 1950-2000, i.e. the observed SSS
trends cover a different period of different length than all other points shown.
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We are particularly interested in the role freshwater forcing plays in influencing the
observed sea ice trends, so here we focus on 35-year trends in all metrics to match the
observational sea ice record (as opposed to the 50-year trends considered previously).
Observed SIE and SST trends and CMIP5 SIE, SST and SSS trends are all calculated
over 1979-2013, and all freshwater simulation trends are calculated over the last 35 years
of each run to compare periods of equal length. However, due to observational limitations

as discussion in Section 3.2.3, observed SSS trends are still calculated over 1950-2000.

A moderate inter-model relationships is seen between trends in SSS and SST (Fig.
3.8a), and strong inter-model relationships are seen between trends in SIE and SST (Fig.
3.8b), and trends in SIE and SSS (Fig. 3.8c). In all cases the inter-model relationship
between CMIP5 models is statistically significant (p<0.05), although we note that the
SST-SSS significance (Fig. 3.8a) is dependent on inclusion of models at the tail end of the
distribution (strong warming and increased salinity), and the observed and ACCESS1.0
freshwater simulation trends fit the relationship shown by the CMIP5 models. Mod-
els/runs that show a stronger surface freshening also tend to show a stronger surface
cooling and an increase in sea ice (or at least a weaker decrease in sea ice). Models/runs
that show a stronger surface salinification tend to warm more, and show a larger decline

in sea ice.

The majority of CMIP5 models do not simulate a surface cooling and increase in
sea ice (Fig. 3.8b), as seen in observations, which has previously been linked in part to
a summertime mechanism related to underestimation of the westerly-wind intensification,
leading to an underestimation of increased Ekman upwelling, which in summer is asso-
ciated with surface cooling (Purich et al., 2016a). This inter-model relationship occurs
because during summer the surface water that receives shortwave radiation resides in a
thin layer at the surface (0-20 m), forming a cap over cool Winter Water (20-150 m). Thus,
enhanced Ekman upwelling during summer brings cooler Winter Water to the surface, and
this surface cooling spreads north due to equatorward Ekman transport. Wind-driven Ek-
man upwelling seems to dominate over salinity-driven stratification during summer, and
as a result the inter-model trend relationship between SSS and SST is not statistically

significant during this season (Fig. 3.16 in Section 3.5).

During winter there is no warm layer at the surface, and the ocean is stratified
between cold fresh water at the surface and warm salty water at depth. Given these
water column characteristics, salinity-driven stratification becomes more strongly linked
to surface temperature, and the inter-model trend relationship between SSS and SST is
strengthened during the winter season (Fig. 3.17; p <0.01; although again the significance
of this relationship is dependent on including models at the tail ends of the distribution).
When considering the annual-mean temperature profile, on average warmer waters reside
below cooler surface waters, and as such, increased stability and reduced upwelling causes
surface cooling, as seen in the relationship between SSS and SST trends in Fig. 3.8a. While
the vast majority of CMIP5 models do not lie in the same quadrant as the observed trends
(with SSS trends over 1950-2000), the majority of the freshwater simulations and the
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freshwater ensemble mean trends do, demonstrating a similarity between the freshwater
simulations and observations not shared by the majority of CMIP5 models. However
we note that while the observed SSS trend over 1950-2000 provides a general indication
of the long-term trend, due to observational limitations, we cannot actually know what
quadrant the observed trends with SSS calculated over 1979-2013 lie in (Fig. 3.8a,c). We
also note that our freshwater simulations do not include anthropogenic forcings, so while
they do indeed simulate a freshening and cooling, this may not be the case with the same

freshening imposed under global warming conditions.

It is also worth noting the spread across the five freshwater simulations (Fig. 3.8),
which have identical forcings and differ only in their initial conditions. While the freshwa-
ter simulations fit the CMIP5 inter-model trend relationship in each case (Fig. 3.8a,b,c),
the spread amongst the five ensemble members highlights that the Southern Ocean hy-
drography exhibits notable multi-decadal variability, presumably driven by multi-decadal
secular variability in atmospheric forcing (e.g. via decadal variability in the SAM). This
also emphasises the limitations of assessing Southern Ocean trends over 35 years, a period
which may not accurately represent longer-term trends due to aliased multi-decadal vari-
ability (Goosse et al., 2009; Jones et al., 2016; Hobbs et al., 2016). When 50-year trends
are considered for all metrics for both the freshwater simulations and the CMIP5 reali-
sations (Fig. 3.18 in Section 3.5), the variability across ensemble member trends greatly

reduces, diminishing the spread across both the freshwater and CMIP5 simulations.

3.3.4 Salinity restoring simulations

While this study focuses on the output from the ACCESS1.0 idealised freshwater sim-
ulations, regional differences between observations and modelled trends in SSS can be
seen (Fig. 3.3a,b). In particular, the model redistribution of the applied idealised fresh-
water flux results in little surface freshening of the Ross Sea, but considerable pooling of
freshwater in the Bellingshausen Sea (Fig. 3.3b), resulting in SSS trends that exhibit an
opposite dipole pattern to what is observed in these regions (Fig. 3.3a). To complement
the idealised freshwater simulations and apply more realistic geographic distributions of
trends, we also conduct a pair of SSS restoring simulations: one is an unperturbed control
run and the second is identical to the control, but with an applied freshening of surface
salinity that spatially matches the Durack and Wijffels (2010) trends. In the first simu-
lation, SSS between 40-70°S (with tapering either side) is restored to the annually and
monthly varying SSS of the piControl over a 50-year reanalysed segment of the run. In
the second simulation, an annually increasing trend is superimposed onto the piControl
SSS in the 40-70°S restoring region. This applied SSS trend is set to exactly match the
observed Durack and Wijffels (2010) trends. Due to the different experimental set-up,
compared to the idealised freshwater simulations, these SSS restoring simulations enable
better resolution of the geographic distribution of observed SSS trends. Both restoring

simulations are branched from the same year of the piControl and run for 50 years each.
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The SSS restoring timescale is 15 days over the upper ocean model layer.
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Figure 3.9: (left) Observed; and (right) 50-year trends from differencing the ACCESS1.0
SSS restoring simulations. (a,b) SSS trends; (c¢,d) SST trends; and (e,f) SIC trends. (a,c,e)
are identical to Fig. 3.3a,c,e and are included here for direct comparison. In all panels,
stippling indicates trend significance at the 95% level. Observations are as in Fig. 3.3.

We difference the two SSS restoring simulations to obtain the signal due to the Durack
and Wijffels (2010) SSS trend, shown in Fig. 3.9. The SSS restoring difference pattern (Fig.
3.9b) accurately captures the observed SSS trend pattern (Fig. 9a), as expected given the
restoring technique, with only minor differences evident. The SST (Fig. 3.9d) and SIC (Fig.
3.9f) trend patterns that result from this SSS restoring approach also resemble the observed
(Fig. 3.9c,e) trends remarkably well. The observed SSS changes drive cooling around most
regions of Antarctica and an accompanying increase in sea ice in the restoring simulations,

as well as the characteristic warming and decrease in SIC in the Bellingshausen Sea and
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along the Antarctic Peninsula. There are also some differences between the observed and
simulated trends. In particular, in contrast to the observed cooling, a strong warming is
simulated in the South Atlantic (Fig. 3.9¢,d). Overall however, the SST trend patterns
south of 60°S show remarkable agreement. Minor regional differences in the SIC trend
patterns (Fig. 3.9¢,f) include in the inner Amundsen Sea and at 90°E, but overall the SIC
trend patterns show strong similarities. These SSS restoring simulations demonstrate that
without any mechanical forcing associated with changing winds, SSS can drive changes in
SST, and remarkably that the regional pattern of SSS trends can drive the dipole trends in
SST and sea ice in the Pacific sector. This reinforces the findings presented above based on
the freshwater simulations, that demonstrate how reduced upwelling of warmer subsurface
waters induced by large-scale surface freshening trends has played an important role in

the recent multi-decadal cooling of the surface Southern Ocean.

3.4 Discussion

The Southern Ocean surface has freshened in recent decades (Durack and Wijffels, 2010;
de Lavergne et al., 2014), increasing water column stability and reducing the upwelling
of warm subsurface waters. While previous studies have investigated the influence of in-
creased freshwater from Antarctic ice sheet/shelf runoff and iceberg fluxes around the
continental margins (Bintanja et al., 2013, 2015; Swart and Fyfe, 2013; Pauling et al.,
2016), the impact of broad-scale freshening due to a combination of factors, including
freshwater redistribution by sea ice and icebergs, increased ice sheet and ice shelf runoff,
and P—E changes likely associated with the positive SAM trend, have received little atten-
tion. The possible role that this broad-scale freshening has had on Antarctic sea-ice trends
and surface Southern Ocean cooling provided the overall motivation for this study. To this
end, we examined targeted coupled climate model simulations run using ACCESS1.0 with

increased freshwater applied to the ocean model component over the Southern Ocean.

In terms of the total mass of freshwater applied in our simulations, the freshwater
trend of 0.1 mm day~! (10 y)~! applied in our simulations over 55-70°S corresponds to
a freshwater mass acceleration of ~112 Gt y=2 (~5600 Gt y~! in the last year of the
simulations), chosen to simulate a clear surface freshening, as observed. To put this into
context, Pauling et al. (2016) found the increase in P-E over the Southern Ocean (south
of 50°S and not including Antarctica) from the pre-industrial period to the present day
to be ~2000 Gt y~! in the CMIP5 models, although with considerable spread across
models (see their Fig. 5¢). The additional freshwater applied in our idealised simulations
is considerably higher than this, as the majority of CMIP5 models underestimate the
surface freshening trends over the Southern Ocean (Fig. 3.1b). Our idealised freshwater
simulations show that a surface freshening causes a decrease in SST and an increase in sea
ice, attributed primarily to a reduction in ocean convection. However, to achieve a cooling
and SIE increase similar to observations, a stronger than observed zonal-mean freshening

was applied (Fig. 3.8). This suggests that a uniform broad-scale surface freshening from
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processes including increased P—E is only one component contributing to observed sea ice
changes and surface cooling; other factors such as decadal variability (Meehl et al., 2016a;
Purich et al., 2016b), direct wind effects (Holland and Kwok, 2012; Purich et al., 2016a)
and zonal variations in SSS (as per our SSS restoring simulations; Fig. 3.9) also play a

critical role.

Comparisons with results from Bintanja et al. (2013), Bintanja et al. (2015) and Paul-
ing et al. (2016) are difficult, as their experiments added constant, rather than increasing,
amounts of freshwater, and in addition their focus is on the impacts of Antarctic meltwa-
ter discharge, not the broad-scale freshening due to precipitation trends examined here.
While Bintanja et al. (2013) added a relatively modest 250 Gt y~! over 31 years with
radiative forcing held fixed, when differenced from their control experiment, sea ice was
found to increase. In similar simulations with increased radiative forcing Bintanja et al.
(2015) added only 10-120 Gt y~! of freshwater, and found that 120 Gt y~! was enough
to offset radiative forcing and result in a weak increase in sea ice. On the other hand,
the surface freshwater experiments by Pauling et al. (2016) added 1000-3000 Gt y !, and
while they found an increase in mean-state sea ice area, they did not find a positive trend
in sea ice under increased radiative forcing conditions. While these studies are very useful
in better understanding how a constant additional freshwater flux governs changes in sea
ice, motivated by the lack of constant Antarctic ice shelf/sheet and iceberg fluxes in the
CMIP5 models, without time-varying freshwater fluxes, it is difficult to compare these
studies to the real-world surface freshening trend that has been observed (Durack and
Wijffels, 2010).

The study by Swart and Fyfe (2013) is more comparable to this study, as they also
applied increasing amounts of freshwater, although their freshwater flux was only applied
around the Antarctic margin, compared to the broad-scale additional flux in our simu-
lations. Their additions ranged from 3.15-15.77 Gt y~2 over 47 years (~740 Gt y~! in
the last year of the simulation for the highest acceleration rate), and from 3.15-31.54 Gt
y~2 over 29 years (~910 Gt y~! in the last year of the simulation for the highest accel-
eration rate). These freshwater additions are considerably less than those applied in our
experiments, as we are interested in broad-scale freshening from processes including P-E
changes, whereas Swart and Fyfe (2013) were interested in the Antarctic ice sheet meltwa-
ter. The simulations by Swart and Fyfe (2013) also included increased radiative forcing,
and they found that the additional freshwater in their simulations reduced the amount of
sea ice lost, but could not reverse the negative sea ice trend. Despite this, relative to their
control experiment, their strongest freshwater mass accelerations gave regional SIC trends
of the order 0.5-2.5% (10 y)~! (their Fig. 4d), which are comparable to our SIC trends
(Fig. 3.3f).

We show that the majority of CMIP5 models underestimate the observed surface
freshening over the Southern Ocean over the latter half of the twentieth century. Based on
the inter-model CMIP5 trend relationships assessed here, alongside our freshwater anomaly

experiments conducted using ACCESS1.0, this reduced or absent freshening highly likely
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contributes to the poor simulation of observed Southern Ocean surface cooling and Antarc-
tic sea ice trends in CMIP5 models. However, compared to the CMIP5 models and the
real world, we note that our freshwater simulations are idealised and do not include an-
thropogenic greenhouse warming. The historical and RCP8.5 ACCESS1.0 simulation par-
ticipating in CMIP5 shows a Southern Ocean SST warming of ~+0.05°C (10 y)~! over
1979-2013, between 55-70°S, as well as a weak increase in surface salinity over this lati-
tude band. In contrast, the ensemble mean of our idealised freshwater simulations shows
a cooling over this same latitude band of ~-0.05°C (10 y)~!. Similarly, the CMIP5 his-
torical and RCP8.5 ACCESS1.0 simulation exhibits a significant sea-ice retreat over this
period [~-0.27x10° km? (10 y)~!], while adding a surface freshening trend in our idealised
freshwater simulations leads to the opposite sea-ice tendencies; namely, an ensemble-mean
expansion in Antarctic sea-ice that happens to be of similar magnitude [~+0.27x10° km?
(10 y)~!]. The freshening induced cooling we obtain could thus clearly be one of the im-
portant factors accounting for the regional model-observed mismatch in recent SST and
SIC trends, alongside decadal variability and direct wind effects. Furthermore, the strong
relationships obtained between Southern Ocean surface salinity and temperature trends
demonstrate the importance of surface freshening in this region for upper ocean thermal

properties.

Had the historical greenhouse warming been added alongside the surface freshening
in our idealised freshwater simulations, the influence of these two factors may have more-
or-less cancelled to yield a minimal trend in Southern Ocean SST and SIE (Fig. 3.19 in
Section 3.5). Additional ACCESS1.0 simulations conducted under historical greenhouse
warming are presented and discussed in Appendix D. Indeed, the combined influence of
surface freshening and greenhouse warming in ACCESS1.0 results in a minimal trend in
Antarctic SIE.

Many of the features of both SST and sea-ice trends in the region, including warming
and reduced sea ice in the Amundsen and Bellingshausen Seas, and cooling and increased
sea ice in the Ross Sea, can be accurately simulated when simply imposing the observed
SSS trends over the Southern Ocean in SSS restoring simulations. This demonstrates that
upper ocean SSS trends have been an important component in driving regional hydrogra-
phy and circulation changes around Antarctica over the last half century. This study also
highlights the importance of accurately simulating changes in clouds, storm tracks, P-E
and surface salinity over the Southern Ocean to capture changes in ocean circulation and

sea ice.

96



3.5. SUPPLEMENTARY MATERIAL

3.5 Supplementary material

Table 3.1: CMIP5 models used in this study and their expansions. The first available
run per model is shown in Figs 3.1, 3.2, 3.4 and 3.5. All available runs are shown in Figs
3.8, 3.10, 3.16, 3.17 and 3.18 as indicated in the runs column.

Model Runs  Expansion

ACCESS1.0 1 Australian Community Climate and Earth-System Simulator,
version 1.0

ACCESS1.3 1 Australian Community Climate and Earth-System Simulator,
version 1.3

CanESM2 5 Second Generation Canadian Earth System Model

CCSM4 1 Community Climate System Model, version 4

CESM1-BGC 1 Community Earth System Model, version 1, Biogeochemistry

CESM1-CAM5 3 Community Earth System Model, version 1, Community Atmo-
sphere Model, version 5

CESM1-WACCM 3 Community Earth System Model, version 1, Whole Atmosphere
Community Climate Model

CMCC-CESM 1 Centro Euro-Mediterraneo sui Cambiamenti Climatici Carbon
Earth System Model

CMCC-CM 1 Centro Euro-Mediterraneo sui Cambiamenti Climatici Climate
Model

CNRM-CM5 5 Centre National de Recherches Météorologiques Coupled Global
Climate Model, version 5

CSIRO-Mk3-6-0 10 Commonwealth Scientific and Industrial Research Organisation
Mark 3.6.0

GFDL-CM3 1 Geophysical Fluid Dynamics Laboratory Climate Model, ver-
sion 3

GFDL-ESM2G 1 Geophysical Fluid Dynamics Laboratory Earth System Model
with Generalized Ocean Layer Dynamics (GOLD) component

GFDL-ESM2M 1 Geophysical Fluid Dynamics Laboratory Earth System Model
with Modular Ocean Model, version 4 (MOM4) component

GISS-E2-H 3 Goddard Institute for Space Studies ModelE/Hycom

GISS-E2-H-CC 1 Goddard Institute for Space Studies ModelE/Hycom, interac-
tive Carbon Cycle

GISS-E2-R 3 Goddard Institute for Space Studies ModelE/Russell

GISS-E2-R-CC 1 Goddard Institute for Space Studies ModelE/Russell, interac-
tive Carbon Cycle

HadGEM2-CC 3 Hadley Centre Global Environment Model, version 2, Carbon

Cycle

Continued on next page
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Table 3.1: Continued from previous page.

Model Runs  Ezxpansion

HadGEM2-ES 4 Hadley Centre Global Environment Model, version 2, Earth Sys-
tem

inmcm4 1 Institute of Numerical Mathematics Climate Model, version 4

IPSL-CM5A-LR 4 Institut Pierre Simon Laplace Coupled Model, version 5A, low
resolution

IPSL-CM5A-MR 1 Institut Pierre Simon Laplace Coupled Model, version 5A, mid
resolution

IPSL-CM5B-LR 1 Institut Pierre Simon Laplace Coupled Model, version 5B, low
resolution

MIROC5 3 Model for Interdisciplinary Research on Climate, version 5

MIROC-ESM 1 Model for Interdisciplinary Research on Climate, Earth System
Model

MIROC-ESM-CHEM 1 Model for Interdisciplinary Research on Climate, Earth System
Model, Chemistry Coupled

MPI-ESM-LR, 3 Max Planck Institute Earth System Model, low resolution

MPI-ESM-MR 1 Max Planck Institute Earth System Model, medium resolution

NorESM1-M 1 Norwegian Earth System Model, version 1, medium resolution

NorESM1-ME 1 Norwegian Earth System Model, version 1, medium resolution

with capability to be fully emission driven
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Figure 3.11: Observed SSS trends.
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Figure 3.12: Grid point SST trends versus grid point SSS trends for: (a) observations
(Durack and Wijffels 2010 and HadISST); and (b) the ACCESS1.0 freshwater simulations
ensemble mean. A grey marker shows each grid point with the number of points in each
quadrant indicated, and the correlation coefficient and p value are indicated above each

panel.
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Figure 3.13: ACCESSI1.0 freshwater simulations ensemble mean grid point potential
temperature trends versus grid point water age trends at depths of: (a) 55 m; (b) the 537
m; and (c) 2183 m. A grey marker shows each grid point with the number of points in
each quadrant indicated, and the correlation coefficient and p value are indicated above
each panel.

101



PART 3. SURFACE FRESHENING OF THE SOUTHERN OCEAN

(a) D&W 2010 SSS trends (PSU (10 y)") (b) ACCESS1.0 SSS DJF trends (PSU (10 y))
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Figure 3.14: As for Fig. 3.3 but for austral summer (DJF). Note that the annual observed
SSS trend is shown.
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(a) D&W 2010 SSS trends (PSU (10 y)™)
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Figure 3.15: As for Fig. 3.3 but for austral winter (JJA). Note that the annual observed

SSS trend is shown.
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Figure 3.16: As for Fig. 3.8 but for austral summer (DJF). Note that the annual observed
SSS trend is shown.
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Figure 3.17: As for Fig. 3.8 but for austral winter (JJA). Note that the annual observed
SSS trend is shown.
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Figure 3.18: As for Fig. 3.8 but for 50-year annual-mean trends in the ACCESS1.0 fresh-
water simulations and the CMIP5 models. Observed SST and SIE trends are calculated
over 1979-2013. Observed SSS and CMIP5 trends are calculated over 1950-2000.

106



3.5. SUPPLEMENTARY MATERIAL

(a) NSIDC Bootstrap SIC trends (% (10 y)™) (b) ACCESS1.0 FW SIC trends (% (10 y)™)

Figure 3.19: 35-year SIC trends. (a) Observed SIC trends from NSIDC Bootstrap over
1979-2013; (b) ensemble-mean trends from the ACCESS1.0 freshwater simulations over
the last 35 years of each simulation; (¢) ACCESS1.0 CMIP5 trends over 1979-2013; and
(d) sum of ACCESSI.0 freshwater ensemble mean trends and ACCESS1.0 CMIP5 trends,
i.e. (b)+(c). In (a—c), stippling indicates trend significance at the 95% level.
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Summary of findings

A major challenge confronting the climate research community is that despite global warm-
ing, total Antarctic sea ice coverage increased over 1979-2013 (Cavalieri and Parkinson,
2008; Comiso and Nishio, 2008; Parkinson and Cavalieri, 2012; Vaughan et al., 2013;
Comiso et al., 2017). In striking contrast, the great majority of Coupled Model Intercom-
parison Project phase five (CMIP5) global coupled climate models simulated a declined in
Antarctic sea ice over this period (Mahlstein et al., 2013; Polvani and Smith, 2013; Swart
and Fyfe, 2013; Turner et al., 2013a; Zunz et al., 2013; Gagné et al., 2015; Shu et al.,
2015). This represents a fundamental challenge in understanding high-latitude climate
processes in a warming world. Explanations of mechanisms causing this discrepancy —
important to better understand observed trends and for model improvement — had, when
this thesis began, remained elusive. Understanding these changes is critical for global
climate, as Antarctic sea ice plays an important role in influencing surface albedo (e.g.
England et al., 2017) and both the upper and lower branches of the global ocean overturn-
ing circulation, influencing the ocean uptake of heat and carbon (e.g. Marshall and Speer,
2012; Abernathey et al., 2016). Thus, this research sought to improve our understanding
of the physical mechanisms driving Southern Ocean surface trends, and in particular the

observed increase in Antarctic sea ice.

Since this research project began in 2014, the findings of this thesis, along with
considerable work from many others (e.g. Bintanja et al., 2015; Clem and Fogt, 2015;
Clem and Renwick, 2015; Ferreira et al., 2015; Gagné et al., 2015; Li et al., 2015a,b;
Morrison et al., 2015; Shu et al., 2015; Turner et al., 2015b; Armour et al., 2016; Jones
et al., 2016; Kostov et al., 2016; Kwok et al., 2016; Meehl et al., 2016a; Pauling et al.,
2016; Raphael et al., 2016; Turner et al., 2016; Comiso et al., 2017; Holland et al., 2017,
Lecomte et al., 2017; Pauling et al., 2017; Stuecker et al., 2017; Su, 2017; Turner et al.,
2017; Schlosser et al., 2018; Meehl et al., 2018; Wang et al., 2018) has led to a considerable
advance in our understanding of high-latitude climate processes in a warming world, as

outlined below.

Part 1

To improve both our understanding of observed trends and confidence in future climate
projections, the first overarching goal of this research was to reconcile the disparity between

the recent multi-decadal observed increase in Antarctic sea ice extent and the CMIP5
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multi-model mean decline. While Antarctic sea ice trends in the CMIP5 models had been
extensively investigated (Mahlstein et al., 2013; Polvani and Smith, 2013; Swart and Fyfe,
2013; Turner et al., 2013a; Zunz et al., 2013; Gagné et al., 2015; Shu et al., 2015), at the
time of commencing this thesis, few studies had proposed physical mechanisms responsible
for the disparity with observations (Bintanja et al., 2013; Swart and Fyfe, 2013; Haumann
et al., 2014).

Part 1 of this thesis shows that the weaker trends in the intensification and pole-
ward shift of the austral summer Southern Hemisphere westerly-wind jet simulated by
the CMIP5 models has contributed to the disparity between model and observed sea ice
trends. In particular, during summer an intensified jet leads to increased upwelling of
cooler subsurface water and strengthened equatorward transport, conducive to sea-ice ex-
pansion. Because CMIP5 models underestimate observed trends in the summer jet, the
Ekman response to climate change is also underestimated. As such, the models produce
a high-latitude surface warming, contrasting with the observed cooling, and contributing
to the modelled sea-ice decline. Persistence in sea ice and the surface ocean means that
mechanisms acting during summer can impact trends beyond this season. Ultimately this
Ekman effect brings up warmer deep water to the surface, from below the permanent
pycnocline. This two time-scale response to poleward intensifying winds (cooling then
warming) had been previously noted (Marshall et al., 2014; Ferreira et al., 2015), but Part

1 of this thesis was the first study to resolve seasonality.

While changes in the CMIP5 models’ wind-driven circulation contribute to surface
cooling, these trends are underestimated, and are in fact too weak to offset the simulated
warming from increased radiative heat fluxes. The findings from Part 1 are important
because they highlight the balance between the processes controlling surface climate trends
around Antarctica. These results suggest that a realistic simulation of observed wind
changes is crucial for reproducing the recent sea ice increase around Antarctica. The two-
time scale response to poleward intensifying winds (Marshall et al., 2014; Ferreira et al.,
2015) also emphasises how anthropogenic climate change results counter-intuitively in an
initial surface cooling of the Southern Ocean that will eventually get overwhelmed by a
surface warming (Armour et al., 2016; Kostov et al., 2016; Holland et al., 2017). The
findings from Part 1 have important implications for interpreting recent Antarctic trends
and also provide an explanation as to why Antarctic sea ice has increased despite global

warming.

Part 2

With the identification of the hemispheric-scale mechanism influencing Antarctic sea ice
in Part 1 of this thesis, Part 2 then turned to focus on the regionality of Antarctic sea
ice trends. While overall Antarctic sea ice coverage increased over 1979-2013, the strong
regional trends, in particular the strong decrease in sea ice in the Amundsen and Belling-

hausen Seas and the strong increase in the Ross Sea (which contributes largely to the
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circumpolar increase) deserve additional consideration. As such, Part 2 of this thesis in-
vestigated the role of interannual variability in contributing to trends in regional Antarctic

sea ice coverage over 1979-2013.

Prior to this Part, the sea ice and atmospheric circulation trends in the Pacific sector
had already received considerable attention. A strengthening of the Amundsen Sea Low
has been observed (Turner et al., 2013b), due to both the positive trend in the Southern
Annular Mode (SAM; Turner et al., 2013b), and teleconnections from the tropical Pacific
(Schneider et al., 2012; Clem and Renwick, 2015; Meehl et al., 2016a) and tropical Atlantic
(Li et al., 2014, 2015a,b; Simpkins et al., 2014). The strengthened Amundsen Sea Low
has been linked to the reduced sea ice in the Amundsen and Bellingshausen Seas and
the increased sea ice in the Ross Sea (Li et al., 2014; Simpkins et al., 2014; Kwok et al.,
2016). However, the CMIP5 multi-model mean does not simulate a strengthening of the
Amundsen Sea Low (or the dipole pattern of sea ice trends in Pacific sector), suggesting
that decadal variability might be playing a role in the observed strengthening of the
Amundsen Sea Low (Li et al., 2014, 2015a,b; Simpkins et al., 2014; Meehl et al., 2016a).

To better understand the contribution of decadal variability to the strengthened
Amundsen Sea Low and corresponding regional sea ice trends, Part 2 utilised coupled
pacemaker experiments constrained by tropical Pacific variability. In doing so, I provide
further evidence in support of internal decadal climate variability associated with the
phase change in the Interdecadal Pacific Oscillation (IPO) from positive to negative over
1979-2013, via a strengthened Amundsen Sea Low, as a driving influence on Antarctic sea

ice trends in the eastern Ross, Amundsen, and Bellingshausen Seas.

Identifying the teleconnection from the tropical Pacific to the Amundsen Sea Low as
one of the mechanisms driving the regional sea ice trends and contributing to the overall
increase in sea ice (by contributing to the increase in the Ross Sea) also helps explain the
discrepancy between the observed and CMIP5 multi-model mean sea ice trends. While
IPO-related sea ice trends for observations and the pacemaker experiments are presented
in Part 2 (Fig. 2.7), essentially no IPO-congruent trends are seen for the CMIP5 multi-
model mean (Fig. 2.16), because the unconstrained model simulations all have different
phases of the IPO that cancel out in the multi-model mean. This also indicates that the
historical forcings in the CMIP5 experiments are not causing one phase of the IPO to be

favoured.

Importantly, the pacemaker experiments assessed in Part 2 are based on coupled
atmosphere-ocean-sea ice models, which differ from previous studies using atmospheric-
only models (Li et al., 2014, 2015a,b; Simpkins et al., 2014; Meehl et al., 2016a). While
these previous studies suggest that a strengthening of the Amundsen Sea Low due to trop-
ical teleconnections can be linked to observed changes in the sea ice, the sea ice response
is not directly simulated. This study was the first such study to utilise coupled climate
models and thus to directly simulate sea ice. These findings highlight the importance of

accounting for teleconnections from low to high latitudes in both model simulations and
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observations of Antarctic sea ice variability and change. Building upon the findings from
Part 1 that highlight the balance between the processes controlling surface climate around
Antarctica, the findings of Part 2 suggest that because of the various feedbacks between
sea ice and the climate system (e.g. Goosse and Zunz, 2014; England et al., 2017), assess-
ing coupled models is important to fully understand how tropical teleconnections influence

Antarctic sea ice.

Part 3

Part 3 of this thesis examined the impact of broad-scale surface freshening of the high-
latitude Southern Ocean using the Australian Community Climate and Earth System Sim-
ulator version 1.0 (ACCESS1.0), a global coupled climate model, with additional fresh-
water applied to the Southern Ocean to assess the influence of recent observed surface
freshening (Durack and Wijffels, 2010; de Lavergne et al., 2014). While recent studies
have focussed on additional freshwater applied around the Antarctic margins to simulate
increased ice sheet melt/runoff (Bintanja et al., 2013, 2015; Swart and Fyfe, 2013; Pauling
et al., 2016, 2017), the impact of broad-scale freshening resulting from a combination of
factors, including freshwater redistribution by sea ice and icebergs, increased ice sheet and
ice shelf runoff, and precipitation minus evaporation (P-E) changes likely associated with
the positive SAM trend had received little attention. As such, the simulations conducted
in Part 3 explore the impact of persistent and long-term broad-scale freshening due to
processes including P-E changes. Using ACCESS1.0, I find that imposing a large-scale
surface freshening trend, as estimated from observations, causes a surface cooling and sea-
ice increase under pre-industrial conditions due to a reduction in ocean convection and

weakened entrainment of warm sub-surface waters into the surface ocean.

To complement the idealised freshwater experiments, Part 3 also presents results from
additional sea surface salinity restoration experiments that capture the observed regional
salinity trends. These simulations accurately represent the spatial pattern of observed
surface temperature and sea-ice trends around Antarctica via the mechanisms described
above. Recently, Lecomte et al. (2017) also identified a positive ice-ocean feedback mecha-
nism, whereby surface trends in the Ross Sea may be sustained via a vertical redistribution
of near-surface salt and energy over the seasonal cycle, and an analysis presented by Su
(2017) emphasises the importance of upper-ocean stratification, dominated by salinity in
the high-latitude Southern Ocean, in controlling sea ice extent. These findings from Part
3 and these recent studies collectively demonstrate that upper-ocean sea surface salinity
trends have been an important component in driving regional hydrography and circulation

changes around Antarctica over the last half century.

In Part 3 I also showed that the majority of CMIP5 models underestimate the ob-
served surface freshening over the Southern Ocean over the latter half of the twentieth
century. Based on the inter-model CMIP5 trend relationships, alongside our freshwa-

ter anomaly experiments conducted using ACCESS1.0, this reduced or absent freshening
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is likely another contributor to the poor simulation of observed Southern Ocean surface
cooling and Antarctic sea ice trends in CMIP5 models, in addition to the mechanisms
identified in Parts 1 and 2. The findings from Part 3 highlight the importance of accu-
rately simulating changes in clouds, storm tracks, P—E, ice-sheet and ice-shelf melt, and
surface salinity over the Southern Ocean to capture changes in ocean circulation, SST and

sea ice.

Recent Antarctic sea ice behaviour

This thesis considers Antarctic sea ice trends over 1979-2013; chosen from when regular
satellite observations began in 1979, up until the time this project commenced. Increased
Antarctic sea ice extent continued in 2014 and 2015 (e.g. Massonnet et al., 2015; Schlosser
et al., 2018). However, in 2016 there was a drastic decline in Antarctic sea ice during
austral spring (Figs CR.1, CR.2a), with anomalously low sea ice continuing through into
the austral autumn of 2017 (Fig. CR.1; see also Turner et al., 2017; Stuecker et al., 2017).
Warm SSTs accompanied the low sea ice extent (Fig. CR.2b; Turner et al., 2017; Stuecker
et al., 2017). The recent behaviour of Antarctic sea ice, opposing the increasing trends
seen over 1979-2015, has received considerable attention: what caused such an exceptional
decline during the spring of 20167 And do these anomalies signal an end to the multi-
decadal increasing trend, or are they simply part of the large interannual variations in

Antarctic sea ice?

While sea ice retreat can only occur when temperatures are slightly above freezing
(Schlosser et al., 2018), certain events may have pre-conditioned the exceptional sea ice
retreat of austral spring 2016. Via the teleconnections discussed in Part 2, the extreme
El Nino event of 2015/2016 contributed to high-latitude SST and sea ice anomalies in the
austral summer of 2015/2016 (similar to the pattern shown in Fig. 2.9a; Stuecker et al.,
2017). Usually, a strong La Nina event follows an extreme El Nino event (e.g. Cai et al.,
2015), however only a weak La Nina developed in the austral winter-spring of 2016 (Fig.
CR.2b), which may have contributed to the persistence of the preceding El Nino-induced
high-latitude SST anomalies (Stuecker et al., 2017). A positive zonal-wave three pattern
during the austral winter of 2016 also pre-conditioned ice retreat due to considerable heat

transport associated with strong meridional flow (Schlosser et al., 2018).

During the austral spring of 2016 a combination of factors coincided to give the
record retreat (Fig. CR.1). The melt season started unusually early, with total sea ice
area beginning retreat in July and sea ice extent beginning retreat in August (Schlosser
et al., 2018). During September a record deep Amundsen Sea Low reduced ice in the
Bellingshausen Sea, and led to a rapid retreat in the outer Weddell Sea (while leading to
positive sea ice anomalies in the eastern Ross Sea; Turner et al., 2017). During October,
anomalous meridional flow continued sea ice retreat (Turner et al., 2017). These springtime

circulation anomalies have been linked to convective heating anomalies in the equatorial
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Figure CR.1: Observed seasonal and annual SIE anomaly time series from December
1978 to February 2018. From top to bottom: austral winter (JJA); spring (SON); summer
(DJF); autumn (MAM); and annual mean. Markers indicate the drastic decline in 2016
SON, as well as the lead up and follow on from this event. Seasonal and annual SIE
anomalies are calculated from the NSIDC SIE index. The year of each DJF corresponds
to the year of the January-February.

Indian Ocean and western Pacific (Meehl et al., 2018), with suggestion that the Indian
Ocean Dipole (I0OD) may have made a strong contribution to the Pacific South American
(PSA) teleconnection pattern in this season (Wang et al., 2018). During November there
was a record negative SAM, further leading to rapid melt-back, especially in the Ross Sea
(Turner et al., 2017; Stuecker et al., 2017). La Nina events are typically associated with the
positive phase of the SAM, so the negative SAM (and associated warm SST and reduced
sea ice, e.g. Fig. P.2; Hall and Visbeck, 2002) that occurred was unusual (Stuecker et al.,
2017). Wang et al. (2018) also identified contributions from the Madden-Julian Oscillation

and stratospheric wind anomalies to the negative SAM during this time.

Once the anomalous retreat of sea ice was initiated by the atmospheric circulation
anomalies described above, it was reinforced by the strong positive ice-ocean albedo feed-
back (Turner et al., 2017; Stuecker et al., 2017). The timing of the atmospheric circulation

anomalies allowed this positive feedback to be especially effective, as the anomalously ice-
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(a) 2016 SON SIC and wind anomalies
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Figure CR.2: Observed anomalies during the austral spring of 2016. (a) SIC anomalies
shown in colour with 10-m wind anomalies overlain as vectors; and (b) SST anomalies
shown in colour with MSLP anomalies overlain in contours with negative trends shown
by dashed contours and the zero contour shown in bold. Fields are seasonally averaged
over SON and anomalies are calculated relative to the 1979-2015 climatology. SIC from
NSIDC Bootstrap, SST from HadISST, 10-m wind and MSLP from ERA-Interim.

free ocean coincided with maximum incoming shortwave radiation during late spring and
summer, allowing the ocean to warm quickly and leading to persistently low sea ice until
austral autumn 2017 (Fig. CR.1; Turner et al., 2017; Schlosser et al., 2018).

The rapid departure in 2016 from the behaviour of Antarctic sea ice in the preceding
years serves as a reminder that natural variability of Antarctic sea ice is high (Turner
et al., 2015a), and suggests that trends calculated over ~35 years (e.g. 1979-2013) may
not be long enough to represent long-term high-latitude climate change, as discussed in
the comparison of trends over 35- and 50-year periods in Part 3 of this thesis (Section
3.3.3). Indeed, it is likely that the trends over 1979-2013 contain a strong inter-decadal
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signal due to the phase change of the IPO over this period, as presented in Part 2 of this
thesis. This reinforces the findings from a number of studies that have suggested that
the observed sea ice increase lies within the range of CMIP5 modelled natural variability
(Mahlstein et al., 2013; Polvani and Smith, 2013; Swart and Fyfe, 2013).

While two years of anomalously low sea ice extent (2016 and 2017; Fig. CR.1) do not
signal an end to the increasing trend in Antarctic sea ice seen over 1979-2015 (Stuecker
et al., 2017), there may still be a contribution from decadal and longer-term changes. The
IPO may be transitioning to the positive phase (Meehl et al., 2016b), and if this is the
case a reduction in overall Antarctic sea ice extent may be expected in the coming decade,
opposite to what was seen over 2000-2013 (e.g. Part 2 of this thesis; Meehl et al., 2016a).
Further, the rapid decline in sea ice during spring in 2016 has been linked with the record
negative IOD during that time (Wang et al., 2018). Lim and Hendon (2017) implicated
long-term warming in contributing to this record IOD event, suggesting an anthropogenic
influence on the drastic sea ice changes in 2016 (Wang et al., 2018). On longer timescales,
increasing global temperature due to continued anthropogenic greenhouse gas emissions is
expected to cause a decrease in Antarctic sea ice (Armour and Bitz, 2015), however, the
sea ice decrease and accompanying surface cooling of the Southern Ocean are projected
to occur more slowly than global mean warming, due to characteristics of the mean-state

ocean circulation (Armour et al., 2016).

Future perspectives

While this thesis identifies and describes physical processes that contributed to the overall
increase in Antarctic sea ice coverage over 1979-2013, the considerable departure from the
multi-decadal trend that occurred during the spring of 2016 highlights that there is still
much to learn about the behaviour of this high-latitude climate system. Opportunities for
future research on the drivers of change and variability of Antarctic sea ice, both building

upon the topics covered in this thesis and more broadly, are presented below.

Decadal to interdecadal variability

Given the relatively short observational period, continued investigation into the role decadal-
to-interdecadal variability plays in influencing Antarctic sea ice is required. Part 2 of this
thesis highlights that having only one positive and one negative phase of the IPO over the
satellite era makes differentiating between interdecadal variability and long-term trends
difficult. Fan et al. (2014) examined a wide range of datasets, including pre-satellite data
from uninterpolated gridded marine archives, and found that while decreasing broad-scale
SST and strengthening westerly winds were observed over 19792011, there was evidence
of increasing SST and weakening westerly winds over the earlier period 1950-1978. Their

findings suggest that the Southern Ocean is subject to multi-decadal climate variability
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(Fan et al., 2014). Future work aimed at disentangling decadal-to-interdecadal variability
and long-term trends in this high-latitude region should include both observational and

modelling approaches.

Looking at the past, it would be pertinent to utilise longer-term historical observa-
tional datasets such as those assessed by Fan et al. (2014) to examine whether there is
a relationship with the IPO prior to 1979. The feasibility of using paleo records could
also be investigated. Looking into the future, as the observational record is extended in
coming years, regional and total sea ice behaviour should be considered in the context of
longer-term variability, especially if/when the IPO transitions to positive (Meehl et al.,
2016Db).

Additional research utilising exisiting model output from the CMIP5 archive could
examine the role of the IPO and other modes of decadal-to-interdecadal variability on
Antarctic sea ice in these models. This work could be extended to include the upcom-
ing Coupled Model Intercomparison Project phase 6 (CMIP6) output when it becomes
available. While overall natural variability of total Antarctic sea ice in the CMIP5 models
has been assessed (Mahlstein et al., 2013; Polvani and Smith, 2013), there has been less
focus on specific modes of variability. Meehl et al. (2016a) found that the CMIP5 models
that happen, coincidentally, to align with the real world and simulate a negative phase
of the IPO during the 2000s also simulate an increase in Antarctic sea ice during this
period. Future work could examine the influence of the IPO over longer timescales in
the CMIP5 and CMIP6 models, under both pre-industrial and global warming conditions.
The regionality of IPO related sea ice anomalies in the CMIP5 and CMIP6 models could
also be examined to better understand how well these models simulate the tropical-to-
high-latitude relationship. Analysis could also be extended to other modes of longer term
variability, such as the Atlantic Multidecadal Oscillation (Li et al., 2014; Simpkins et al.,
2014). Such research will help to further our understanding of the longer-term decadal
variability of Antarctic sea ice and the Southern Ocean, and to put future changes into

context. It will also allow future projections of Antarctic sea ice to be better understood.

El Nino-Southern Oscillation and Indian Ocean Dipole

Compared to the IPO, the scientific community has a better understanding of how in-
terannual to decadal modes of variability, such as El Nifio-Southern Oscillation (ENSO),
influence Antarctic sea ice — in part due to the higher frequency of these shorter timescale
events in the observational record; and thus the greater number of replications of events
that can be analysed. Nevertheless, there is still more to learn, as highlighted by the recent
anomalous Antarctic sea ice behaviour since 2016. For example, the IOD was linked with
the drastic decline in sea ice during the austral spring of 2016 (Wang et al., 2018), yet
there has been little focus on the influence of the IOD on Antarctic sea ice prior to this
event. The interplay between large-scale modes of variability has received some attention
(e.g. ENSO and SAM as presented in Ciasto et al., 2015), yet the austral spring of 2016
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again tested our understanding (Stuecker et al., 2017). Further, understanding how the
teleconnections from ENSO and the IOD to the high southern latitudes will change under
future global warming needs to be considered. Future work focussing on these areas will
improve our understanding of remote drivers of Antarctic sea ice, and again, will allow us

to place future changes into context.

Southern Annular Mode

The SAM is the dominant mode of variability in the Southern Hemisphere extratropics,
and its influence on surface climate has been examined extensively (e.g. Thompson and
Solomon, 2002; Hall and Visbeck, 2002; Sen Gupta and England, 2006; Thompson et al.,
2011; Jones et al., 2016). Yet, unanswered questions still remain: firstly, in relation to
tropical drivers of decadal variability and links with the SAM over the historical period;
and secondly, in relation to the influence the SAM will exert on Southern Ocean surface

temperatures and Antarctic sea ice in the twenty-first century.

Part 2 of this thesis demonstrated the importance of accounting for tropical telecon-
nections when considering changes in Antarctic sea ice — but the links between longer term
variability such as the IPO with the SAM, which further influences Antarctic sea ice, has
received little attention. During austral summer, El Nifio events are typically associated
with the negative SAM phase, and La Nifia events with the positive SAM phase. There has
been extensive research attributing the positive trend in the SAM during austral summer
to stratospheric ozone depletion and increasing greenhouse gases (Shindell and Schmidt,
2004; Arblaster and Meehl, 2006; Perlwitz et al., 2008; Son et al., 2009, 2010; Polvani
et al., 2011). Could the phase change of the IPO, with more El Nino events occurring over
1979-1999 and more La Nina events occurring between 2000-2013 also have contributed
to the positive SAM trend during austral summer? Future research aimed at answering
this question would be beneficial in understanding drivers of SAM changes and Antarctic
sea ice, and may also provide an explanation as to why the majority of CMIP5 models
underestimate the westerly-wind changes during summer, as presented in Part 1 of this

thesis.

Better understanding of the seasonality of westerly-wind changes over the South-
ern Ocean is critical for understanding surface changes, due to the seasonally changing
stratification of the surface ocean, as also presented in Part 1 of this thesis. Increasing
greenhouse gases contribute to a positive SAM trend all year around, and over 1979-2013,
stratospheric ozone depletion also contributed to a positive SAM trend during austral
summer — leading to the strongest westerly-wind trends occurring in this season. In the
twenty-first century, stratospheric ozone recovery will likely contribute to a negative SAM
trend during austral summer, so the projected surface wind changes are weakest during
austral summer (when ozone and greenhouse gas changes oppose each other) and strongest
during austral winter (when only increasing greenhouse gases are acting; Barnes et al.,
2014; Wang et al., 2014). The projected SAM changes are also highly dependent on future

118



CONCLUDING REMARKS

emissions scenarios, with stronger positive SAM trends associated with higher greenhouse
gas concentrations, and the exact pace of ozone recovery. Future research should aim
to understand how the shift in seasonality of the strongest wind trends will affect ocean

circulation and sea ice.

The identification of the two-time-scale SST response to high-latitude wind changes in
model experiments explains how long-term SAM trends induce an SST response opposite
to that associated with interannual variations, as discussed in Part 1. Under a continual
positive SAM and enhanced northward Ekman transport, an initial high-latitude SST
cooling, caused by equatorward transport of cool water, is followed by an eventual warming
(on the order of years to decades), due to the upwelling of warm subsurface water (Marshall
et al., 2014; Ferreira et al., 2015). However, there is a large spread in the two-timescale
response to SAM anomalies in the CMIP5 models, and not all models transition from a
surface cooling to a surface warming (Kostov et al., 2016; Holland et al., 2017). Future
research investigating how representative the model experiments that display the two-
timescale SST response are of reality will enable a better estimation of when the real-world

high-latitude Southern Ocean will transition from surface cooling to surface warming.

Surface freshening

Part 3 of this thesis demonstrated that surface salinity plays a critical role in the Southern
Ocean, influencing surface stability, and thus surface temperature and sea ice coverage.
More realistic simulations with additional freshwater may also be needed to understand
the real world, for example including realistic iceberg and basal melt distributions, and
employing higher resolution ocean models that have more realistic bottom water forma-
tion. The latter is crucial to better understand the implications Southern Ocean surface
freshening and sea ice changes have on global climate through its uptake of heat and

carbon and changes to the Meridional Overturning Circulation.

It would also be useful to estimate the contributions of different physical processes
including precipitation, evaporation, ice sheet and ice shelf melt, and sea ice changes to the
observed salinity changes. While doing so using climate models is a relatively straightfor-
ward task, observations of these processes across the high-latitudes are extremely challeng-
ing. Under sea-ice measurements, such as those with autonomous vehicles, could provide a
better estimate of sea-ice thickness, which when paired with satellite observations, would
allow an estimate of the contribution of sea ice processes to surface salinity changes. Future
efforts such as Polar Argo floats and elephant seal tracking will also increase oceanographic
observations, allowing better understanding of the observed surface and subsurface salin-
ity changes. This would lead to a greater understanding of the overarching drivers of the

observed Southern Ocean surface cooling and sea ice increase.
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Regionality of sea ice trends

To date, the majority of studies investigating the regionality of Antarctic sea ice trends,
in particular the observed sea ice decline in the Amundsen and Bellinghsausen Seas and
the strong increase in the Ross Sea, have largely attributed these changes to changed
atmospheric conditions associated with a strengthened Amundsen Sea Low (see Part 2 and
references therein). The role of the ocean in contributing to the regionality of observed
trends has received considerably less attention. As discussed in Part 2, while the sea ice
increase in the eastern Ross Sea can be linked with the strengthened Amundsen Sea Low,
the sea ice increase in the western Ross Sea cannot. Meanwhile, Lecomte et al. (2017)
recently identified an important ice-ocean feedback involving the vertical redistribution of
salt and heat that may account for the sea ice trends in the Ross Sea sector, suggesting
that indeed the ocean is contributing to the regionality of observed trends. Future work
aimed at better understanding the role of the ocean in contributing to the sea ice loss in
the Amundsen and Bellinghausen Seas is needed. Questions that may guide such work
include: is the sea ice decline in this region partially a consequence of deep ocean warming
and shoaling of Circumpolar Deep Water? What are the interactions between the deep
ocean warming, ice sheet and ice shelf melting and sea ice decrease in this region? And
are there remote or downstream effects, for example is the increase in sea ice in the Ross

Sea linked to changes occurring over the Amundsen Sea?

Final remark

Understanding Antarctic sea ice and Southern Ocean changes is crucial to understanding
global climate. Over recent decades warming has occurred over much of the extent of
the Southern Ocean (Roemmich et al., 2015), however high-latitude SST has cooled (Fan
et al., 2014; Armour et al., 2016; Jones et al., 2016) and total sea ice coverage has expanded
(Comiso et al., 2017). While there is clearly much work still to be done, this thesis has
demonstrated that surface westerly-wind trends during austral summer, a strengthened
Amundsen Sea Low associated with the phase change of the IPO, and broad-scale surface
freshening all made important contributions to Antarctic sea ice and Southern Ocean
surface temperature trends over 1979-2013. These findings enable us to better understand

Southern Hemisphere high-latitude climate and its far reaching influence.
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Evidence for link between modelled trends in
Antarctic sea ice and underestimated westerly
wind changes
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Despite global warming, total Antarctic sea ice coverage increased over 1979-2013. However,
the majority of Coupled Model Intercomparison Project phase 5 models simulate a decline.
Mechanisms causing this discrepancy have so far remained elusive. Here we show that
weaker trends in the intensification of the Southern Hemisphere westerly wind jet simulated
by the models may contribute to this disparity. During austral summer, a strengthened jet
leads to increased upwelling of cooler subsurface water and strengthened equatorward
transport, conducive to increased sea ice. As the majority of models underestimate summer
jet trends, this cooling process is underestimated compared with observations and is
insufficient to offset warming in the models. Through the sea ice-albedo feedback, models
produce a high-latitude surface ocean warming and sea ice decline, contrasting the observed
net cooling and sea ice increase. A realistic simulation of observed wind changes may be
crucial for reproducing the recent observed sea ice increase.
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espite regional melting, total Antarctic sea ice has been

expanding over the past 35 years'™. Such changes have

an impact on surface albedo and deep water formation,
and thus are important to global climate. Spatial analysis of sea
ice concentration (SIC) trends reveals opposing regional changes
since satellite observations began in 1979; decreasing sea ice in the
Amundsen and Bellingshausen Seas is outweighed by increasing
sea ice in the Ross Sea and around eastern Antarctica, leading to
an overall increase*® (Fig. la). Although the circumpolar ice
increase is statistical?r significant, it may still be within the range
of natural variability®~!!. However, as the most recent years of the
sea ice record are included, the strength and statistical
significance of the trend has increased!2.

The sea ice increase has been attributed to regional-scale wind
trends causing both dynamic and thermodynamic changes>®13-16,
On the other hand, models have linked hemispheric-scale wind
changes associated with the positive trend in the Southern Annular
Mode!” (SAM), attributed to increasing greenhouse gases and
stratospheric ozone degletionls'z‘], to Southern Ocean warming
and a sea ice decline?!~2%, This contrasts interannual variations, in

Q@  Observed SIC trend (% °C™' GW)

CMIP5 SIC trend (% °C™" GW)

-3024-18-12 -6 0 6 12 18 24 30

which a positive SAM intensifies the westerly jet and shifts
it polewards, resulting in cool sea surface temperature (SST)
and increased sea ice extent (SIE) at most longitudes due to
enhanced Ekman drift**~2, An exception is along the Antarctic
Peninsula, where a positive SAM is associated with reduced sea ice,
due to circulation changes associated with the Amundsen Sea
low®?7,

Most Coupled Model Intercomparison Project phase 5
(CMIP5) models fail to simulate the observed SIE increase in
their historical experiments’>11229  The vast majority of
models produce a decrease in SIE and simulate considerable
bias in mean-state SIE and its seasonal cycle?®. The observed
increase is suggested to lie within the range of modelled natural
variability”$2°, although modelled Antarctic sea ice variability
tends to be overestimated®?%; in addition, when the spatial
pattern of sea ice trends are considered, the observed changes are
distinguishable from the modelled pattern during austral summer
and autumn®®. To date, few studies have proposed physical
mechanisms that may be responsible for the difference between
observed and simulated Antarctic sea ice trends?*31-32,

c Observed SST trend (°C °C™' GW)

-12 -06 0

Figure 1| Annual SIC and SST trends over 1979-2013. (a) Observed SIC from the National Snow and Ice Data Center (NSIDC) Bootstrap algorithm,

(b) CMIP5 multi-model mean SIC, (c) observed SST from Hadley Centre Sea Ice and Sea Surface Temperature (HadISST) and (d) CMIP5 multi-model mean
SST. Trends are expressed as a change per degree of global warming (°C 1 GW). Multi-model means are calculated using the first available ensemble
member for each model. Stippling indicates significance: (a,c) above the 95% level as determined by a two-sided Student's t-test and (b,d) where 80% of
models agree on the sign of the mean trend33, which corresponds to 33 out of 41 models. The mean-state 15% SIC contour is shown in black. In (a) AS,

Amundsen Sea; BS, Bellingshausen Sea; RS, Ross Sea; WS, Weddell Sea.

2
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This study compares physical mechanisms affecting Antarctic
sea ice in the CMIP5 models and observations, with the aim of
explaining the difference between the observed increase and the
modelled decline. We analyse monthly mean observations and
output from 41 CMIP5 models with 87 realizations, over
1979-2013, the period for which regular satellite observations
are available. Observed and modelled trends are assessed, and
inter-model relationships used to gain insight into why models
overall generate too great a sea ice loss and what the important
processes behind this are. As the CMIP5 models underestimate
recent changes in the SAM and the westerly wind jet intensifica-
tion”33735, we investigate the influence of jet trends on Antarctic
sea ice and Southern Ocean SST. We find that underestimated
changes in wind-induced ocean circulation in the models may
contribute, in part, to their large Antarctic sea ice decline.

Results

Sea ice and SST trends. In contrast to the observed (Fig. 1a),
multi-model mean SIC trends (Fig. 1b) show a decrease in all sea
ice regions. The majority of models show an overall decrease in
sea ice, despite inter-model variations in simulated spatial
patterns, with many models showing small regions of increasing
SIC (Supplementary Fig. 1). The multi-model mean regional
decrease lacks broad coherence, except in the Bellingshausen and
northern Weddell Seas, and in isolated pockets of eastern Ant-
arctica and the Ross Sea. Coincident with the observed increase in
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Antarctic sea ice, high-latitude SST has also decreased over 1979-
2013 (Fig. 1c)1%31:3¢) with cooling strongest in the Ross Sea. In
contrast, the CMIP5 models show Southern Ocean surface
warming over most regions (Fig. 1d), although there is no inter-
model consensus in terms of warming at high latitudes.
Comparing SIC and SST trend patterns in individual models
(Supplementary Figs 1 and 2) reveals that models with stronger
SST warming show a larger SIC decrease, as expected’. A strong
inter-model relationship exists between trends in area-averaged
high-latitude (south of 55°S) SST and in circumpolar SIE: models
that simulate greater warming produce a greater reduction in ice
(Fig. 2). This relationship is highly statistically significant
(P<0.001) and is evident in all seasons (shown for summer
(December-February (DJF)) and winter (June-August (JJA);
Fig. 2a,b, respectively; all seasons in Supplementary Table 1). The
observed trends fit the tail-end of the spread in model trends.
When trends are scaled by global mean temperature trends to
take into account differences in climate sensitivity between
observations and models and between models (Fig. 2), the
observed SIE trend lies outside the 95% confidence interval of
model trends. This is despite that in absolute terms the observed
Antarctic sea ice trend is not statistically distinguishable from the
modelled trends at the 95% confidence level. As such, natural
internal variability remains a possible contributing factor for the
observed trend. However, it is still of interest to investigate
mechanisms that lead to the range in observed and modelled SIE
trends. The SIE-SST relationship (Fig. 2) suggests that ocean
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Figure 2 | Trends in SIE versus trends in high-latitude SST over 1979-2013. (a) DJF and (b) JJA. Trends are expressed as a change per degree of global
warming. All available model ensemble members are shown (87 realizations). Observed SST from HadISST and SIE from NSIDC. Each model is shown by a
marker with the number of runs per model indicated in the legend, the multi-model mean is shown by a black dot and observations are shown by a black
asterisk. The inter-model correlation coefficient and P-value are shown above each panel. For P<0.05, the inter-model regression is shown by a black line.
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changes may influence sea ice trends. As such, to explain why the
majority of CMIP5 models simulate a decrease in Antarctic sea
ice in contrast to the observed increase, we must understand why
modelled high-latitude SST warms too fast.

Sea ice and SST relationships with the westerly jet. Given the
links between the westerly wind jet, sea ice and SST?!726, we next
investigate the influence of jet intensification trends. There is a
significant inter-model relationship between jet strength trends
and SIE trends during summer and autumn (P<0.01;
Supplementary Table 1). During these seasons, there is also a
strong and significant relationship between high-latitude SST and
jet strength (P<0.001; Fig. 3a and Supplementary Table 1). In
contrast, during winter there is no inter-model relationship
between jet strength trends and SIE trends, although the
relationship between jet strength trends and SST trends persists
(P<0.001; Fig. 3b). This relationship shows that models with a
more intensified jet cool, or warm less, whereas models with a
weaker intensification, or weakened jet, warm more. In summer,
significant relationships are also found between trends in jet
position and high-latitude SST, with a stronger poleward shift in
the jet associated with high-latitude SST cooling or weaker
warming (Supplementary Table 1).

Processes embedded in the inter-model trend relationships
appear to also operate in the inter-model relationship in the mean
state: models with stronger mean-state zonal winds south of 55°S
tend to have a larger ice area, in particular during autumn’. On
interannual timescales, an intensified summer and autumn jet is
associated with above-average SIE in the observations (P <0.05;
Supplementary Table 2 and Supplementary Fig. 3). However, the
majority of CMIP5 models do not capture this interannual
relationship (median P>0.2), indicating a failure to simulate
wind-ice interactions adequately. This may explain the somewhat
weak inter-model relationship between trends in jet strength and
SIE (Supplementary Table 1).

Within individual CMIP5 models, interannual jet strength is
more strongly correlated with high-latitude SST (Supplementary
Table 2 and Supplementary Fig. 3). An intensified jet is associated
with cooler high-latitude SST?42°. The observed relationship is
significant in summer (P<0.05), whereas for the majority of
CMIP5 models it is statistically significant in both spring and
summer (median P<0.05 and P<0.01, respectively). Thus,
relative to observations, variations in the modelled jet have a
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weaker influence on variations in sea ice, yet more influence on
SST. As such, we focus on jet-SST dynamics, noting the strong
relationship between SST and SIE (Fig. 2) that links wind changes
back to sea ice.

Mechanism for wind-induced effects on SST. We hypothesize
that the jet-SST trend relationship in the CMIP5 models is
conducted through a high-latitude Ekman response to changing
winds. There, the wind stress forces equatorward Ekman
transport and the wind stress curl forces upward Ekman
pumping®®>’ (see Methods). As such, an intensified jet results in
strengthened equatorward Ekman transport and usually increased
Ekman upwelling at high latitudes.

Ekman upwelling has a strong cooling effect on SST during
summer when warm water resides at the surface forming a cap
over cool Winter Water at depths ~20-150m (Fig. 4a). The
warm surface water results from short-wave radiation being
received by the summer ice-free surface waters as sea ice melts.
Beneath this, the permanent pycnocline with cold, fresh water
overlying warm, salty water is apparent. By contrast, during
winter surface waters are colder than water below (Fig. 4b),
consistent with the typical temperature profile described for the
high-latitude Southern Ocean?’, caused by seasonal sea ice
melt/freeze and advection processes that freshen the surface layer.
Because of the seasonal stratification, during summer enhanced
Ekman upwelling brings cooler waters to the surface and this
surface cooling spreads further north due to enhanced
equatorward transport.

Consistently, summer Ekman pumping trends are significantly
correlated with SST trends at high latitudes (P<0.001; Fig. 4c):
models with a strong increase in Ekman upwelling show SST
cooling or weak warming, whereas models with weak trends in
Ekman pumping show strong SST warming. Ekman transport
trends are also significantly correlated with high-latitude SST
trends in summer (P <0.001; Supplementary Fig. 4): models with
a strong increase in equatorward Ekman transport show cooling
or weak warming. Scale analysis®® has suggested that horizontal
Ekman transport should initially dominate over vertical
Ekman upwelling, although here we find that south of ~60°S,
both Ekman transport and Ekman pumping are important
(see Methods and Supplementary Fig. 5).

The CMIP5 models underestimate the summer intensification
(Fig. 3a) and poleward shift in the jet”*4, and therefore also

o
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Figure 3 | Trends in jet strength versus trends in high-latitude SST over 1979-2013. (a) DJF and (b) JJA. Trends are expressed as a change per degree of
global warming. All available model ensemble members are shown. Observed jet strength from European Centre for Medium-Range Weather Forecasts

Interim Reanalysis (ERA-Interim). Figure details as per Fig. 2.
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Figure 4 | Potential temperature profiles and Ekman pumping trends over 1979-2013. Seasonal zonal-mean potential temperature profiles averaged

over 60-70°S for (a) DJF and (b) JJA. The first available ensemble member for each model is shown. The observed profile (black) is an average of Simple
Ocean Data Assimilation (SODA) and Ishii reanalyses over 1979-2011. Trends in Ekman pumping versus trends in high-latitude SST for (¢) DJF and (d) JJA.
Trends are expressed as a change per degree of global warming. Ekman pumping trends are calculated as the trend in the Ekman pumping velocity principal
component (PC) multiplied by the mean-state vertical temperature gradient near the surface. All available model ensemble members are shown. Details in

(c,d) as per Fig. 2.

underestimate the increased upward Ekman pumping (Fig. 4c)
and equatorward Ekman transport (Supplementary Fig. 4c)
compared with observed trends. Many models underestimate
the vertical temperature advection despite overestimating the
surface stratification during summer (Fig. 4a). This contributes to
their high-latitude SST warming trends in contrast to observed
cooling.

There is considerable uncertainty in the observed jet trend,
owing to sparse observations over the high-latitude Southern
Hemisphere!®%>, Although only ERA-Interim jet trends are
presented here, stronger jet intensification is also seen in three
other reanalyses (see Methods®®). Increased wind speed is also
evident in station-based wind observations**4!, However,
satellite-based wind observations available over the shorter
1988-2011 period may cast some doubt over reanalysis
trends®®, although the satellite products themselves contain
uncertainty*?. Overall, the analyses presented here depend
on an accurate wind trend estimate over the Southern Ocean,
however the mechanisms described remain robust. Further,
although the observed (ERA-Interim) jet intensification is
stronger than the multi-model mean, it does lie within
the model spread (Fig. 3a). Nevertheless, as discussed above,
the strong inter-model relationship shown here suggests that the
strength of jet intensification is an important process influencing
high-latitude SST in observations and coupled models, and the

majority of models a weaker than observed
intensification.

No significant relationship between trends in Ekman pumping
and SST exists during winter (Fig. 4d and Supplementary
Table 1). This is to be expected, given the seasonal variation in
vertical temperature stratification: during winter, increased
upwelling would cause warming, offsetting cooling from

increased equatorward transport (Supplementary Table 1).

produce

Timescales of Ekman response. On interannual timescales, a
positive SAM is associated with cool high-latitude SST24-2,
whereas over longer periods a positive trend in the SAM has been
linked to high-latitude SST warming?!~23, The apparent
contradiction between the SAM-SST relationship over inter-
annual versus multidecadal timescales has been explained by a
two-timescale SST response to high-latitude wind changes®®38.
Initially, a positive SAM trend is associated with short-term
cooling, by increasing the northward Ekman transport of cold
surface waters in the prevailing westerly wind regions?>3%38,
consistent with the inter-model trend relationship here
(Supplementary Fig. 4). Over time, however, the cooling is
replaced with a warming, accounted for by prolonged enhanced
upwelling in a region where a temperature inversion occurs?1=23,
Our results are consistent with these previous studies in that most
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CMIP5 models simulate a positive SAM trend (that is, jet
intensification; Fig. 3a), increased upwelling and high-latitude
SST warming (upper right quadrant of Fig. 4c). Our results
suggest, however, that over the 35-year period assessed, Ekman
upwelling is not responsible for the surface warming during
summer, because due to the seasonal stratification profile models
that simulate a stronger upwelling trend show a weaker rate of
surface warming. Instead, the inter-model relationship suggests
that cooling due to Ekman upwelling offsets other warming
factors. Importantly, most models underestimate the increase in
Ekman  upwelling, resulting in a weaker cooling
effect that is insufficient to offset warming from other
processes, most notably surface heat fluxes.

The seasonal variation in the subsurface temperature profile is
not discussed in previous studies and is key to interpreting
our results: in contrast to previous studies that link initial cooling
to equatorward Ekman transport only>®38, our results suggest
that Ekman pumping during summer is also important. It is
plausible that the cooling associated with summer upwelling may
eventually be replaced by warming, as water from below the
mixed layer is entrained”*”°; however, over the timescale assessed
here (1979-2013), this does not appear to be the case. In previous
model experiments, the time required for this temperature-trend
transition varies from an order of years to a couple of decades>®.
If the timescale to a complete transition from initial cooling to
later warming was at the longer end of this estimate, then the
surface cooling seen in the observations and in some models
could be consistent with this mechanism. The seasonal variation
in the temperature profile may also contribute to a longer
transitional timescale.

Ekman contribution to observed modelled disparity.
The mechanism identified above is present during summer.
We estimate that >25% of the difference in the CMIP5 SIE
trends can be attributed to their underestimated jet intensification
(see Methods). As such, the underestimation of westerly wind
trends in CMIP5 models probably contributes to the sea ice
decrease simulated by the majority of models.

Owing to the thermal inertia of the ocean, SST anomalies in
summer are likely to persist and exert an influence beyond
this season. Observed spring ice tendencies have been found to
persist until the following winter*>*4, and here we find that in
both observations and models summer ice tendencies persist
significantly during autumn and winter. This confirms that the
summer Ekman-SST mechanism can influence trends
throughout much of the year?>38,

Positive feedbacks associated with the wind-induced circulation
changes could also contribute to the difference between observed
and modelled trends. In observations, the magnitude of Ekman
pumping and transport increases such that the associated cooling
more than offsets the high-latitude heat flux increase. Cooler SST
leads to increased sea ice, in particular in the Ross Sea sector.
Through the sea ice-albedo feedback, solar radiation decreases,
conducive to further cooling and increased sea ice*’. The
consequence is decreased zonal-mean downward heat flux in the
sea-ice zone (Supplementary Fig. 6c). In the majority of the
models, although the magnitude of Ekman pumping and transport
also increases, it is to a smaller extent such that the associated
cooling is not sufficient to offset the heat flux increase. The above
sea ice-albedo feedback process operates in reverse, leading to an
increased heat flux into the ocean in the sea-ice zone
(Supplementary Fig. 6d). Based on the occurrence of opposite
reinforcing feedback mechanisms occurring in observations and
the majority of CMIP5 models, the difference between observed
and modelled jet strength trends can lead to very different sea ice
changes.

6

Considering other mechanisms. Further support for the
importance of Ekman upwelling and transport comes from
considering other potential mechanisms. Here we explore other
possible processes and find that none of these contradict or offer
an alternative explanation for the results described above.

It could be hypothesized that models with stronger jet trends
show reduced high-latitude SST warming as a result of changed
cloud cover or evaporative cooling, and that the correlations
presented above between Ekman pumping and SST (Fig. 4c) are
coincidental. No inter-model relationship is found between
trends in SST and trends in overlying cloud cover during
summer (P>0.15; Supplementary Table 3), possibly due
to differing cloud—jet relationships present in the models*.
A significant inter-model relationship is found between
high-latitude SST trends and evaporation trends (P<0.001;
Supplementary Table 3), in which models with increasing SST
show an increase in evaporation and vice-versa. This suggests that
SST anomalies are driving evaporation variations, as warmer
waters evaporate more readily, whereas evaporative cooling
would have the opposite effect on SST. Thus, evaporative fluxes
are not the cause of the excessive warming in most CMIP5
models, instead they are a response to this warming. These results
support our hypothesis above; namely, that the relationship
between the westerly wind jet and SST trends occurs due to
changes in ocean circulation.

Outside of the summer sea-ice zone, spatial trends in total
downward heat flux oppose those in SST (Supplementary Fig. 6),
that is, regions of SST cooling are associated with increased heat
flux into the ocean, suggesting that changes in SST are driving
changes in heat flux and not the other way around.
During summer, the inter-model relationship between trends in
SST and surface heat fluxes over these predominantly ice-free
areas (55-65°S) is insignificant, although the sense of the
relationship suggests that models with SST cooling show
increased heat flux into the ocean (Supplementary Fig. 7), again
suggesting that changes in SST are driving changes in heat flux.
Thus, net heat flux trends are of the wrong sign to account for
model SST trends. It is also noted that area-averaged trends in
observed heat fluxes, although uncertain, are comparable to those
in CMIP5 models over this region.

Southern Ocean freshening due to accelerated Antarctic ice
shelf and/or ice sheet melting, not simulated by CMIP5 models,
was proposed as a possible mechanism contributing to the
Antarctic sea ice increase’!. However, further model experiments
found the influence of ice sheet melt on sea-ice trends to be
minimal?®®. As such, this deficiency alone in CMIP5 models
cannot account for the disparity between observed and simulated
Antarctic sea ice trends. Nevertheless, reduced Southern Ocean
convection in CMIP5 models has been linked with surface
freshening®®, suggesting that overall changes in freshwater fluxes
may be important for surface temperature trends®”.

Inter-model trends in SIE are strongly related with trends in
sea surface salinity (P<0.001; Supplementary Table 3 and
Supplementary Fig. 8a): models with increasing salinity show a
strong decrease in sea ice, whereas models with surface freshening
show an increase, or weaker decrease, in sea ice. The sense of this
relationship suggests that ocean surface salinity is influencing sea
ice, not the other way around, as sea-ice-driven surface salinity
changes would see freshening correspond to higher rates of sea-
ice melt. Instead, greater sea-ice coverage is linked to fresher
surface conditions and increased surface stratification, which
suppresses convective overturning and vice versa for reduced sea-
ice coverage.

Sea-surface salinity trends cannot be explained by trends in
high-latitude precipitation minus evaporation (P—E), as
surprisingly increasing P—E is associated with increasing
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salinity (P=0.05 during summer; Supplementary Table 3 and
Supplementary Fig. 8b), opposite to what would be expected,
because both P — E and surface salinity trends co-vary with the
jet. Again, changes in wind-induced ocean circulation provide the
probable explanation. Namely, surface salinity trends are weakly
related with Ekman pumping trends (P<0.1 during summer;
Supplementary Table 3 and Supplementary Fig. 8c): models
with a stronger increase in Ekman upwelling show an increase
in surface salinity, whereas models with a weaker increase
(or decrease) in Ekman upwelling show a decrease in surface
salinity, due to the upwelling (or lack thereof) of saltier water
from depth (Supplementary Fig. 8d). The temperature response
associated with the Ekman upwelling of salty subsurface water
(warming due to decreased stability and increased convective
overturning) dampens the direct Ekman-SST response
(upwelling of cool Winter Water) and this may be the reason
why no significant Ekman-SIE relationship is found directly in
the models over the 35-year period assessed.

Discussion

Both the observed and CMIP5 SIE trends are linked to the
westerly wind jet intensification through the influence of SST.
The models underestimate the observed jet intensification during
summer, although we caution that the observed jet trend is
uncertain. This causes a weaker strengthening of high-latitude
Ekman pumping and transport than observed. Although
increased Ekman upwelling of cool Winter Water and the
associated equatorward Ekman transport contribute to the
observed SST cooling, because their trends are underestimated
in the models, these terms are insufficient to offset warming from
increased surface heat fluxes. This leads to faster surface warming
and a decreasing sea-ice trend in most of the models
(summarized in Fig. 5). Once these trends are initiated, the sea
ice-albedo positive feedback ensures the trend is sustained. These
findings demonstrate the importance of accurately simulating
changes in the wind”*8, By contrast, in the observations, the
cooling effect from the wind changes appears to be sufficient to
offset the warming tendency resulting in an initial cooling. The
same sea ice-albedo positive feedback operates in reverse, leading
to further cooling and an increasing sea ice trend. Although

analyses are largely conducted over circumpolar regions, when
repeated for the Ross Sea sector, where observed SIE has
increased most substantially, results remain robust.

Our finding that underestimated wind trends contribute to the
discrepancy between the observed and model sea-ice changes
occurs despite the fact these models do not resolve eddies, although
almost all include a suitable eddy-induced advection scheme to
approximate their effects. In the real world eddy compensation
would partially counteract wind-induced changes®®*°, although
Ekman changes still dominate in the surface layer’®!. In the
presence of an eddy compensation effect, the underestimation of the
impact in the models could be even larger. This influence and
others such as the role of deep ocean overturning or convection will
provide fertile ground for further research into the recent Southern
Ocean circulation and sea ice changes.

Methods
Data. CMIP5 data from the historical and Representative Concentration Pathway
8.5 (RCP8.5; high-emission scenario) experiments are concatenated to match the
observational period. The choice of RCP scenario over 2006-2013 has minimal
influence on results, as all forcing scenarios are very similar over this time frame.
We analyse all CMIP5 models that have SIC data available for both the historical
and RCP8.5 experiments. This includes 41 CMIP5 models, with a total of 87
realizations (between one and ten runs are available per model), listed in the legend
of Fig. 2. We also make use of SST, potential temperature, sea surface salinity,
subsurface salinity (historical experiment only), surface air temperature, zonal
wind, surface wind stresses, evaporation, precipitation, total cloud cover, mean sea
level pressure and surface heat fluxes from the CMIP5 archive. At the time of
analysis, potential temperature was not available for Flexible Global Ocean-
Atmosphere-Land System model spectral version 2 and First Institute of Ocea-
nography Earth System Model, and salinity was not available for Hadley Centre
Global Environment Model version 2 Atmosphere-Ocean. Various surface heat
flux terms were not available for Centro Euro-Mediterraneo sui Cambiamenti
Climatici Climate Model with a resolved Stratosphere, First Institute of Oceano-
graphy Earth System Model, Goddard Institute for Space Studies ModelE/Russell
(rlilp2 only), Hadley Centre Global Environment Model version 2 Atmosphere-
Ocean, Max Planck Institute Earth System Model Low Resolution (r2ilpl and
r3ilpl only) and Meteorological Research Institute Earth System Model version 1.
For comparison with observations, we use passive microwave SIC processed
using the NSIDC Bootstrap algorithm?. The possibility for spurious trends in this
SIC data set has been identified®; thus, the results are compared with those
obtained with SIC processed using the National Aeronautics and Space
Administration Team algorithm and are found to be very similar. For area-
averaged SIE, we make use of the pre-calculated NSIDC SIE index®, as this index is
commonly used in other studies! 2. Results calculated using the NSIDC Bootstrap

1979-2013

Change tendency
Observed change
MMM CMIP5 change

80°S 70°S

Strengthening and poleward shifting jet

SST warming, SIE decrease

[ +«——— SST cooling, SIE increase

1

Mean-state cool layer below surface during summer

60°S

Warming atmosphere
(heat fluxes)

:

response
100 m

50°S 40°S

Figure 5 | Schematic of decadal scale wind induced surface layer changes during summer. Over recent decades, the observed westerly wind jet has
strengthened and shifted poleward during austral summer (circles with dots). This has increased the upward Ekman pumping and equatorward Ekman
transport (large arrows). During summer, increased upwelling at high latitudes brings cooler Winter Water to the surface. Combined with equatorward
transport, this leads to SST cooling in observations. Multi-model mean (MMM) CMIP5 changes (red) are weaker than observed changes (blue). Under
global warming, these weaker Ekman changes are insufficient to offset warming from other factors (curvy arrow). As such, multi-model mean CMIP5 high-
latitude SST has warmed rather than cooled and Antarctic sea ice has declined rather than expanded (small arrows).
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SIC are very similar. We use SST data from the HadISST data set>*. For ocean
temperature and salinity, we take an average of the SODA v2.2.4 (ref. 55) and
Ishii®® reanalyses. For atmospheric variables, we use the ERA-Interim reanalysis®’,
regarded as the most reliable reanalysis over the Amundsen and Bellingshausen
Seas>4, and over Antarctica®®>?. Uncertainty exists in ERA-Interim wind trends®;
however, considering the trends evident in the National Centers for Environmental
Prediction (NCEP)/National Center for Atmospheric Research reanalysis,
NCEP/Department of Energy reanalysis and Twentieth Century reanalysis v2,
ERA-Interim winds may modestly underestimate the jet intensification, as this
product yields the weakest trend among these four reanalysis products®®. Weaker
jet intensification is seen in National Aeronautics and Space Administration
Modern Era-Retrospective analysis for Research and Applications and NCEP
Climate Forecast System Reanalysis, although these products have previously been
excluded when examining Southern Ocean wind strength trends, due to possible
issues with reanalysis data assimilation”. The overall balance of evidence suggests
that ERA-Interim winds provide one of the best estimates of wind trends over the
Southern Ocean for the full study period of 1979-2013.

All data are bilinearly interpolated to a standard 2° x 2° grid. This resolution is
chosen to avoid overextrapolating low-resolution data from some models to higher
resolutions. Potential temperature is converted from ¢ to z-levels where required
and vertically interpolated to 40-depth levels (matching the SODA reanalysis).
Data are stratified into seasonal and annual mean fields. The year of an austral
summer corresponds to the year of the January-February.

Metrics. A number of metrics are calculated for observations and each model.
Time series of metrics are used to investigate and compare linear trends and
interannual variability between models and observations. For inter-model
relationships, each ensemble member is included in the analysis and weighted
evenly. Linear trends are calculated using the least squares regression method and
are scaled by linear trends in global-mean temperature to take into account the
different climate sensitivity of the models. Statistical significance is determined
using the two-sided Student’s -test. When assessing the significance of interannual
correlation coefficients, the lag-1 autocorrelation is accounted for by estimating the

effective sample size, Neg, as:
1—rr,
Negr =N 1
off (1 +n rz> )

where N is the sample size, and r; and r, are the lag-1 autocorrelations of the time
series of interest®.

SIE in the models is defined as the circumpolar area where SIC exceeds 15% (ref.
28). We focus on SIE as an area-averaged metric, as it is commonly assessed” 282,
although we also present SIC trends to display regional trend characteristics (Fig. 1).
High-latitude metrics (for example, SST, sea surface salinity and P — E) are defined
as the area-averaged field south of 55°S (except where noted otherwise). The choice
of latitude is assessed and results are found to be robust over a range of high
latitudes. Only ocean grid points are considered in area averages. In HadISST, SST in
grid cells partially covered by sea ice is determined based on a statistical relationship
between SST and SIC>*. In the CMIP5 models, SST is defined as the temperature of
the uppermost model layer. Jet strength is defined as the maximum 925-hPa westerly
wind between 35-70°S, where a cubic spline approximation is applied to the zonal-
mean zonal wind>%,

Meridional Ekman transport, Vg, is calculated from the surface zonal wind
stress (Vg = — 1,/pf) and Ekman pumping, wg, from the curl of surface wind
stresses (wg = Vx(t/f)/p), where t is the wind stress, p is the density of seawater
and f is the Coriolis parameter. Trends calculated from area-averaged Ekman
transport and pumping time series are sensitive to the choice of latitude band,
owing to variations in the wind fields among models and observations. To allow for
spatial variations among models, we calculate the first empirical orthogonal
function (EOF) of both Ekman transport and pumping over 55-70°S and use the
standardized PCs to represent the Ekman transport and pumping time series,
respectively. During summer, the first EOFs for both Ekman transport and
pumping are well separated®® from subsequent patterns in all models and
observations. The first EOFs are related to the SAM, the leading mode of
atmospheric variability in the extratropical Southern Hemisphere®?, and have a
more coherent influence on SST (Supplementary Fig. 9). To account for the effect
that equatorward Ekman transport has on SST, we estimate horizontal temperature
advection by multiplying the Ekman transport PC by the mean-state horizontal
temperature difference between 55-60°S, and 65-70°S, calculated for the zonal-
mean surface layer (0-25m). Likewise, to account for the effect that Ekman
pumping has on SST, we estimate the vertical temperature advection by
multiplying the Ekman pumping PC by the mean-state vertical temperature
difference between the surface layer (0-25 m) and the layer just below the summer
thermocline (70-80 m), calculated for the zonal-mean over 55-70°S.

Scale analysis. Horizontal temperature advection due to Ekman transport is
compared with vertical temperature advection due to Ekman upwelling
(Supplementary Fig. 5). We use area-averaged terms for calculations so that various
latitude bands can be assessed; as we are interested in mean-state orders of mag-
nitude rather than linear trends, comparing area averages rather than PCs is
reasonable.

Horizontal and vertical advection terms are compared as follows:

o VED/ 2)
WE Tz

where Ty is the horizontal temperature gradient over the latitude bands assessed,

h is the depth of the surface layer (25 m) and T is the vertical temperature gradient

at the base of the summer mixed layer. The inclusion of / in the numerator is

necessary to directly compare terms as Ekman transport is a depth-integrated flow

in the upper h metres, whereas Ekman pumping is a velocity.

Over all latitude bands assessed V> > wg; however, Ty /h< <T,. As a result,
we find the numerator and denominator in equation (2) to be of similar orders of
magnitude. Further equatorward, where 7, is relatively large and V x t small,
northward Ekman transport is larger and o~ 5-10, but between 60-75°S, where
the zonal wind transitions from westerly to easterly, «~0.5-2. As such, we
conclude that over these latitude bands, both Ekman transport and Ekman
pumping terms are important in driving variations in SST, and hence sea ice.

Estimating the Ekman contribution to modelled disparity. We use the

difference between the observed (ERA-Interim) and multi-model mean jet strength
trends and the sensitivity of SST trends to jet trends (that is, the inverse of Fig. 3a),
to estimate the Ekman contribution to SST trends. From this, we use the sensitivity
of SIE to SST (Fig. 2a), to further estimate the Ekman contribution to SIE trends.
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ABSTRACT

A strengthening of the Amundsen Sea low from 1979 to 2013 has been shown to largely explain the observed
increase in Antarctic sea ice concentration in the eastern Ross Sea and decrease in the Bellingshausen Sea. Here
it is shown that while these changes are not generally seen in freely running coupled climate model simulations,
they are reproduced in simulations of two independent coupled climate models: one constrained by observed sea
surface temperature anomalies in the tropical Pacific and the other by observed surface wind stress in the tropics.
This analysis confirms previous results and strengthens the conclusion that the phase change in the interdecadal
Pacific oscillation from positive to negative over 1979-2013 contributed to the observed strengthening of the
Amundsen Sea low and the associated pattern of Antarctic sea ice change during this period. New support for this
conclusion is provided by simulated trends in spatial patterns of sea ice concentrations that are similar to those
observed. These results highlight the importance of accounting for teleconnections from low to high latitudes in
both model simulations and observations of Antarctic sea ice variability and change.

1. Introduction

The dipole pattern of recent Pacific sector sea ice
trends, with decreasing ice in the Bellingshausen Sea and
increasing ice in the Ross Sea, has been attributed to
changing winds (Holland and Kwok 2012; Fan et al. 2014)
and specifically to the strengthening of the Amundsen
Sea low (Turner et al. 2009, 2016; Clem and Fogt 2015;
Clem and Renwick 2015; Meehl et al. 2016a; Raphael
etal.2016). There is some suggestion that recent increasing
Antarctic sea ice trends since 1979 can be explained by
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interdecadal variability (Fan et al. 2014; Gagné et al.
2015), particularly arising from the phase change of the
interdecadal Pacific oscillation (IPO) to negative after
the late 1990s (Meehl et al. 2016a), rather than by direct
anthropogenic forcing. As such, it is pertinent to scru-
tinize the proposed causes of these trends. Here we
further examine the concept that recent trends in tropical
SST and tropical-to-extratropical teleconnections influ-
enced the Amundsen Sea low, thus contributing to the
observed pattern of Antarctic sea ice trends. The goal of
this study is to address and quantify the influence of
tropical Pacific sea surface temperature (SST) variability
on Antarctic sea ice trends, specifically focusing on the
role of the IPO.

Tropical Pacific SST variability influences the Amundsen
Sea low via convectively generated atmospheric Rossby
wave trains, including the well-known Pacific-South
American (PSA) pattern (Hoskins and Karoly 1981;
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Mo and Higgins 1998; Mo 2000; Yuan and Martinson
2000; Irving and Simmonds 2016) as well as a meridi-
onally oriented wave train during spring (Clem and
Fogt 2015). Through its influence on equatorial and
off-equatorial convection, El Niflo—Southern Oscilla-
tion (ENSO) teleconnections to Antarctic sea ice have
been previously noted. La Nifia is associated with a
strengthened Amundsen Sea low, causing increased
sea ice in the eastern Ross and Amundsen Seas as a
result of increased southerly flow at the surface, and
decreased sea ice in the Bellingshausen Sea as a result
of increased northerly flow in this region, and vice
versa for El Nifo (Renwick 2002; Turner 2004;
Stammerjohn et al. 2008; Ciasto and England 2011;
L’Heureux and Thompson 2006; Simpkins et al. 2012;
Ciasto et al. 2015). There are seasonal variations in the
ENSO teleconnection, with a link between El Nifo
and the negative southern annular mode (SAM; and
La Niifia and the positive SAM) present during austral
summer but not during austral winter (e.g., L’Heureux
and Thompson 2006; Simpkins et al. 2012). The mag-
nitude of atmospheric circulation anomalies associated
with ENSO are roughly comparable for all seasons (rela-
tive to the seasonal cycle of ENSO) although are strongest
during austral spring, and the strongest influence on sea
ice occurs during austral winter and particularly spring
(Jin and Kirtman 2009; Simpkins et al. 2012). There are
also differences in the teleconnections for different types
of El Nifio events (e.g., eastern Pacific vs central Pa-
cific events; Ciasto et al. 2015).

Tropical Pacific SSTs have been connected to sea ice
reductions in the Bellingshausen Sea via a strengthened
Amundsen Sea low during austral autumn (Ding and
Steig 2013). Atmospheric wind forcing associated with
ENSO variability has been linked to seasonal sea ice du-
ration trends over 1990-2007 in the Atlantic and Pacific
sectors (Matear et al. 2015). Clem and Fogt (2015) found
that the negative trend in the Pacific decadal oscillation
since 1979 has contributed to the deepening of the
Amundsen Sea low during austral spring. Recently, as
noted above, Meehl et al. (2016a) have also linked the
increase in Ross Sea ice trends to the phase shift of the
IPO to negative (below normal tropical eastern Pacific
SST on the decadal time scale) that occurred in the late
1990s. Warming of the tropical Atlantic Ocean has also
been linked with a deepening Amundsen Sea low and thus
to sea ice changes (Li et al. 2014, 2015a,b; Simpkins et al.
2014). However, recent evidence has been presented that
the dominant forcing since the late 1990s has come from
the tropical eastern Pacific with the shift to the negative
phase of the IPO at this time (Meehl et al. 2016a).

To date, investigation of changes in the tropical Pacific
and Atlantic and their teleconnections to Antarctic sea

JOURNAL OF CLIMATE

VOLUME 29

ice have been tested using atmospheric general circula-
tion models (Li et al. 2014, 2015a,b; Simpkins et al. 2014;
Meehl et al. 2016a) and an ocean—ice general circulation
model (Matear et al. 2015), potentially neglecting im-
portant coupled ocean—-atmosphere-ice feedbacks. We
note that Simpkins et al. (2012) found no significant re-
lationship between trends in SIC and trends in ENSO
over 1980-2008, while Liu et al. (2004) and Yu et al.
(2011) found that the trends in the SAM and ENSO
produce similar spatial patterns in sea ice compared to
the observed trends but explain less than one-third of
the magnitude of total SIC trends over 1979-2002 and
1979-2007, respectively. With the additional years in the
analysis period assessed here (1979-2013), as well as
consideration of the phase change of the IPO over this
period in the late 1990s (e.g., Meehl et al. 2016a), it is
worth revisiting how changes in the tropical Pacific may
have influenced Antarctic sea ice trends. We also at-
tempt to separate the externally forced signal from the
signal generated by internal variability in the Pacific,
something that was not attempted in previous studies.
We examine simulations from two different partially
coupled experiments that are forced by observed var-
iability in certain predefined regions (termed “pace-
maker” experiments) to investigate how observed tropical
Pacific decadal variability affected observed Antarctic sea
ice trends. The use of these pacemaker experiments en-
ables an estimate of the role of Pacific Ocean SST
variability forcing on SIC trends.

2. Data and methods
a. Data and model experiments

We utilize passive microwave sea ice concentration
(SIC) processed using the National Snow and Ice Data
Center (NSIDC) bootstrap algorithm (Comiso and
Nishio 2008; Meier et al. 2015) and SST from the Hadley
Centre Sea Ice and Sea Surface Temperature dataset
(HadISST; Rayner et al. 2003). We also assess SIC
processed using the NASA team algorithm, as it is
possible that spurious trends are present in the bootstrap
algorithm dataset (Eisenman et al. 2014) and results are
found to be almost identical (not shown). Mean sea
level pressure (MSLP) is taken from ERA-Interim
(Dee et al. 2011), regarded to be the most reliable re-
analysis over Antarctica (Bromwich et al. 2011;
Bracegirdle and Marshall 2012) and the Amundsen and
Bellingshausen Seas (Bracegirdle et al. 2013).

To estimate the forced SIC and MSLP responses, we use
the multimodel mean from phase 5 of the Coupled Model
Intercomparison Project (CMIP5). To match observa-
tions, CMIP5 data from the historical and representative
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concentration pathway 8.5 (RCP8.5) experiments are
concatenated over 1979-2013. The choice of RCP scenario
for the time period assessed (i.e., 2006-13) has minimal
influence, as all forcing scenarios are very similar over this
period. We include all CMIP5 models that have SIC data
available for both of these experiments, totaling 87 re-
alizations from 41 CMIP5 models (listed in Table S1 of the
supplementary material). Each realization is weighted
evenly in the multimodel mean. While the majority of
CMIP5 models do not capture the observed increase in
Antarctic sea ice, the observed sea ice trend lies within the
spread of models (Gagné et al. 2015; Purich et al. 2016),
and the large ensemble of realizations provides the best
available estimate of forced SIC and MSLP responses.

Ocean assimilation coupled pacemaker experiments
are run using the low-resolution Community Earth Sys-
tem Model, version 1.0.3 (CESM1; Shields et al. 2012;
Chikamoto et al. 2015a). This version of CESM1 uses the
Community Atmosphere Model, version 4 (CAM4), and
has atmosphere and land spectral T31 (~3.75°) horizontal
resolution and ocean and sea ice of approximately 3.75°
horizontal resolution. CMIP5 anthropogenic and natural
forcings are used, based on the CMIPS5 historical and
RCP4.5 (after 2005) scenarios, including greenhouse
gases, aerosols, stratospheric ozone, solar variations,
and volcanic eruptions.

The CESM1 pacemaker experiments assimilate ob-
served three-dimensional temperature and salinity anom-
alies (ORAS4; Balmaseda et al. 2013) into the ocean
component of the coupled model. Data in sea ice regions
are not assimilated, so temperature anomalies in the sea ice
region are not constrained by observations and sea ice
variations are completely controlled by the internal dy-
namics. Because these experiments assimilate anomalies
rather than absolute fields, the assimilation takes into ac-
count model biases related to the climatology, as well as
having an externally forced component. Based on this, the
assimilation runs have the same climatology and externally
forced component as the historical runs. Therefore, the
difference between assimilation runs and historical runs is
the first order representation of internal climate variability.

Four CESM1 ensemble experiments with a partial
assimilation approach in global or regional oceans sim-
ilar to Chikamoto et al. (2015b) are conducted for the
time period 1979-2013, with 10 ensemble members each:

o historical scenario (CESM1-HIST; historical forcings,
no assimilation),

e global ocean assimilation (CESM1-GLOB; historical
forcings, with global ocean assimilated, excluding sea
ice regions),

e equatorial Pacific Ocean assimilation (CESM1-eqPAC;
historical forcings, with the entire equatorial Pacific
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Ocean between 10°S and 10°N assimilated,' remain-
ing ocean unconstrained), and

o Atlantic Ocean assimilation (CESM1-ATL; historical
forcings, with Atlantic Ocean between 30°S and 70°N
assimilated, remaining ocean unconstrained).

To complement the CESM1 pacemaker experiments,
wind stress assimilation pacemaker experiments are
conducted using an updated version of the Second
Generation Canadian Earth System Model (CanESM2;
Arora et al. 2011) with an improved representation of
ocean mesoscale eddy transfer coefficients (Saenko
et al. 2016). CMIP5 anthropogenic forcings are applied
in all experiments, based on the CMIPS5 historical and
RCP4.5 (after 2005) scenarios, including greenhouse
gases, aerosols, and stratospheric ozone. Half of the en-
semble members also include solar variations and volca-
nic eruptions, while the other half do not. As the influence
of these natural forcings over the latter part of the ex-
perimental period has been shown to be small (Saenko
et al. 2016; Sigmond and Fyfe 2016), the two subsets are
combined. As in Sigmond and Fyfe (2016), results are
very similar between the two subsets (not shown).

The CanESM2 pacemaker experiments assimilate
the wind stress felt by the ocean, using the monthly
surface wind stress field from ERA-Interim, which is
closely constrained by observations. Three CanESM?2
ensemble experiments with surface wind stress assim-
ilation in global or regional oceans as in Saenko et al.
(2016) and Sigmond and Fyfe (2016) are conducted
for the time period 1979-2012 (note that 2013 is not
available for these CanESM2 experiments), with 10 en-
semble members each:

o climatology (CanESM2-CLIM; time-varying historical
forcings, with annually repeating climatological global
wind stress assimilated),

o global wind stress assimilation (CanESM2-GLOB;
time-varying historical forcings, with monthly evolv-
ing global wind stress assimilated), and

o tropical wind stress assimilation (CanESM2-TROP;
time-varying historical forcings, with monthly evolv-
ing wind stress between 35°S and 35°N across all three
ocean basins assimilated).

For CanESM2, all experiments include historical forc-
ings, but only the time-varying assimilation experiments
include internal variability in the assimilated wind stress
field. The experiments have similar although not identical
climatologies (CanESM2-CLIM annually repeating wind

! Note that this differs from the experimental setup of Kosaka
and Xie (2013), in which only the eastern equatorial Pacific was
assimilated.
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FIG. 1. (a) SST and MSLP trends (°C and hPa decade ™) over 1979-2013. SST is shown in color (blue for negative and red for positive)
with MSLP contours overlain [from —2 (dashed) to 2 (solid) by 0.2 hPa decade ™", with the zero contour thickened]. Stippling indicates
statistical significance of SST trends at the 95% confidence level using a two-sided Student’s ¢ test. Area-averaged time series for the
regions indicated by black boxes: (b) unfiltered IPO (positive phase in red and negative phase in blue), with the filtered IPO (calculated
from HadISST; Henley et al. 2015) shown by the black curve, (c) Nifio-3.4 index, (d) Amundsen Sea low MSLP, (e) Ross Sea SIC, and
(f) Bellingshausen Sea SIC. The transition from positive IPO to negative IPO is marked with a dashed black line. In (c)—(f) El Nifio events

in red, La Nifa events in blue, neutral years in gray, and 13-yr low-pass-filtered time series overlain in black.

stress is based on 1979-84, while CanESM2-GLOB and
CanESM2-TROP wind stress covers 1979-2012; Fig. S1
in supplementary material). We again assume that the
difference between the time-varying assimilation ex-
periments (CanESM2-GLOB and CanESM2-TROP)
and the climatology assimilation (CanESM2-CLIM)
provides an estimate of the internal variability. This has
previously been shown to be reasonable (Sigmond and
Fyfe 2016).

b. Analysis methods

For comparison between observations and models, all
data are first bilinearly interpolated to a 2° X 2° hori-
zontal grid. All data are then annually averaged over
the typical ENSO-cycle year (May through to the
following April and referred to using the year of the
January-Aupril; Fig. 1). This averaging year is chosen to
keep ENSO signals together (e.g., Fogt and Bromwich
2006). Data from May 1979 to April 2013 are analyzed
(May 1979-April 2012 for CanESM2), and we refer to
this period as 1979-2013. The seasonality of teleconnections
has previously been shown to be important (e.g., Jin and
Kirtman 2009; Li et al. 2014, 2015a,b; Simpkins et al. 2014).
Here we focus on the annual average from May to
April but have also assessed seasonal averages, which are

presented in the supplementary material (see Figs. S2-S9
in supplementary material) and discussed briefly below.

To characterize ENSO we use SST anomalies in the
Nifo-3.4 region (5°S-5°N, 170°E-120°W; Fig. 1), with
anomalies referenced to the full period, 1979-2013.
El Niflo and La Nifia events are defined here as situa-
tions when the Nifio-3.4 index exceeds *=0.75 standard
deviations (based on the full 12-month average; Fig. 1c).
Sensitivity to the choice of ENSO index and threshold
are tested, and results are found to be robust. To define
the IPO we use the tripole index (TPI) as in Henley et al.
(2015), calculated as equatorial Pacific SST anomalies
(10°S-10°N, 170°E-90°W) minus averaged midlatitude
SST anomalies (25°—45°N, 140°E-145°W and 50°-15°S,
150°E-160°W; Fig. 1b). Notably, we do not filter the [IPO
index. This is because we are interested in both the long-
term trend in the TPO, which is in itself a low-pass filter
analysis, as well as its interannual variations (e.g., for
calculating the interannual regression with SIC). Without
filtering, the TPI strongly resembles the Nifio-3.4 index
(e.g., Newman et al. 2016); however, the TPI also takes
into account variability in midlatitude regions (black
boxes marked with the letter b in Fig. 1a), important when
considering the influence of the tropical Pacific on the
high latitudes. Over the period assessed here, while there
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has been no significant trend in the Nifio-3.4 index (p =
0.38), there has been a significant trend in the unfiltered
IPO TPI (p = 0.03; Figs. 1b,c) due to the transition from
positive to negative that occurred in the late 1990s (e.g.,
Lee and McPhaden 2008). Here we assume that the
“trend” arises from subsampling multidecadal climate
variability, not from changes in external forcing. This is
supported by the fact that the historical CMIP5 experi-
ments do not capture a phase shift of the IPO during this
time (not shown). As such, there are important differ-
ences between the IPO and the Nifio-3.4 index emanating
from the off-equatorial components of the IPO (Fig. 1a).
Linear trends in SIC and MSLP are calculated using
least squares regression. Observed trend significance is
determined using a two-sided Student’s ¢ test at the 95%
confidence level. Autocorrelation was accounted for by
defining the effective sample size N.¢ as follows:

N=NA-r)/(1+r), €9)]

where N is the sample size and ry is the lag-1 autocor-
relation of the detrended SIC time series (Simpkins et al.
2012). The CMIPS forced response for the period of
interest is then subtracted from the observed trends to
provide a rough estimate of unforced long-term trends
in the observations.

For both CESM1 and CanESM2, trends are calculated
for each ensemble member and then averaged (10 runs
per ensemble). Ensemble average trend significance is
determined when the simulated ensemble mean trend
exceeds two standard deviations of individual ensemble
member trends (~95% confidence level). Difference
trends between assimilation runs and the historical or
climatology runs are also calculated for each model (e.g.,
CESM1-GLOB minus CESM1-HIST). Difference trend
significance is determined using the Student’s ¢ test to
compare two means at the 95% confidence level.

IPO-related trends in SIC and MSLP are calculated as
the TPO trend (arising from internal decadal time-scale
variability) multiplied by the regression coefficient be-
tween the linearly detrended IPO and linearly detrended
SIC or MSLP (e.g., Purich et al. 2013; Clem and Fogt
2015). Significance of the observed IPO-related trends is
assessed using a two-sided Student’s ¢ test at the 95%
confidence level, testing both the IPO trend and the
regression coefficient. Autocorrelation in the regression
coefficient significance test was accounted for by defining
the effective sample size N.¢ as follows:

N

i =NA—rr)/(A+rr,), 2)

where N is the sample size, r; is the lag-1 autocorrelation
of the detrended SIC time series, and r; is the lag-1
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autocorrelation of the IPO time series (Ciasto and
Thompson 2008). Modeled significance is determined
when the average modeled trend exceeds two stan-
dard deviations of modeled trends (~95% confidence
level).

To examine how the modulation of ENSO events via
the IPO has contributed to changes in the Amundsen
Sea low and to the regional SIC surplus (e.g., Ross Sea)
and deficit (e.g., Bellingshausen Sea), observed cumu-
lative maps are calculated for SIC and MSLP. This
procedure is similar to calculating composites but
without dividing by the number of events. The benefit of
using cumulative anomaly maps in this case is that the
magnitude of different cumulative anomalies can be
directly compared. For example, the cumulative anom-
alies during all years of the negative phase of the IPO
can be directly compared to the cumulative anomalies
during only the ENSO years of this IPO phase to see
what contribution the ENSO years make to the total
cumulative anomalies. Significance is calculated using
the Student’s ¢ test to compare two means at the 95%
confidence level (e.g., El Nifio years vs all years, La Nifia
years vs all years, and El Nifio years vs La Nifia years).
The sample size is defined as the number of events in the
smallest group being compared.

3. Results
a. Observed trends

The observed annual mean SIC trend pattern with
the external CMIPS forcing signal removed? (Fig. 2a)
looks similar to the total trend pattern (Fig. 3a). Sig-
nificant increases in SIC are seen around much of
Antarctica (Fig. 2a; magenta shading; Stammerjohn
et al. 2008; Holland and Kwok 2012; Simpkins et al.
2012), with a particularly strong increase in the Ross
Sea. Smaller areas of significant decreases in SIC
are seen in the Amundsen and Bellingshausen Seas
(Fig. 2a; green shading). In these areas the observed
sea ice decline (Fig. 3a) is stronger than the CMIP5
ensemble trend (Fig. 4a). The observed SIC trend
pattern shows similarity to the SIC composite differ-
ence pattern for ENSO events (Stammerjohn et al.
2008; Simpkins et al. 2012; Ciasto et al. 2015). This
motivates further investigation into the role of the
tropical Pacific SST anomalies in influencing Antarctic

2 When removing the external CMIP5 forcing signal, the CMIP5
multimodel mean trend is simply subtracted from the observed
trend. As such, Fig. 2a also incorporates the differences in sea ice
distributions between the models and observations, although this
contributes little to the overall trends displayed.



8936

JOURNAL OF CLIMATE

(a) Observed minus CMIP5 MMM

(b) CESM1-GLOB minus HIST (c) CanESM2-GLOB minus CLIM

(d) CESM1-eqPAC minus HIST (e) CanESM2-TROP minus CLIM

5-4-32-1012345
SIC trend (% decade™)
MSLP contours from -2 (dashed) to 2 (solid) by 0.2 hPa decade™

FIG. 2. SIC and MSLP trends (% and hPa decade™"), with trends due to historical
forcings removed: (a) observed minus CMIP5 multimodel ensemble, (b) CESM1-
GLOB minus CESMI1-HIST, (c¢) CanESM2-GLOB minus CanESM2-CLIM,
(d) CESM1-eqPAC minus CESM1-HIST, and (¢) CanESM2-TROP minus CanESM2-
CLIM. In all panels, SIC is shown in color (green for negative and magenta for positive)
with MSLP contours overlain (dashed for negative, thick for zero, and solid for positive
contours). Ensemble average trends are calculated over 1979-2013 using annually av-
eraged SIC. Stippling indicates statistical significance of SIC trends at the 95% confi-
dence level using a two-sided Student’s ¢ test in (a) and using the Student’s ¢ test to
compare two means in (b)—(e).
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(a) Observed

54321012345
SIC trend (% decade™)
MSLP contours from -2 (dashed) to 2 (solid) by 0.2 hPa decade™

FIG. 3. Asin Fig. 2, but showing total SIC and MSLP trends (i.e., including trends due
to natural variability and historical forcings).
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(a) CMIP5 MMM
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(b) CESM1-HIST
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(c) CanESM2-CLIM

SIC trend (% decade™)
MSLP contours from -2 (dashed) to 2 (solid) by 0.2 hPa decade™

FIG. 4. As in Fig. 2, but showing the SIC and MSLP trends due to historical forcings: (a) CMIP5 multimodel mean, (b) CESM1-HIST, and
(c) CanESM2-CLIM.

SIC trends, particularly the dipole SIC trends between
the Ross and Bellingshausen Seas.

b. Pacemaker trends

If decadal SST variability in the tropical Pacific is re-
motely influencing Antarctic SIC trends via changes
to the atmospheric circulation, assuming that atmospheric
teleconnections are adequately represented in the models,
we would expect that coupled model experiments in which
tropical Pacific SST variability matches the observations
should simulate SIC trends similar to those observed.
Therefore, we next consider the SIC trends from the
pacemaker experiments. As described above (section 2a),
the ocean assimilation runs have the same climatology
and externally forced component as the historical runs.
Therefore, we assume that subtracting CESM1-HIST
from both CESM1-GLOB and CESM1-eqPAC gives a
first-order estimate of the internal (linearly unforced)
variability. Similarly, we interpret the difference between
CanESM2-GLOB and CanESM2-TROP from Can-
ESM2-CLIM as a rough linear indicator of internal vari-
ability with the caveats discussed above. Subtracting out
the CESM1-HIST or CanESM2-CLIM trends (Figs. 4b,c)
from the assimilation trends (Figs. 3b—e) thus provides a
first-order estimate of the decadal variability without the
influence of anthropogenic forcings such as increasing
greenhouse gases, aerosols, and stratospheric ozone de-
pletion; that is, this method highlights the influence of
tropical teleconnections, as well as the decadal component

of the SAM trend due to tropical interactions and intrinsic
variability.

We note that the forced trends as simulated by the
CMIP5 multimodel mean (Fig. 4a), CESM1-HIST
(Fig. 4b) and CanESM2-CLIM (Fig. 4c) are similar, al-
though the CMIP5 multimodel mean is more zonally
symmetric, as expected because of averaging across 41
different models. In all panels of Fig. 4, the positive
trend in the SAM is seen through the negative MSLP
trend encompassing the Antarctic continent. In the
CMIP5 multimodel mean there is a circumpolar de-
crease in SIC, and while there are regions in CESM1-
HIST and CanESM2-CLIM where there are very weak
or no trends in SIC, most regions also show a decrease.
As such, subtracting the forced trends (Fig. 4) from the
total trends (Fig. 3) to obtain the decadal variability signal
(i.e., trends due to internal variability; Fig. 2) has the result
of weakening the negative MSLP trends over the Ant-
arctic continent that are also seen in Fig. 3 and of largely
reducing the vast areas of total decreasing SIC seen in both
the CESM1 (Figs. 3b,d) and CanESM?2 (Figs. 3c,e) simu-
lations. Because the CMIP5 multimodel mean SIC trend is
largely zonally symmetric (Fig. 4a), subtracting this from
the total observed SIC trend (Fig. 3a) does not substan-
tially change the regional pattern of SIC trends in the
observed decadal variability signal, although decreases are
made weaker and increases are made stronger (Fig. 2a).

CESM1-GLOB decadal variability (minus HIST)
signals (Fig. 2b) in SIC and MSLP look qualitatively
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(a) CESM1-ATL minus HIST
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(b) CESM1-ATL

5 -4 -3 -2
SIC trend (% decade™)
MSLP contours from -2 (dashed) to 2 (solid) by 0.2 hPa decade™

-1 0

1 2 3 45

FIG. 5. Asin Fig. 2, but showing CESM1 trends from the Atlantic assimilation: (a) CESM1-ATL
minus HIST and (b) CESM1-ATL trends (i.e., including trends due to natural variability and

historical forcings).

similar to the observed trends (Fig. 2a); there are large
regions of increasing SIC in eastern Antarctica and in
the eastern Ross and Amundsen Seas (although no-
tably the observed increasing SIC in the western Ross
Sea is not captured), while a decrease in SIC is seen
in the Bellingshausen Sea. A strengthening of the
Amundsen Sea low is apparent; however, the strongest
decrease in MSLP is located farther toward the Ant-
arctic Peninsula than observed and does not extend as
far west. As a result, the strong increase in the Ross and
Amundsen Sea SIC is shifted eastward compared to the
satellite data. Meehl et al. (2016a) show that the position
of the convective heating anomaly in the tropical Pacific
influences the location of the resulting teleconnection,
so these biases may be due to differences in the position
of tropical Pacific precipitation anomalies between ob-
servations and CESM1.

CESM1-eqPAC decadal variability signals (Fig. 2d)
show very similar trends in MSLP to CESM-GLOB
(Fig. 2b), along with decreasing SIC in the Bellingshausen
Sea and increasing SIC in the eastern Ross and Amundsen
Seas, suggesting that tropical Pacific variability is driv-
ing signals in these regions in CESM1-GLOB (Fig. 2b).
The overall MSLP pattern in these experiments is con-
sistent with the PSA pattern. Elsewhere, CESM1-eqPAC
trend signals do not resemble CESM1-GLOB signals;
however, increasing SIC in CESM1-ATL (Fig. 5) sug-
gests that Atlantic SST anomaly forcing is driving the

CESM1-GLOB signals in the Atlantic and Indian Ocean
sectors. Further, while CESM1-eqPAC variability shows a
weak decrease in the eastern Ross Sea (Fig. 2d), CESM1-
ATL variability shows an increase (Fig. 5a). It also appears
that CESM1-eqPAC and CESM1-ATL forcings are largely
additive (as in Li et al. 2015b), explaining the majority
of the decadal SIC signals in CESM1-GLOB. We
note that the increase in SIC in the eastern Ross and
Amundsen Seas is slightly weaker in CESM1-eqPAC
(Fig. 2d) compared to CESM1-GLOB (Fig. 2b), sug-
gesting that a portion of this decadal signal must come
from outside of the tropical Pacific and Atlantic Oceans,
likely from the extratropics.

In Li et al. (2015b) tropical Atlantic forcing, rather
than Pacific forcing, leads to the strongest deepening of
the Amundsen Sea low. Li et al. (2015b) use CAM4, the
same atmospheric component of CESM used in this
study, although at a higher resolution (approximately 2°
horizontal resolution, compared to approximately 3.75°
resolution here) and with a different dynamical core
(a finite-volume core, compared to a spectral core here).
However, Li et al. (2015b) used Atmospheric Model
Intercomparison Project (AMIP)-type specified SST
forcing compared to the partially coupled experiments
here. Previous studies have suggested the lack of coupling
in AMIP-type runs can cause errors in the atmospheric
response by responding too strongly in certain regions
to SST perturbations (e.g., Barsugli and Battisti 1998).
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In convective heating anomaly experiments designed
to specify the actual dynamic heating that forces tele-
connections (as opposed to SST), negative convective
heating anomalies in the eastern equatorial Pacific
(arising from the observed negative phase of the IPO)
produced a stronger response in the Amundsen Sea low
compared to a positive convective heating anomaly
(arising from observed positive tropical Atlantic SSTs;
Meehl et al. 2016a). Thus, there are contributions to the
deepening of the Amundsen Sea low from convective
heating anomalies in both the tropical Atlantic and
tropical Pacific, but evidence from Meehl et al. (2016a)
shows that the equatorial eastern Pacific makes the larger
contribution. Other differences in the dominance of At-
lantic or Pacific teleconnections may be due to resolution
and/or dynamical differences in the atmospheric model,
to differences arising from the coupled system, and/or to
differences in the SST fields assimilated (total observed
SST, compared to observed SST anomalies here) as well
as the differing climatologies that follow.

We next compare results from CESM1 to CanESM2
(Figs. 2¢,e). While both models show a strengthening of
the Amundsen Sea low, the wave train structure differs.
In contrast to the clear PSA pattern displayed by
CESM1 (Figs. 2b,d), CanESM?2 shows a positive MSLP
signal farther west. Both CanESM2-GLOB (Fig. 2¢) and
CanESM2-TROP (Fig. 2¢) show an increase in sea ice in
the Amundsen and eastern Ross Seas, as also simulated
by CESMI, and the decrease in the western Ross Sea
seen in CESM1-eqPAC is also seen in CanESM2-TROP.
Whereas CESM1 captures the observed decrease in sea ice
in the Bellingshausen Sea, CanESM?2 decadal variability
shows an increase here but a decrease in the Weddell Sea
(CanESM2-GLOB), possibly due to the eastward elon-
gation of the negative MSLP signal. While there are dif-
ferences in the decadal variability signals of SIC and MSLP
between CESM1 and CanESM?2, both models capture a
strengthening of the Amundsen Sea low and the cor-
responding increase in sea ice in the Amundsen and
eastern Ross Seas.

¢. Seasonality of trends

While our focus is on annual mean trends, patterns
do vary seasonally (L’Heureux and Thompson 2006;
Simpkins et al. 2012; Ciasto et al. 2015). We briefly
discuss the seasonality of the observed and simulated SIC
and MSLP trends, noting that trends in CESM1-GLOB
and CESM1-eqPAC are largely similar, and likewise for
CanESM2-GLOB and CanESM2-TROP; as such, we
group the simulations from each model together in
our discussion.

Observed decadal variability signals in SIC during
austral summer (Fig. S2a) and autumn (Fig. S3a) show
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decreasing SIC in the Amundsen and Bellingshausen
Seas and increases elsewhere. However, CESM1
(Figs. S2b,d and S3b,d) and CanESM2 (Figs. S2c,e and
S3c,e) show an increase in SIC in the Amundsen Sea
and little trend in the western Ross Sea. In austral winter
(Fig. S4a) and spring (Fig. S5a) the region of observed
decreasing SIC shifts eastward to the Antarctic Peninsula,
with increases elsewhere. Both models show an in-
crease in SIC in the eastern Ross and Amundsen Seas,
and CESM1 shows a decrease in SIC in the Bellingshausen
Sea (Figs. S4b,d and S5b,d). The biases in seasonal SIC
variability are rendered in the annual mean (Fig. 2).

While a strengthening of the Amundsen Sea low is
seen for observations and both CESM1 and CanESM?2
in the annual mean (Fig. 2), this signal is largely due to
strengthening occurring during austral autumn and win-
ter (Figs. S3 and S4, respectively). During summer, there
is a strong positive SAM trend in the forced trends sim-
ulated by the CMIPS multimodel mean, CESM1-HIST,
and CESM1-CLIM (not shown). When subtracted to ob-
tain decadal variability, only a weak negative MSLP signal
is seen in observations over the eastern Ross Sea (Fig. S2a).
In CESML1 there is a weak negative signal located over
the Bellingshausen Sea (Fig. S2b,d). In CanESM2, de-
spite removing the SAM trend there is a clear deepening of
the Amundsen Sea low (Fig. S2¢c,e). During autumn, a
clear PSA wave train pattern is evident in observations, as
also reported in Ding and Steig (2013). Both models cap-
ture the PSA pattern, although it is weaker than observed,
particularly in CanESM2. In winter the wave train pattern
is more meridionally oriented in observations and for
CESM1. A similar negative MSLP signal is seen in both
models during spring (Fig. S5); however, in observa-
tions the signal is centered over the eastern Ross Sea
rather than over the Amundsen and Bellinghausen
Seas (Fig. S5a). While PSA-like wave trains are shown
by CESM1 and CanESM?2, a more meridionally ori-
ented wave train is seen in observations (Clem and
Fogt 2015).

d. IPO-related sea ice trends

We next examine the contribution of tropical decadal
SST variability on Antarctic sea ice in these pacemaker
experiments. Based on the similarity between decadal
variability SIC and MSLP signals in the Pacific sector in
CESM1-GLOB and CESM1-eqPAC (cf. Figs. 2b and
2d), we focus on tropical Pacific variability. Because
of the experimental setup, all tropical variability for
CanESM?2 is considered (i.e., CanESM2-TROP; including
Pacific, Atlantic, and Indian Oceans). We calculate SIC
and MSLP trends congruent with decadal variability in
the TPO, which is manifested as a trend from positive to
negative in subsampling multidecadal variability, using
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(a) Observed

-05 -04 -0.3 -0.2
IPO-congruent SST trend (°C)
MSLP contours from -2 (dashed) to 2 (solid) by 0.2 hPa
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FI1G. 6. SST and MSLP trends congruent with trends in the
IPO because of its transition from positive to negative (°C
and hPadecade™'): (a) observed, (b) CESMI1-GLOB, and
(c) CanESM2-GLOB. Congruent trends are calculated over 1979
2013 as the linear regression of detrended SST onto the detrended
IPO, multiplied by the trend in the TPO. In (b),(c), congruent trends
are calculated for each ensemble member individually and then
averaged across members. Stippling indicates statistical significance
of SST trends at the 95% confidence level, using a two-sided Stu-
dent’s ¢ test in (a) to test significance of both the IPO trend and the
regression coefficient and where the ensemble average trend ex-
ceeds two standard deviations in (b),(c). Pattern correlations be-
tween observed in (a) and modeled trends are calculated over the
global domain and indicated above (b),(c).

an unfiltered TPI to represent the IPO. As described
above (section 2b), without filtering the TPI strongly
resembles the Nifio-3.4 index (cf. Figs. 1b and lc;
Newman et al. 2016); however, the TPI also takes into
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account variability of subtropical and midlatitude re-
gions, which could be potentially important when
considering the influence of the tropical Pacific on the
high latitudes [such as the influence of the South Pa-
cific convergence zone (SPCZ); e.g., Schneider et al.
2012; Clem and Renwick 2015; Meehl et al. 2016a]. As
also mentioned above (section 2b), while there has
been no significant trend in the Nifio-3.4 index, there
has been a significant trend in the IPO during the time
period under consideration as a result of the transition
from the positive phase of the IPO to negative in the
late 1990s (Figs. 1b,c). There have also been changes in
the frequency (more La Nifia than El Nifio events;e.g.,
Ummenhofer et al. 2009) and spatial characteristics
(more central Pacific than eastern Pacific El Nifio
events; e.g., McPhaden et al. 2011) of ENSO. These
ENSO changes coincide with the IPO transitioning
from the positive to the negative phase (Figs. 1 and 6;
Lee and McPhaden 2008; Meehl et al. 2014; Fyfe et al.
2016) and motivate our interest in the significant trend
of the IPO.

The observed IPO-related SIC trends (Fig. 7a) show a
decrease in the Bellingshausen Sea and an increase in
the eastern Ross and Amundsen Seas, in association
with a strengthened Amundsen Sea low (Fig. 7a). This
pattern is similar to the trend pattern in the Pacific sector
(Fig. 1a), albeit weaker, and the region of increasing SIC
is shifted eastward. In particular, the IPO-related SIC
trends (Fig. 7a) cannot account for the observed increase
in the western Ross Sea (Figs. 2a and 3a). CESM1-HIST
shows essentially no congruent trends (not shown), as
expected because the unconstrained ensemble members
all have different phases of the IPO, which cancel out in
the ensemble average. This also indicates that the external
forcing is not causing one phase of the IPO to be favored.
[PO-related SIC and MSLP trends in CESM1-GLOB
(Fig. 7b) and CESM1-eqPAC (not shown but similar to
Fig. 7b) both agree well with the observations, showing
a deepening of the Amundsen Sea low as part of the
PSA pattern as well as a corresponding positive SIC
trend in the eastern Ross and Amundsen Seas and a
negative SIC trend in the Bellingshausen Sea. Further,
these IPO-related SIC trends are very similar to the
decadal variability signals discussed above (Figs. 1b,c).
CanESM2-GLOB (Fig. 7c) and CanESM2-TROP
(not shown but similar to Fig. 7c) also show similar
IPO-related SIC and MSLP trends. The pattern cor-
relations between simulated and observed congruent
trends are high for both models, particularly for MSLP
(Fig. 7). The agreement between the IPO-related SIC
trends and total SIC trends thus suggest that the IPO is
contributing to the regional dipole pattern of SIC
trends in the Pacific sector, with the exception of the
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(b) CESM1-GLOB
rS|C=O.68, rMSLp=O.94

(a) Observed
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(c) CanESM2-GLOB
rS|C=O-53, I’MSLP=O.93

1
IPO-congruent SIC trend (% decade™)
MSLP contours from -2 (dashed) to 2 (solid) by 0.2 hPa decade™

FIG. 7. As in Fig. 6, but for SIC and MSLP trends congruent with trends in the IPO because of its transition from positive to negative
(% and hPa decade™!). Pattern correlations are calculated over the domain shown (50°-90°S).

western Ross Sea, where the observed SIC increase is
not explained by the IPO or simulated by either model
(Figs. 2b,c and 3b,c).

The IPO-related SIC and MSLP trends are largely
similar across all seasons (see Figs. S6-S9 in the sup-
plementary material). A strengthened Amundsen Sea
low is seen in all seasons, strongest during austral winter
and spring in observations and CESM1-GLOB and
strongest from austral autumn to spring in CanESM?2-
GLOB. Increased SIC in association with these circula-
tion changes is seen in the eastern Ross and Amundsen
Seas in all seasons for observations, CESM1-GLOB, and
CanESM2-GLOB. Decreased SIC in the Bellingshausen
Sea is also seen for most seasons and across the observa-
tions and both models; however, it often lacks significance
and is not seen for CanESM2-GLOB during austral
summer (Fig. S6c). Overall, the strong agreement be-
tween the observations, CESM1, and CanESM2 and the
similarity in IPO-related SIC trends across the seasons
strengthens the conclusions made above regarding the
annual-mean IPO-related trends.

e. IPO modulation of ENSO teleconnection

Meehl et al. (2016a) proposed that Ross Sea SIC
trends have been influenced by the phase shift of the
IPO (Fig. 1b). In their study, they find that changes in
precipitation and convective heating primarily in the
eastern Pacific and secondarily in the SPCZ region as-
sociated with the phase shift of the IPO in the late 1990s

force anomalous Rossby waves, teleconnecting to the
Amundsen Sea low and causing a strengthening (as also
described in Schneider et al. 2012; Clem and Renwick
2015). From this, they infer that changes in the geo-
strophic wind result in more southerly flow over the
Ross Sea, leading to increased sea ice in this region. In
addition to increased Ross Sea ice, other studies relating
the strengthened Amundsen Sea low to Antarctic sea ice
trends also find reduced sea ice in the Bellingshausen
Sea because of increased northerly flow, (e.g., Li et al.
2014; Simpkins et al. 2014). We have confirmed here that
the regional SIC trend characteristics associated with
the IPO are a result of a deepening of the Amundsen Sea
low (Fig. 7).

As described above (section 1), the ENSO telecon-
nection to Antarctic sea ice has been widely studied
(e.g., Renwick 2002; Stammerjohn et al. 2008; Simpkins
et al. 2012; Ciasto et al. 2015). Despite no significant
trend in the Nifio-3.4 index over 1979-2013, during the
positive phase of the IPO more El Nifio events oc-
curred (between 1979 and 1998 there were six El Nifio
and two La Niiia events; Fig. 1c), whereas during the
negative phase of the IPO more La Nifia events oc-
curred (between 1999 and 2013 there were two El Nifio
and six La Nifa events; Fig. 1c). Through Rossby wave
train teleconnections to the Southern Hemisphere, a
change in the frequency and spatial character of ENSO
could impact the strength of the Amundsen Sea low
(Fig. 1d), which may lead to a rectification and a net
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surplus or deficit of SIC in different regions over
1979-2013 (Figs. le,f). Over 1990-2007, Matear et al.
(2015) found that wind forcing associated with ENSO
contributed to sea ice duration trends in both the
eastern and western Pacific sectors, further motivating
examination of the ENSO contribution over the longer
period here.

Comparing the cumulative anomalies of observed
SIC and MSLP during the positive phase of the PO
with those during only ENSO years of the positive
IPO (cf. Figs. 8a and 8d), it is clear that the two pat-
terns are similar to each other, dominated by El Nifio
(Fig. 9a). Likewise, the cumulative anomalies during
the negative phase of the IPO are similar to those
during only ENSO years of the negative IPO (cf.
Figs. 8b and 8e¢), dominated by La Niia (Fig. 9b).
Following on, comparing their difference patterns
(i.e., negative IPO minus positive IPO; negative IPO
ENSO events minus positive IPO ENSO events; cf.
Fig. 8c and 8f) shows that the ENSO cumulative
anomaly pattern difference is very similar to the cor-
responding [PO cumulative anomaly difference and is
dominated by the difference between El Nifio and
La Nifia (Fig. 9c). We note that these results should be
considered with caution, as there is a trend in the TPO
as well as the SIC and MSLP time series used in this
analysis. However, repeating the analysis with linearly
detrended time series (not shown) finds that the spa-
tial pattern of cumulative SIC anomalies in the eastern
Ross, Amundsen, and Bellingshausen Seas that occur
during the two phases of the IPO are largely explained
by the ENSO events in these phases. This supports the
interpretation of Fig. 8.

The total SIC trends resulting from the impact of IPO
can also be understood via the unequal number of
El Nifio and La Nifia events during each IPO phase; that
is, more El Nifio events during positive IPO and more La
Nifia events during negative IPO, as well as a change in
the nature of events (Ashok et al. 2007; McPhaden et al.
2011). Furthermore, the ENSO teleconnection to high
latitudes appears nonlinear and asymmetric with respect
to El1 Nifno and La Nina (Figs. 8d,e; also noted by Ciasto
et al. 2015). As such, the cumulative impacts from El
Nifio and from La Nifia do not completely offset but
rectify into mean changes. These mean changes are es-
pecially conspicuous when there are more El Nifio
events during positive IPO and more La Nifia events
during negative IPO (Fig. 8f). The difference between
the cumulative impact during the negative IPO phase
and during the positive IPO phase accounts for a large
portion of the trend, suggesting that the influence of the
IPO on the Amundsen Sea low and SIC is overall
manifest via its association with an unequal number of
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El Nifio and La Nifia events during the two phases of
the IPO.

4. Discussion

Since regular satellite observations became available
in 1979, Antarctic SIC has increased in most regions,
despite greenhouse warming over the same period
(Cavalieri and Parkinson 2008; Comiso and Nishio 2008;
Parkinson and Cavalieri 2012) and multimodel averages
that show decreasing SIC. A particularly large increase
in sea ice has been observed in the Ross Sea, although sea
ice has been declining near the Antarctic Peninsula in the
Amundsen and Bellingshausen Seas (Stammerjohn et al.
2008; Holland and Kwok 2012; Simpkins et al. 2012).
Utilizing coupled pacemaker experiments we provide
further evidence in support of internal decadal climate
variability associated with the IPO as a driving influence
on Antarctic sea ice trends in the Pacific sector, specifi-
cally in the eastern Ross, Amundsen, and Bellingshausen
Seas. We note, however, that the IPO cannot account for
sea ice trends in the western Ross Sea. Our analysis
suggests that tropical Pacific SST anomalies associated
with the IPO and ENSO contribute to the rectification of
observed trends on Antarctic sea ice.

The pacemaker experiments assessed here are based
on coupled atmosphere—ocean—sea ice models, which
differ from previous studies using atmospheric-only
models (Li et al. 2014, 2015a,b; Simpkins et al. 2014;
Meehl et al. 2016a). This is notable because, although
these studies suggest that a strengthening of the
Amundsen Sea low due to tropical teleconnections can
be linked to observed changes in the sea ice, the sea ice
response is not directly simulated in the latter.

The majority of CMIP5 models simulate a decline in
Antarctic sea ice extent (Turner et al. 2013; Zunz et al.
2013), and while the overall observed trend has been
shown to lie within modeled variability (Mahlstein et al.
2013; Polvani and Smith 2013; Swart and Fyfe 2013;
Turner et al. 2013; Zunz et al. 2013), when the regionality
of sea ice trends is accounted for, trends during austral
summer and autumn are outside the modeled range of
variability (Hobbs et al. 2015). As with the majority of
CMIPS5 models, CESM1-HIST and CanESM2-CLIM
lose too much sea ice compared to observations. How-
ever, CMIP5 ensemble members that happened to match
the timing of the negative phase of the IPO also simulated
an increase of Antarctic sea ice during the early 2000s
(Meehl et al. 2014).

In both the CESM1 and CanESM?2 assimilation exper-
iments, the strengthened Amundsen Sea low associated
with the phase shift of the IPO results in an increase in sea
ice in the eastern Ross and Amundsen Seas; however, this
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(a) +IPO (19 years) (b) -IPO (15 years) (c) -IPO minus +IPO (b minus a)

-40
Cumulative SIC anomaly (%)
MSLP contours from -50 (dashed) to 50 (solid) by 5 hPa

20 0 20 40 60 80

FI1G. 8. Observed SIC and MSLP cumulative anomalies (% and hPa): (a) positive IPO (1979-99), (b) negative TPO (2000-13), (c) IPO
difference [(b) minus (a)], (d) ENSO years during positive IPO (six El Nifio and two La Nifia events), (¢) ENSO years during negative IPO
(two El Nifio and six La Niiia events), and (f) ENSO difference [(e¢) minus (d)]. Cumulative anomalies are calculated as the sum of SIC and
MSLP anomalies during specified events, without normalizing by the number of events. Stippling indicates statistical significance of
cumulative SIC anomalies at the 95% confidence level using the Student’s ¢ test to compare two means: comparing the select events to all

years in (a),(b),(d),(e) and comparing the two differenced groups in (c),(f).

increase is weaker than observed. Further, neither model
captures the strong observed increase in sea ice in the
western Ross Sea, and, because of the lack of IPO-related
sea ice trends in this region even in observations (Fig. 7a),
it is unlikely that trends in this region are linked to the
IPO phase change. Sea ice increases elsewhere around
Antarctica are also not simulated in these models.
Based on the assessment of decadal variability signals it
appears that the CESM1 and CanESM2 assimilation ex-
periments capture the observed variability well, but one
interpretation is that greenhouse warming overwhelms

the total trends in SIC in these experiments. Another
possibility is that the locations of anomalous precipitation
and convective heating anomalies may not be in the same
locations or magnitudes as observed. It could be pos-
sible that either Antarctic sea ice variations in both
CESM1 and CanESM2 are too sensitive to global
warming or that these models underestimate the am-
plitude of decadal variability of Antarctic sea ice by an
overly damped response to tropical Pacific variability.
A damped response may be the result of the cold SST
bias in both models in the SPCZ region, suppressing
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(c) La Nina minus EI Nino (b minus a)
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FIG. 9. As in Fig. 8, but showing cumulative anomalies for (a) El Nifio, (b) La Nifia, and (c) La Nifia minus El Nifio [(b) minus (a)].

convection there and damping the remote atmospheric
response because it has been shown that positive SST,
precipitation, and convective heating anomalies there
during negative IPO can contribute to a deepening of
the Amundsen Sea low (Clem and Renwick 2015;
Meehl et al. 2016a). More realistic simulations of re-
cent Antarctic sea ice variations could thus be achieved
by improving model deficiencies involved in the cli-
mate response to external forcings and the remote
impact of tropical regions. Other caveats include issues
with how sea ice is modeled in current coupled climate
models and how the simulated sea ice interacts with
ocean and surface air temperatures and winds.

Because of the various feedbacks between sea ice and
the climate system (e.g., Goosse and Zunz 2014), assessing
coupled models is important to fully understand how
tropical teleconnections influence Antarctic sea ice. For
example, while changed surface wind trends may be con-
ducive to a sea ice increase in the Ross Sea, it is likely
that a net SST cooling is also required for sea ice to in-
crease and to accurately capture positive ice—albedo and
ocean thermal warming feedbacks (Stammerjohn et al.
2012). For both CESM1 and CanESM2, the assimilation
experiments show less ice loss in most sectors than their
corresponding CESM1-HIST or CanESM2-CLIM exper-
iments but not a net ice increase. Without simulating the
correct sign of observed sea ice changes, positive feed-
backs will reinforce the ice loss, rather than the ice growth,
propagating differences (e.g., Purich et al. 2016).

Finally, we note that a number of previous studies
have found teleconnections from the tropical Atlantic to

20 40 60

the Amundsen Sea low to be important in driving Ross
and Bellingshausen Seas sea ice changes (Li et al. 2014,
2015a,b; Simpkins et al. 2014). Therefore, it is likely that
details of the decadal patterns of tropical SST, pre-
cipitation, and convective heating anomalies, as well as
seasonality, are important in model simulations and the
observed SIC, at least until 2013. Since the IPO has
apparently changed phase around 2014 (Meehl et al.
2016b) the overall trend of SIC should now become
less positive and may eventually turn negative on de-
cadal time scales. While Atlantic forcing appears to
play a role in influencing sea ice trends in the Atlantic
and Indian Ocean sectors, in CESM1 the equatorial
Pacific forcing seems to dominate sea ice trends in the
Pacific sector. The design of the CanESM2 experi-
ments does not allow for a direct comparison. Further
work using coupled models is required to isolate the
influences of the tropical Atlantic and Pacific Oceans
on different sectors of Antarctic sea ice in a fully
coupled framework.
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ABSTRACT

The Southern Ocean surface has freshened in recent decades, increasing water column stability and reducing upwelling
of warmer subsurface waters. The majority of CMIP5 models underestimate or fail to capture this historical surface
freshening, yet little is known about the impact of this model bias on regional ocean circulation and hydrography. Here
experiments are performed using a global coupled climate model with additional freshwater applied to the Southern
Ocean to assess the influence of recent surface freshening. The simulations explore the impact of persistent and long-term
broad-scale freshening as a result of processes including precipitation minus evaporation changes. Thus, unlike previous
studies, the freshening is applied as far north as 55°S, beyond the Antarctic ice margin. It is found that imposing a large-
scale surface freshening causes a surface cooling and sea ice increase under preindustrial conditions, because of a re-
duction in ocean convection and weakened entrainment of warm subsurface waters into the surface ocean. This is
consistent with intermodel relationships between CMIPS models and the simulations, suggesting that models with larger
surface freshening also exhibit stronger surface cooling and increased sea ice. Additional experiments are conducted with
surface salinity restoration applied to capture observed regional salinity trends. Remarkably, without any mechanical
wind trend forcing, these simulations accurately represent the spatial pattern of observed surface temperature and sea ice
trends around Antarctica. This study highlights the importance of accurately simulating changes in Southern Ocean
salinity to capture changes in ocean circulation, sea surface temperature, and sea ice.
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1. Introduction

Observed Southern Ocean changes over recent de-
cades include a surface freshening (Durack and Wijffels
2010; Durack et al. 2012; de Lavergne et al. 2014), surface
cooling (Fan et al. 2014; Marshall et al. 2014; Armour
et al. 2016; Purich et al. 2016a), and circumpolar increase
in Antarctic sea ice (Cavalieri and Parkinson 2008;
Comiso and Nishio 2008; Parkinson and Cavalieri 2012).
Various explanations for the increase in Antarctic sea ice
extent (SIE) seen since regular satellite observations
began in 1979, which has occurred despite global warming
over this period, have been proposed (Hobbs et al. 2016).
These include natural variability (Mabhlstein et al. 2013;
Polvani and Smith 2013; Zunz et al. 2013; Li et al. 2014;
Simpkins et al. 2014; Gagné et al. 2015; Meehl et al. 2016;
Purich et al. 2016b), changes in surface winds (Holland
and Kwok 2012; Fan et al. 2014; Turner et al. 2009; Li
et al. 2014; Simpkins et al. 2014; Purich et al. 2016a),
surface freshening as a result of ice sheet and shelf runoff
and iceberg fluxes (Bintanja et al. 2013, 2015; Swart and
Fyfe 2013; Pauling et al. 2016), and surface freshening as a
result of sea ice transport (Haumann et al. 2016).

Surface freshening can act to increase sea ice coverage
by increasing surface stratification, reducing convective
mixing of warmer subsurface waters, and causing a
surface cooling (e.g., Marsland and Wolff 2001; Liu and
Curry 2010; de Lavergne et al. 2014; Morrison et al.
2015). Early model studies of the influence of surface
freshening on Antarctic sea ice found freshening to be
associated with an increase in ice coverage in ocean—ice
models (Marsland and Wolff 2001; Beckmann and
Goosse 2003; Hellmer 2004; Aiken and England 2008).
However, more recent studies using global coupled cli-
mate models with additional freshwater applied around
the Antarctic margins to simulate increased ice sheet
melt and runoff have found conflicting results: Bintanja
et al. (2013, 2015) found that the increased freshwater
has likely contributed to the increase in Antarctic SIE,
whereas Swart and Fyfe (2013) found the influence to be
small and not able to explain the observed sea ice
changes. Pauling et al. (2016) also found that applying an
extra freshwater flux around the continental margins
was insufficient to offset anthropogenic forcing. Zunz
and Goosse (2015) found that the inclusion of an addi-
tional freshwater flux in simulations with data assimila-
tion improves the reconstruction of sea ice trends;
however, it does not seem to be required to obtain an
increase in sea ice extent in hindcast simulations. Ad-
ditionally, Kirkman and Bitz (2011) found that under
global warming conditions, increased melting of sea ice
leads to surface freshening, which in turn leads to sur-
face cooling of the Southern Ocean.
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Previous studies (Bintanja et al. 2013, 2015; Swart and
Fyfe 2013; Pauling et al. 2016) focused on runoff from
the Antarctic ice sheet and shelf melt as the source of
freshwater to the Southern Ocean, in part motivated by
the fact that models participating in phase 5 of the
Coupled Model Intercomparison Project (CMIP5) ex-
plicitly exclude such melt contributions. However,
Pauling et al. (2016) found that the CMIP5 models
happen to simulate runoff changes resulting from
precipitation changes over Antarctica that are approxi-
mately the same as estimated land-ice melt and ice-shelf
melt rates. Further, the largest source of freshwater to
the Southern Ocean is the precipitation minus evapo-
ration (P — E) falling directly onto the ocean (Pauling
et al. 2016). Increased P — E leads to stronger stratifi-
cation and a reduction in oceanic vertical heat transfer,
and thus to increased sea ice (Martinson 1990; Marsland
and Wolff 2001; Goosse and Zunz 2014). Observational
estimates of P — E over the Southern Ocean are highly
uncertain: there are no direct measurements of pre-
cipitation over the ocean and satellite estimates provide
only a snapshot in time based on the time of the scan
(e.g., Trenberth et al. 2017), while evaporation is esti-
mated from bulk formula with many uncertain inputs,
leading to considerable imbalances in global surface flux
estimates (e.g., Josey et al. 2013). As such, there is a
large spread in observational products and reanalysis
(Fig. 1). A detailed assessment of P — E trends in vari-
ous reanalyses since 1989 found no robust widespread
precipitation trends over the sea ice region, and a large
disagreement between different reanalyses (Bromwich
et al. 2011). However, most estimates suggest that there
has been an increase in precipitation and P — E over the
Southern Ocean south of 50°S since 1979 (Fig. 1), and
this is consistent with the multidecadal broad-scale
freshening that has been reported in numerous in-
dependent studies (Durack and Wijffels 2010; Helm
etal. 2010; de Lavergne et al. 2014; Haumann et al. 2016).

Measurements of surface salinity provide an integrated
view of freshwater input changes, and the surface fresh-
ening seen since 1950 (Fig. 1a; Durack and Wijffels 2010;
de Lavergne et al. 2014), along with interior freshening
(e.g., Wong et al. 1999), further suggest that there has been
an increase in broad-scale freshwater input, likely in-
cluding an increase in P — E over the Southern Ocean
(e.g., Durack et al. 2012; de Lavergne et al. 2014). This
increase is also in agreement with the positive trend in the
southern annular mode (SAM) observed over the latter
half of the twentieth century (Marshall 2003), associated
with a poleward shift and intensification in the extra-
tropical westerly wind jet and storm tracks (e.g.,
Thompson and Solomon 2002; Fyfe 2003; Frederiksen and
Frederiksen 2007). These SAM changes have previously
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FIG. 1. Trends over 1950-2000: (a) observed SSS trends from Durack and Wijffels (2010);
(b) zonal-mean SSS trends for observations (Durack and Wijffels 2010) and CMIP5 models;
(c) zonal-mean precipitation trends for observations (ERA-Interim, COREv2, GPCPv2.2,
CMAP standard, and CMAP enhanced) and CMIP5 models; and (d) zonal-mean P — E trends
for observations (ERA-Interim and COREv2) and CMIP5 models. In (a), stippling indicates
significance at the 95% level. In (b), observations are shown with a dashed black line. In (c),(d),
observations are shown with colored lines and vary in the time periods they cover (refer to
section 2). In (b)—(d), CMIP5 models are shown with gray lines, and the ACCESS1.0 CMIP5

run is shown with a dark blue line.
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been suggested to increase precipitation over the high-
latitude Southern Ocean (while decreasing precipitation in
midlatitudes; e.g., Son et al. 2009), with less influence on
evaporation (Purich and Son 2012), thus enhancing total
P — E over a broad region of the high-latitude Southern
Ocean (including well north of the sea ice margin). The
goal of this study is to better understand the role of this
broad-scale freshening of the surface Southern Ocean on
both surface cooling and Antarctic sea ice trends.
Further, while CMIP5 models capture the observed
sign of the recent SAM trend, they tend to underestimate
its strength, and the trend in the westerly wind jet (Swart
and Fyfe 2012; Wilcox et al. 2012; Bracegirdle et al. 2013;
Mahlstein et al. 2013; Purich et al. 2013). The CMIP5
models also either underestimate or fail to capture the
surface freshening seen in observations over 1950-2000
between 50° and 60°S: of the models that exhibit surface
freshening, all underestimate the strength of the observed
freshening, and only five models are within the observa-
tional uncertainty range (Figs. 1b and 2; Durack 2015).
That is, 26 out of 31 CMIP5 models assessed in this study
show sea surface salinity (SSS) trends over 50°-60°S that
are inconsistent with the observed freshening (Fig. 2).
When multiple realizations per model are considered, 60
out of 68 CMIPS realizations show SSS trends that are
inconsistent with the observed freshening (Fig. S1 in the
supplemental material). This is likely due to model pre-
cipitation and cloud biases; however, uncertainty in ob-
served P — E makes it difficult to assess the extent to
which models underestimate changes in precipitation
(Fig. 1c) and P — E (Fig. 1d). Internal variability may also
play a role in contributing to the observed trend. In any
case, Fig. 1b indicates that for almost all cases, the model’s
simulation of the recent multidecadal surface freshening is
weaker than observed. In addition to precipitation
biases, a component of the SSS freshening could be due to
increased ice shelf melt, land-ice melt, or an increase in
northward sea ice advection and melt. It is thus difficult to
fully separate the processes that might be biased in CMIP5
models. Either way, as high-latitude surface freshening is
associated with surface cooling and a sea ice increase, this
may be another factor contributing to the CMIP5 models’
excessive Southern Ocean surface warming contrasting
with the observed surface cooling (Marshall et al. 2014;
Purich et al. 2016a) and sea ice decline contrasting with
the observed increases (Mahlstein et al. 2013; Polvani
and Smith 2013; Swart and Fyfe 2013; Turner et al. 2013;
Zunz et al. 2013; Gagné et al. 2015) over recent decades.
Understanding whether an underestimated broad-scale
freshening may have contributed to the differences be-
tween observed and CMIPS trends provides further mo-
tivation for investigating the role of broad-scale
freshening in driving Southern Ocean surface changes.
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In this study we perform experiments using the Aus-
tralian Community Climate and Earth-System Simula-
tor, version 1.0 (ACCESS1.0), a global coupled climate
model participating in CMIP5. In a recent CMIP5 as-
sessment this model was found to be one of the best in
the suite for simulating regional distribution and extent
of Antarctic sea ice (Ivanova et al. 2016). We apply
an idealized freshwater flux over the high-latitude
Southern Ocean between 55° and 70°S, with the aim of
achieving a SSS trend similar in magnitude to the
Durack and Wijffels (2010) trend. The sea surface
temperature (SST) and sea ice responses to the broad-
scale freshwater input are examined and the regional
pattern of changes and sea ice feedbacks are discussed.
We also make a comparison with CMIP5 output. Our
results suggest that recent multidecadal trends in large-
scale surface salinity over the Southern Ocean have
played a role in the observed surface cooling seen in this
region. In addition, our simulations suggest that the
underestimation of observed surface freshening by
CMIPS5 models is an important factor contributing to the
SST warming and Antarctic sea ice decline seen in al-
most all CMIP5 models, at odds with observed trends.
While diagnosed as an important factor here, we find
that a uniform freshening alone cannot fully account for
the model-observation differences. Other factors, such
as decadal variability (Li et al. 2014; Simpkins et al. 2014;
Meehl et al. 2016; Purich et al. 2016b), responses to
greenhouse gas forcing (Armour et al. 2016) and strato-
spheric ozone forcing (Turner et al. 2009), and wind forc-
ing effects (Holland and Kwok 2012; Fan et al. 2014;
Purich et al. 2016a) are likely also important.

2. Data and methods
a. Model description

The ACCESS1.0 model is a fully coupled global cli-
mate model, developed by the Commonwealth Scien-
tific and Industrial Research Organisation and the
Australian Bureau of Meteorology (Bi et al. 2013b). It is
built by coupling the United Kingdom Met Office at-
mospheric Unified Model (UM; Davies et al. 2005;
Martin et al. 2010, 2011) to the Geophysical Fluid Dy-
namics Laboratory Modular Ocean Model, version 4.1
(MOM4.1; Griffies et al. 2010), and the Los Alamos
National Laboratory sea ice model, version 4.1
(CICEA4.1; Hunke and Lipscomb 2010), as described in
Bi et al. (2013a). These model components are coupled
using the Centre Européen de Recherche et de For-
mation Avancée en Calcul Scientifique Ocean Atmo-
sphere Sea Ice Soil, version 3.2 (OASIS3.2; Valcke
2006), coupling framework. ACCESS1.0 is configured
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FIG. 2. Trends in SSS over 1950-2000, area averaged over 50°-60°S. The first available re-
alization for each CMIP5 model is shown, along with the CMIP5 multimodel mean and the
Durack and Wijffels (2010) observational estimate. Error bars show the approximate 95%
confidence estimates of the observed trend, and horizontal dashed lines are included for
comparison between the CMIPS5 trends and observations.

with the Met Office Hadley Centre Global Environment
Model, version 2 (HadGEM2, r1.1) atmospheric physics
and the Met Office Surface Exchange Scheme land
surface model, version 2. The atmospheric component of
the model used here has a Gaussian N96 horizontal reso-
lution of approximately 1.25° latitude X 1.875° longitude
and 38 vertical levels. The ACCESS1.0 configuration of
MOMA4.1 and CICEA.1 has 360 longitude X 300 latitude
grid points on a logically rectangular grid with enhanced
resolution at the equator and 50 vertical levels with 10-m
resolution in the upper 200m (Bi et al. 2013b).

b. Experimental design

Using ACCESS1.0 in fully coupled configuration,
simulations with an additional freshwater flux into the
ocean component are branched from a preindustrial
control (piControl) run. We refer to these as the fresh-
water simulations. Freshwater simulations have the
same forcings as for the ACCESS1.0 CMIPS5 piControl
run, including preindustrial atmospheric concentrations
of CO,, CHy, N>,O, and Os;, the solar constant, aerosol
emissions, seasonally varying biogenic aerosol concen-
trations, and a background SO, outgassing flux, but with
the stratosphere clear of volcanic aerosols (Bi et al.
2013b; Dix et al. 2013). This experimental design was
chosen rather than including historical and future sce-
nario forcings to isolate the influence of Southern Ocean
surface freshening on the climate system from other
confounding factors. Five ensemble members are
branched from different years of the piControl run, each
five years apart, and run for 50 years. We consider the
five-member ensemble to investigate the role of un-
forced variability on these relatively short simulations.

Our aim is to simulate a clear freshening signal of
similar magnitude to the broad-scale freshening of the
Durack and Wijffels (2010) SSS trend that will allow an

investigation into the influence of this observed surface
freshening on regional hydrography and circulation. We
are not initially trying to replicate the observed SSS
trend exactly (although later on we consider SSS re-
storing experiments that match the observed geographic
distribution), but rather use an idealized freshwater
forcing to obtain freshening trends of approximately
comparable magnitude. To achieve this, an identical
freshwater flux is added to each ensemble member as an
additional P — E flux into the ocean model component
over 55°-70°S, while the atmosphere, sea ice, and ocean
are able to freely evolve to this additional flux. The
additional P — E fluxis applied as a P — E flux correction,
to augment the P — E flux received due to atmospheric
processes, rather than by prescribing the total P — E.
This yields a surface freshening trend under otherwise
piControl conditions. The added freshwater flux is
constant over 55°-70°S, and zero elsewhere, and in-
creases by a constant amount each year, representing an
annually increasing linear trend in P — E. Because of
model sensitivity assessed in short tests, a freshwater
flux trend of 0.1 mmday ' (10yr) ' is applied, which
yields a clear freshening signal as desired (Fig. 3b). This
is considerably larger than the P — E trend simulated by
the CMIP5 models as shown in Fig. 1d.

c. Observational and CMIP5 datasets

We compare output from the ACCESS1.0 freshwater
simulations to various observationally based datasets.
For surface and subsurface salinity, we utilize trends
from Durack and Wijffels (2010), calculated for 1950—
2000. We also utilize potential temperature trends from
Durack and Wijffels (2010). For surface trends over
1979-2013 we use SST from the Hadley Centre Sea Ice
and Sea Surface Temperature dataset (HadISST; Rayner
et al. 2003; http://www.metoffice.gov.uk/hadobs/hadisst/)
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FIG. 3. (left) Observed and (right) ensemble-mean 50-yr trends from the ACCESS1.0 freshwater simulations:
(a),(b) SSS trends, (c),(d) SST trends, and (e),(f) SIC trends. In all panels, stippling indicates trend significance at
the 95% level. Observations are from Durack and Wijffels (2010) (1950-2000) in (a), HadISST (1979-2013) in

(c), and NSIDC bootstrap (1979-2013) in (e).

and passive microwave sea ice concentration (SIC) pro-
cessed using the National Snow and Ice Data Center
(NSIDC) bootstrap algorithm (Comiso and Nishio 2008;
Meier et al. 2015). For area-averaged SIE we make use of

the NSIDC SIE index (Fetterer et al. 2002). We note that
there is an inconsistency in the time periods of the dif-
ferent observational datasets assessed here. Continuous
observations of Antarctic sea ice are limited to the
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satellite period 1979-2013 and one of the motivations of
this research is to better understand the drivers of Ant-
arctic sea ice trends over this time. While HadISST ex-
tends back far earlier than 1979, analyzing the same
period as for sea ice is useful in understanding how SST
and sea ice trends are related. This also has the added
benefit of using the temporal period where satellite data
coverage provides the dominant measurement inputs for
HadISST. Unfortunately, observations of SSS and sub-
surface fields are severely limited, and although shorter
period trend estimates do exist (e.g., over 1970-2004
Durack et al. 2014), error estimates increase markedly, as
the primary limitation in Southern Hemisphere trends
is a lack of data. Over shorter time periods interannual—
decadal variability also dominates, whereas over longer
periods such as 1950-2000, trends are more coherent and
physically interpretable. Based on this limitation, despite
not aligning with the satellite-measured sea ice and SST
period, we choose to assess the 1950-2000 SSS and sub-
surface trends. Changes over the various periods are all
scaled to show the trend per decade, to allow for an easier
comparison across the differing time scales of the prod-
ucts analyzed.

Data sparsity is a considerable challenge when assess-
ing the pre-Argo period for global ocean temperature and
salinity changes, and is a particular problem in the
sparsely sampled Southern Hemisphere. Durack and
Wijtfels (2010) discuss the issue of data sparsity and
provide uncertainty estimates for the presented trend
results. Table 1 in Durack and Wijffels (2010) also in-
cludes error estimates for regional comparisons to other
published literature. We note that other studies that have
assessed trends in salinity have also attempted to provide
uncertainty estimates: the Durack and Wijffels (2010)
analysis is one of at least five studies (see also Boyer et al.
2005; Hosoda et al. 2009; Helm et al. 2010; Skliris et al.
2014) that have assessed salinity changes for the global
ocean. Each of these studies reports a considerable broad-
scale freshening for the Southern Ocean. A recent Southern
Ocean regionally focused study by de Lavergne et al. (2014)
has reproduced the freshening patterns using very different
methodologies to previous studies (see their Fig. 2), strongly
suggesting that the Southern Ocean surface freshening is a
real observed feature, with the obvious caveat that all ob-
served estimates are limited by measurements.

To support our findings based on the Durack and
Wijffels (2010) dataset, we undertook a parallel analysis
using the EN4.2.0 dataset (Good et al. 2013; see also
Fig. S2 in the supplemental material). The EN4.2.0
dataset is not optimized for trend calculation (rather the
dataset is focused on ‘“‘reconstructing” each month of
the ocean state from 1900 to 2017), and therefore is
highly sensitive to data sparsity and ‘‘zero anomalies.”
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However, when we contrast the same period analyzed in
Durack and Wijffels (2010), we get similar spatial pat-
terns for the key features we are assessing (e.g., broad-
scale freshening south of 50°S but with increased salinity
in the Bellingshausen and eastern Amundsen Seas, part
of the Weddell Sea, the Cosmonauts Sea, and around
140°E), although with smaller magnitudes.

As mentioned above, observational estimates of P — E
over the Southern Ocean are highly uncertain (e.g.,
Josey et al. 2013; Bromwich et al. 2011). We compare
various precipitation and evaporation datasets, in-
cluding Global Precipitation Climatology Project,
version 2.2 (GPCPv2.2), precipitation over 1979-2013
(Adler et al. 2003), CPC Merged Analysis of Pre-
cipitation (CMAP) standard and enhanced precipitation
over 1979-2013 (Xie and Arkin 1997), ERA-Interim
precipitation and evaporation over 1979-2013 (Dee
et al. 2011), and Co-ordinated Ocean-Ice Reference
Experiments, version 2 (COREV2), precipitation and
evaporation over 1979-2006 (Large and Yeager 2009).
We do not include the National Centers for Environ-
mental Prediction (NCEP)-National Center for Atmo-
spheric Research (NCAR) reanalysis precipitation and
evaporation, as this reanalysis is already incorporated in
the CMAP enhanced precipitation product, and in the
COREW? fields. We emphasize the limitations with ob-
servational precipitation and evaporation products over
the Southern Ocean, as discussed in the introduction,
and as such rely on surface salinity to provide an in-
tegrated view of freshwater input changes.

CMIPS data from 31 models with a total of 68 runs
are also analyzed (see Table S1 in the supplemental
material for a list of models). All models with required
variables available (SSS, SST, SIC, potential tempera-
ture, precipitation, and evaporation) for the historical
experiment over 1950-2005 and the representative
concentration pathway 8.5 (RCP8.5; high emission sce-
nario) experiment over 2006-13 are included in the
analysis. As all scenarios have similar forcings over
200613, the choice of RCP8.5 is arbitrary.

d. Data analysis

Prior to analysis all ACCESS1.0 and observational
data are bilinearly regridded to a 1° X 1° grid. Because
of the large amount of data dealing with the CMIP5
ensemble, CMIP5 data are bilinearly regridded to a
2° X 2° grid. Annual and seasonal averages are then
calculated.

Gridpoint linear trends of surface fields are calcu-
lated. The significance of observed trends is determined
using the two-sided Student’s ¢ test at the 95% confi-
dence level. Autocorrelation was accounted for by de-
fining the effective sample size N as follows:



2620

1—r,
Neff_N(1+rl>’ (l)

where N is the sample size, and r; is the lag-1 autocorre-
lation of the detrended time series of interest (Simpkins
et al. 2012). Note that gridpoint SSS trends and an estimate
of error are provided directly from Durack and Wijffels
(2010) and are simply area averaged here, and that the
different observational products vary in the time periods
for which they are available. Ensemble mean trends for the
freshwater simulations are calculated by taking the linear
trend in each 50-yr simulation, dedrifting by removing the
linear trend in the piControl for the corresponding 50-yr
period (e.g., Sen Gupta et al. 2013), and then averaging
across the five simulations. Significance of ensemble mean
trends is determined when the absolute value of the en-
semble mean trend is greater than two standard deviations
of the intermember spread (~95% confidence level).

Zonal mean linear trends of subsurface fields are calcu-
lated by first taking the three-dimensional trends and then
averaging zonally. Salinity and potential temperature trends
provided by Durack and Wijtfels (2010) are simply averaged
zonally. Note that the significance of these observed trends is
also averaged zonally, and so should be considered as a guide
only. As for the surface fields, 50-yr trends for individual
ensemble members are first calculated, and then dedrifted by
removing the zonal-mean trend in the piControl for the
corresponding 50-yr period. Dedrifted trends are then av-
eraged to determine the ensemble mean trend. Significance
is determined when the absolute value of the ensemble mean
trend is greater than two standard deviations of the inter-
member spread (~95% confidence level).

Zonal mean trends are calculated for the CMIPS
models over 1950-2000. However, for area-averaged
metrics we consider trends over 1979-2013, for com-
parison with satellite-based observational estimates of
SST (HadISST) and SIC (NSIDC bootstrap). Area-
averaged SSS and SST are calculated over 55°-70°S
and SIE is calculated as the total area where SIC exceeds
15%. Comparable metrics are calculated for the obser-
vational products, and for the freshwater simulations.

3. Results
a. Freshwater simulations

Observed and ensemble mean trend maps are shown
in Fig. 3, displaying the regional patterns of trends. The
Durack and Wijffels (2010) SSS trends (Fig. 3a) show
substantial freshening over the Southern Ocean, al-
though there is a notable increase in surface salinity
in the Bellingshausen Sea. HadISST cooling (Fig. 3c)
is seen in all regions, except near the coast in the
Amundsen and Bellingshausen Seas, where a significant
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warming is seen. Except for a region of increased salinity
off east Antarctica and a weak increase in the Weddell
Sea, the regions of cooling tend to align well with the
regions of freshening, and vice versa, despite comparing
the Durack and Wijffels (2010) and HadISST datasets
over different periods for the reasons outlined in the
data and methods section. These two trend maps
(Figs. 3a,c) have an uncentered pattern correlation co-
efficient of r = 0.50 (see also Fig. S3 in the supplemental
material). Sea ice changes largely mirror SST changes
(Fig. 3e), with increased SIC in most regions around
Antarctica, but decreased SIC in the Amundsen and
Bellingshausen Seas, and in the outer Weddell Sea.
The broad-scale trends seen in the observations are
also captured in the freshwater simulations: applying an
idealized increased freshwater flux into the ocean causes
an SSS freshening (Fig. 3b), increasing the surface sta-
bility. All ensemble members simulate a freshening
trend in SSS over 50°-70°S in response to the applied
freshwater flux, although it is worth noting that the
simulated zonal-mean freshening in response to the
applied P — E flux is stronger than the observed fresh-
ening. The increased stability reduces convective over-
turning, resulting in less entrainment of heat into the
mixed layer, and can also result in reduced upward
vertical isopycnal heat transport (Gregory 2000; Kirkman
and Bitz 2011). In response to the surface freshening, all
ensemble members also show a broad-scale surface
cooling, accompanied by increased sea ice coverage oc-
curs in most regions (Figs. 3d,f). As for the observations,
there is a strong relationship between regions of fresh-
ening (Fig. 3b) and cooling (Fig. 3d) in the freshwater
simulations, with these two trend maps having an un-
centered pattern correlation of r = 0.86 (see also Fig. S3).
Zonal-mean trend patterns in simulated salinity
(Fig. 4b) and potential temperature (Fig. 5b) reveal a
high-latitude freshening and cooling of the surface layer,
with warming below (discussed further below). These
patterns indicate a reduction in cool season convective
overturning between approximately 60° and 70°S (Fig. 5b)
as a result of increased surface stability, with less entrain-
ment of warmer subsurface waters to the surface ocean
when convection is reduced. Similar to Kirkman and Bitz
(2011), we also assess trends in water age, which acts as a
tracer in ACCESS1.0 and indicates the length of time
since a parcel of water has been at the surface. Regional
agreement between areas of subsurface warming and in-
creased water age' (Fig. 6) provides further indication that

! The uncentered pattern correlation coefficients between poten-
tial temperature and water age increase with depth from r = 0.01
at55mtor = 0.46 at 537 m and r = 0.92 at 2183 m (see also Fig. S4in
the supplemental material).
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(b) ACCESS1.0 salinity trends (PSU (10 y)™)
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FIG. 4. Zonal-mean 50-yr salinity trends: (a) observed salinity trends from Durack and Wijffels (2010);
(b) ensemble-mean trends from the ACCESS1.0 freshwater simulations; (c¢) CMIP5 multimodel mean trends over
1950-2000; and (d) sum of ACCESS1.0 freshwater ensemble mean trends and CMIP5 multimodel mean trends [i.e.,
(b) + (¢)]. In (a)—(c), stippling indicates trend significance at the 95% level.

reduced ocean convection is causing the subsurface
warming (and accompanying surface cooling), as this
would correspond to a decreased input of young water, as
also identified in the simulations by Kirkman and Bitz
(2011). Along-isopycnal mixing changes may also
contribute to the similarities between potential tempera-
ture and water age trends in this region (Gregory 2000;
Kirkman and Bitz 2011).

Increased total surface heat fluxes into the ocean be-
tween 60° and 70°S (Fig. 7a) suggest that the surface heat
fluxes largely respond to the SST and sea ice changes,
not the other way around. In particular, the heat flux
trends are an indicator of increased sea ice and surface
cooling in response to the changes in ocean circulation
(i.e., less heat is lost to the atmosphere when ice cover is
increased, and in ice-free areas more sensible heat is
transferred from the atmosphere to the cooler ocean
surface; there is also reduced heat loss via outgoing
longwave radiation changes). However, between 50°
and 60°S there is a weak decrease in the total surface
heat flux into the ocean (Fig. 7a). This is likely due to a
secondary mechanism related to the reduced ocean

convection, whereby a broad-scale shoaling of the mixed
layer (Fig. 7b), particularly during austral winter
(Fig. 7d), allows more sensible heat loss from the surface
during wintertime (Fig. 7c). This leads to a weak de-
crease in the annual-mean total heat flux into the ocean
over 50°-60°S, contributing to the surface cooling in
this region.

Despite a zonal-mean freshwater flux being applied
in the simulations, regional patterns also emerge. Of
particular note, broad significant SSS trends are not
seen in the Ross Sea, which may be a result of spurious
deep convection simulated by ACCESS1.0 in this re-
gion (Fig. 7b; see also de Lavergne et al. 2014), and as a
result there is weak (and largely insignificant) warming
in this region (Fig. 3d), and a decreasing sea ice trend (a
portion of which is significant; Fig. 3f). This contrasts
the strong cooling and sea ice growth in the Ross Sea
seen in observations (Figs. 3c,e), which have been
linked to atmospheric circulation patterns associated
with decadal variability (e.g., Meehl et al. 2016; Purich
et al. 2016b). A zonal-mean surface freshening and
cooling can be seen in all seasons (shown for austral
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(a) D&W 2010 potential temperature trends (°C (10 y)™)
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(b) ACCESS1.0 potential temperature trends (°C (10 y)™)
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FIG. 5. As in Fig. 4, but for zonal-mean 50-yr potential temperature trends.

summer and winter in Figs. S5 and S6, respectively, in
the supplemental material). Sea ice trends respond
to the seasonal cycle of growth and retreat, being larg-
est closer to the coast in summer (Fig. S5) and in the
outer ice pack in winter (Fig. S6). While a constant
freshwater flux is applied into the ocean model com-
ponent of ACCESS1.0 over 55°-70°S, the model is free
to redistribute this freshwater elsewhere. Over the an-
nual cycle, the additional freshwater input at high lati-
tudes in the model increases SIC, and exports sea ice
equatorward where it melts, highlighting the impor-
tance of the freshwater redistribution by sea ice, as also
discussed in Kirkman and Bitz (2011) and Haumann
et al. (2016).

b. Further assessment of subsurface trends

Given the idealized nature of the applied freshwater
forcing simulations, it is far from surprising to see dif-
ferences between the zonal-mean latitude versus depth
salinity trends in observations and the freshwater sim-
ulations. The observed freshening (Fig. 4a) is strongest
at the surface to 150m between 45° and 70°S, and ex-
tends to 1500-m depth between 30° and 40°S, whereas
the simulated freshening (Fig. 4b) is strongest at the

surface to 150m between 40° and 70°S. The simulated
subsurface freshening does not extend as deep as ob-
served, extending to 1100 m between 30° and 40°S, and
does not extend as far equatorward. This could be due to
overly strong diffusive mixing of the anomalous low-
salinity waters, a chronic problem in non-eddy-resolving
ocean models (England 1993), or because the freshwater
simulations do not include surface temperature changes,
which have been shown to be important to replicate
observed subsurface salinity changes (Lago et al. 2016).
Both observations and the freshwater forcing simula-
tions also exhibit a surface salinification north of 30°S.
Salinity increases are stronger and more pervasive in
observations than in the freshwater forcing simulations,
because the primary drivers of the observed SSS in-
crease relate to a poleward migration of the midlatitude
westerly wind jet and storm tracks, which in turn sees
precipitation and the northward transport of cool
freshwater diminish at this latitude band (e.g., Sen
Gupta and England 2006). In contrast, in the freshwater
forcing simulations no wind shift is imposed, leaving
only the local stratification changes (and any other as-
sociated feedbacks) as the major mechanism for surface
water mass change.
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(a) 55 m pot. temp. trends (°C (10 y)™) (b) 55 m water age trends (y (10 y)™)
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FIG. 6. Ensemble-mean 50-yr trends for (left) potential temperature and (right) water age from the AC-
CESSL1.0 freshwater simulations. Water age acts as a tracer in ACCESS1.0 and indicates the length of time since
a parcel of water has been at the surface. Trends are shown for depths of (a),(b) 55, (c),(d) 537, and (e),
(f) 2183 m. In all panels, stippling indicates trend significance at the 95% level.

The observed trend in potential temperature (Fig. Sa) Warming of the Southern Ocean below 150m occurs
shows strong warming at the surface for all latitudes between 40° and 70°S. The freshwater simulations
(likely driven by greenhouse warming) except between (Fig. 5b) show a surface cooling over the Southern
55° and 70°S, where there is an absence of warming. Ocean, strongest between 40° and 70°S to 100m.
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FIG. 7. Ensemble-mean 50-yr trends for (left) zonal-mean surface heat fluxes and (right) mixed layer depth.
Trends are shown for (a),(b) the annual mean and (c),(d) austral winter (JJA). In (b),(d), the color bar is nonlinear,
with green and purple shading indicating trends in the regions of deep ocean convection, and stippling indicates

trend significance at the 95% level.

Between 60° and 70°S a significant warming signal is
seen extending to 3000 m. As discussed above, the sim-
ulated salinity and potential temperature signals in-
dicate an increase in surface stability, reducing
convective overturning in the Southern Ocean, and thus
also the upwelling of warmer subsurface waters,
causing a cooling at the surface and warming below (as
in, e.g., Martinson 1990; Marsland and Wolff 2001). This
surface cooling is then conducive to increased sea ice, as
seen in the surface trend map (Fig. 3e).

Despite the differences discussed above, the fresh-
water simulations capture the observed subsurface sa-
linity pattern much more accurately than the CMIP5
multimodel mean does (Fig. 4c). However, without
increased radiative forcing in the freshwater simula-
tions, it is not expected that the simulated potential
temperature trends (Fig. 5b) will capture all charac-
teristics of the observed trends (Fig. 5a). For compar-
ison, the potential temperature trends from the CMIP5
multimodel mean are shown in Fig. Sc. This panel
represents the modeled estimate of the long-term mean
climate system response to increased radiative forcing
with variability averaged out. As with observations, a
surface warming is seen in the CMIP5 multimodel

mean, extending to 2000 m around 50°S. However, as
discussed in the introduction, the CMIP5 multimodel
mean does not exhibit Southern Ocean surface cooling,
or freshening, in contrast to observations. Further, the
CMIPS multimodel mean warming is weaker than ob-
served between 150 and 900 m at 70°S. Linear addition of
the freshwater simulation trend pattern (Fig. 5b) and the
CMIPS5 multimodel mean trend pattern (Fig. 5¢) yields
the pattern shown in Fig. 5d. We add these two trend
patterns as while many of the CMIP5 models do show
some freshening associated with historical forcings
(Figs. 1b and 2), it is generally underestimated compared
to observations over the high latitudes. Adding the
CMIPS5 multimodel mean with underestimated surface
freshening (Figs. 4c and 5c¢) to the freshwater simulations
without historical forcings (Figs. 4b and 5b) thus
provides a useful qualitative comparison to the observa-
tions (Figs. 4d and 5d). Qualitatively, this pattern better
captures the 55°-70°S surface cooling and subsurface
warming than the CMIP5 multimodel mean alone. This
suggests that both Southern Ocean surface freshening
and increased radiative forcing are important compo-
nents in influencing the high-latitude trends in
temperature.
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c¢. Intermodel trend comparison

We next consider the intermodel relationships between
the CMIP5 models and the freshwater simulations, to
better understand the role freshwater forcing has in
influencing Southern Ocean trends. Figure 8 shows area-
averaged trends in Southern Ocean SSS, SST, and SIE
for observations (black asterisk), freshwater simula-
tions (colored dots), and CMIP5 models (gray dots). For
comparison, the trend from the ACCESS1.0 realization
submitted to CMIP5 is also highlighted (small dark blue
dot and hereafter referred to as ACCESS1.0 CMIP5).
We are particularly interested in the role freshwater
forcing plays in influencing the observed sea ice trends,
so here we focus on 35-yr trends in all metrics to match
the observational sea ice record (as opposed to the 50-yr
trends considered previously). Observed SIE and SST
trends and CMIPS SIE, SST, and SSS trends are all
calculated over 1979-2013, and all freshwater simulation
trends are calculated over the last 35 years of each run to
compare periods of equal length. However, because of
observational limitations as discussion in section 2c,
observed SSS trends are still calculated over 1950-2000.

A moderate intermodel relationships is seen between
trends in SSS and SST (Fig. 8a), and strong intermodel
relationships are seen between trends in SIE and SST
(Fig. 8b), and trends in SIE and SSS (Fig. 8c). In all cases
the intermodel relationship between CMIP5 models is
statistically significant (p < 0.05), although we note that
the SST-SSS significance (Fig. 8a) is dependent on in-
clusion of models at the tail end of the distribution
(strong warming and increased salinity), and the ob-
served and ACCESS1.0 freshwater simulation trends fit
the relationship shown by the CMIPS models. Models or
runs that show a stronger surface freshening also tend to
show a stronger surface cooling and an increase in sea
ice (or at least a weaker decrease in sea ice). Models or
runs that show a stronger surface salinification tend to
warm more and show a larger decline in sea ice.

«—

the freshwater ensemble mean is shown by a black dot, observa-
tions are shown by a black asterisk, the CMIP5 multimodel mean is
shown by a dark gray dot, the CMIPS5 models are shown by light
gray markers, and the ACCESS1.0 CMIPS run is shown by a small
dark blue marker. Observed SST and SIE trends and CMIP5 trends
are calculated over 1979-2013. Freshwater simulation trends are
calculated for the last 35 years of the experiments, to cover
a comparable length period to the CMIP5 models and SIE and SST
observations. Because of observational limitations as discussed in
section 2¢, observed SSS trends are calculated over 1950-2000 (i.e.,
the observed SSS trends cover a different period of different length
than all other points shown).
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The majority of CMIP5 models do not simulate a surface
cooling and increase in sea ice (Fig. 8b), as seen in obser-
vations, which has previously been linked in part to a
summertime mechanism related to underestimation of the
westerly wind intensification, leading to an underestimation
of increased Ekman upwelling, which in summer is asso-
ciated with surface cooling (Purich et al. 2016a). This in-
termodel relationship occurs because during summer the
surface water that receives shortwave radiation resides in a
thin layer at the surface (0-20m), forming a cap over cool
winter water (20-150 m). Thus, enhanced Ekman upwelling
during summer brings cooler winter water to the surface,
and this surface cooling spreads north as a result of equa-
torward Ekman transport. Wind-driven Ekman upwelling
seems to dominate over salinity-driven stratification during
summer, and thus the intermodel trend relationship be-
tween SSS and SST is not statistically significant (Fig. S7 in
the supplemental material).

During winter there is no warm layer at the surface,
and the ocean is stratified between cold freshwater at the
surface and warm salty water at depth. Given these
water column characteristics, salinity-driven stratifica-
tion becomes more strongly linked to surface tempera-
ture, and the intermodel trend relationship between SSS
and SST is strengthened during the winter season
(Fig. S8 in the supplemental material; p < 0.01, although
again the significance of this relationship is dependent
on including models at the tail ends of the distribution).
When considering the annual-mean temperature profile,
on average warmer waters reside below cooler surface
waters; as such, increased stability and reduced upwell-
ing cause surface cooling, as seen in the relationship
between SSS and SST trends in Fig. 8a. Whereas the vast
majority of CMIP5 models do not lie in the same
quadrant as the observed trends (with SSS trends over
1950-2000), the majority of the freshwater simula-
tions and the freshwater ensemble mean trends do,
demonstrating a similarity between the freshwater sim-
ulations and observations not shared by the majority of
CMIP5 models. However, we note that while the ob-
served SSS trend over 1950-2000 provides a general
indication of the long-term trend, because of obser-
vational limitations we cannot actually know what
quadrant the observed trends with SSS calculated over
1979-2013 lie in (Figs. 8a,c). We also note that our
freshwater simulations do not include anthropogenic
forcings, so while they do indeed simulate a freshening
and cooling, this may not be the case with the same
freshening imposed under global warming conditions.

It is also worth noting the spread across the five
freshwater simulations (Fig. 8), which have identical
forcings and differ only in their initial conditions. While
the freshwater simulations fit the CMIPS intermodel
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trend relationship in each case (Figs. 8a—c), the spread
among the five ensemble members highlights that the
Southern Ocean hydrography exhibits notable multi-
decadal variability, presumably driven by multidecadal
secular variability in atmospheric forcing (e.g., via de-
cadal variability in the SAM). This also emphasizes the
limitations of assessing Southern Ocean trends over 35
years, a period that may not accurately represent longer-
term trends because of aliased multidecadal variability
(Goosse et al. 2009; Jones et al. 2016; Hobbs et al. 2016).
When 50-yr trends are considered for all metrics for both
the freshwater simulations and the CMIP5 realizations
(Fig. S9 in the supplemental material), the variability
across ensemble member trends greatly reduces, di-
minishing the spread across both the freshwater and
CMIPS simulations.

d. Salinity restoring simulations

While this study focuses on the output from the
ACCESS1.0 idealized freshwater simulations, regional
differences between observations and modeled trends in
SSS can be seen (Figs. 3a,b). In particular, the model
redistribution of the applied idealized freshwater flux
results in little surface freshening of the Ross Sea, but
considerable pooling of freshwater in the Belling-
shausen Sea (Fig. 3b), resulting in SSS trends that exhibit
an opposite dipole pattern to what is observed in these
regions (Fig. 3a). To complement the idealized fresh-
water simulations and apply more realistic geographic
distributions of trends, we also conduct a pair of SSS
restoring simulations: one is an unperturbed control run
and the second is identical to the control, but with an
applied freshening of surface salinity that spatially
matches the Durack and Wijffels (2010) trends. In the
first simulation, SSS between 40° and 70°S (with tapering
either side) is restored to the annually and monthly
varying SSS of the piControl over a 50-yr reanalyzed
segment of the run. In the second simulation, an annu-
ally increasing trend is superimposed onto the piControl
SSS in the 40°-70°S restoring region. This applied SSS
trend is set to exactly match the observed Durack and
Wijffels (2010) trends. Because of the different experi-
mental setup, compared to the idealized freshwater
simulations, these SSS restoring simulations enable
better resolution of the geographic distribution of ob-
served SSS trends. Both restoring simulations are
branched from the same year of the piControl and run
for 50 years each. The SSS restoring time scale is 15 days
over the upper-ocean model layer.

We difference the two SSS restoring simulations to
obtain the signal due to the Durack and Wijftels (2010)
SSS trend, shown in Fig. 9. The SSS restoring difference
pattern (Fig. 9b) accurately captures the observed SSS
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(a) D&W 2010 SSS trends (PSU (10 y)™)

(b) ACCESS1.0 SSS trends (PSU (10 y)™)
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FIG. 9. (left) Observed and (right) 50-yr trends from differencing the ACCESS1.0 SSS restoring simulations:
(a),(b) SSS trends, (c),(d) SST trends, and (e),(f) SIC trends. Note that (a),(c),(e) are identical to Figs. 3a,c,e and
are included here for direct comparison. In all panels, stippling indicates trend significance at the 95% level.

Observations are as in Fig. 3.

trend pattern (Fig. 9a), as expected given the restoring
technique, with only minor differences evident. The SST
(Fig. 9d) and SIC (Fig. 9f) trend patterns that result from
this SSS restoring approach also resemble the observed

(Figs. 9c,e) trends remarkably well. The observed
SSS changes drive cooling around most regions of
Antarctica, and an accompanying increase in sea ice in
the restoring simulations, as well as the characteristic
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warming and decrease in SIC in the Bellingshausen Sea
and along the Antarctic Peninsula. There are also some
differences between the observed and simulated trends.
In particular, in contrast to the observed cooling, a
strong warming is simulated in the South Atlantic
(Figs. 9c,d). Overall however, the SST trend patterns
south of 60°S show remarkable agreement. Minor regional
differences in the SIC trend patterns (Figs. 9¢,f) appear in
the inner Amundsen Sea and at 90°E, but overall the SIC
trend patterns show strong similarities. These SSS re-
storing simulations demonstrate that without any me-
chanical forcing associated with changing winds, SSS can
drive changes in SST, and remarkably that the regional
pattern of SSS trends can drive the dipole trends in SST
and sea ice in the Pacific sector. This reinforces the find-
ings presented above, based on the freshwater simulations
that demonstrate how reduced upwelling of warmer sub-
surface waters induced by large-scale freshening trends
has played an important role in the recent multidecadal
cooling of the surface Southern Ocean.

4. Discussion

The Southern Ocean surface has freshened in recent
decades (Durack and Wijffels 2010; de Lavergne et al.
2014), increasing water column stability and reducing
the upwelling of warm subsurface waters. While pre-
vious studies have investigated the influence of in-
creased freshwater from Antarctic ice sheet and shelf
runoff and iceberg fluxes around the continental mar-
gins (Bintanja et al. 2013, 2015; Swart and Fyfe 2013;
Pauling et al. 2016), the impact of broad-scale freshening
resulting from a combination of factors, including
freshwater redistribution by sea ice and icebergs, in-
creased ice sheet and ice shelf runoff, and P — E changes
likely associated with the positive SAM trend, has re-
ceived little attention. The possible role that this broad-
scale freshening has had on Antarctic sea ice trends and
surface Southern Ocean cooling provided the overall
motivation for this study. To this end, we examined
targeted coupled climate model simulations run using
ACCESS1.0 with increased freshwater applied to the
ocean model component over the Southern Ocean.

In terms of the total mass of freshwater applied in our
simulations, the freshwater trend of 0.1 mmday '
(10yr) ! applied in our simulations over 55°~70°S cor-
responds to a freshwater mass acceleration of approxi-
mately 112 Gtyr~2 (~5600 Gtyr ' in the last year of the
simulations), chosen to simulate a clear surface fresh-
ening as observed. To put this into context, Pauling et al.
(2016) found the increase in P — E over the Southern
Ocean (south of 50°S, not including Antarctica) from the
preindustrial period to the present day to be approximately
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2000 Gtyr ' in the CMIP5 models, although with con-
siderable spread across models (see their Fig. 5c). The
additional freshwater applied in our idealized simula-
tions is considerably higher than this, as the majority of
CMIPS5 models underestimate the surface freshening
trends over the Southern Ocean (Fig. 1b). Our idealized
freshwater simulations show that a surface freshening
causes a decrease in SST and an increase in sea ice, at-
tributed primarily to a reduction in ocean convection.
However, to achieve a cooling and SIE increase similar
to observations, a stronger than observed zonal-mean
freshening was applied (Fig. 8). This suggests that a uni-
form broad-scale surface freshening from processes in-
cluding increased P — Eis only one component contributing
to observed sea ice changes and surface cooling; other fac-
tors such as decadal variability (Meehl et al. 2016; Purich
et al. 2016b), direct wind effects (Holland and Kwok 2012;
Purich et al. 2016a), and zonal variations in SSS (as per our
SSS restoring simulations; Fig. 9) also play a critical role.
Comparisons with results from Bintanja et al. (2013),
Bintanja et al. (2015), and Pauling et al. (2016) are dif-
ficult, as their experiments added constant, rather than
increasing, amounts of freshwater, and in addition their
focus is on the impacts of Antarctic meltwater discharge,
not the broad-scale freshening due to precipitation trends
examined here. While Bintanja et al. (2013) added a
relatively modest 250 Gtyr ™! over 31 years with radiative
forcing held fixed, when differenced from their control
experiment, sea ice was found to increase. In similar
simulations with increased radiative forcing, Bintanja
et al. (2015) added only 10-120Gtyr~' of freshwater
and found that 120 Gtyr ' was enough to offset radia-
tive forcing and result in a weak increase in sea ice. On
the other hand, the surface freshwater experiments by
Pauling et al. (2016) added 1000-3000 Gtyr ', and while
they found an increase in mean-state sea ice area, they did
not find a positive trend in sea ice under increased radi-
ative forcing conditions. While these studies are very
useful in better understanding how a constant additional
freshwater flux governs changes in sea ice, motivated by
the lack of constant Antarctic ice shelf and sheet runoff
and iceberg fluxes in the CMIP5 models, without time-
varying freshwater fluxes, it is difficult to compare these
studies to the real-world surface freshening trend
that has been observed (Durack and Wijffels 2010).
The study by Swart and Fyfe (2013) is more compa-
rable to this study, as they also applied increasing
amounts of freshwater, although their freshwater
flux was only applied around the Antarctic margin,
compared to the broad-scale additional flux in our
simulations. Their additions ranged from 3.15 to
15.77 Gtyr % over 47 years (~740 Gt yr ' in the last year
of the simulation for the highest acceleration rate) and
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from 3.15 t0 31.54 Gtyr % over 29 years (~910 Gtyr ' in
the last year of the simulation for the highest accelera-
tion rate). These freshwater additions are considerably
less than those applied in our experiments, as we are in-
terested in broad-scale freshening from processes in-
cluding P — E changes, whereas Swart and Fyfe (2013)
were interested in the Antarctic ice sheet meltwater. The
simulations by Swart and Fyfe (2013) also included
increased radiative forcing, and they found that the
additional freshwater in their simulations reduced the
amount of sea ice lost, but could not reverse the neg-
ative sea ice trend. Despite this, relative to their
control experiment, their strongest freshwater mass
accelerations gave regional SIC trends on the order of
0.5-2.5% (10yr) ' [Fig. 4d in Swart and Fyfe (2013)],
which are comparable to our SIC trends (Fig. 3f).
We show that the majority of CMIP5 models un-
derestimate the observed surface freshening over the
Southern Ocean over the latter half of the twentieth
century. Based on the intermodel CMIPS5 trend re-
lationships assessed here, alongside our freshwater
anomaly experiments conducted using ACCESS1.0,
this reduced or absent freshening highly likely con-
tributes to the poor simulation of observed Southern
Ocean surface cooling and Antarctic sea ice trends in
CMIP5 models. However, compared to the CMIP5
models and the real world, we note that our freshwater
simulations are idealized and do not include anthro-
pogenic greenhouse warming. The historical and
RCP8.5 ACCESS1.0 simulation participating in CMIP5
shows a Southern Ocean SST warming of approximately
0.05°C (10yr) ! over 1979-2013, between 55° and 70°S, as
well as a weak increase in surface salinity over this lati-
tude band. In contrast, the ensemble mean of our ideal-
ized freshwater simulations shows a cooling over this
same latitude band of approximately —0.05°C (10yr) .
Similarly, the historical and RCP8.5 ACCESS1.0 simu-
lation exhibits a significant sea ice retreat over this period
[~—0.27 10°km?® (10yr)~'], while adding a surface
freshening trend in our idealized freshwater simulations
leads to the opposite sea ice tendencies; namely, an
ensemble-mean expansion in Antarctic sea ice that hap-
pens to be of similar magnitude [~0.27 10°km? (10 yr)~'].
The freshening-induced cooling we obtain could thus
clearly be one of the important factors accounting for the
regional model-observation mismatch in recent SST and
SIC trends, alongside decadal variability and direct wind
effects. Furthermore, the strong relationships obtained
between Southern Ocean surface salinity and tempera-
ture trends demonstrate the importance of surface
freshening in this region for upper-ocean thermal prop-
erties. Had the historical greenhouse warming been added
alongside the surface freshening in our idealized freshwater
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simulations, the influence of these two factors might have
more or less canceled to yield a minimal trend in Southern
Ocean SST and SIE; this will be the focus of future work
(see also Fig. S10 in the supplemental material).

Many of the features of both SST and sea ice trends in
the region, including warming and reduced sea ice in the
Amundsen and Bellingshausen Seas and cooling and in-
creased sea ice in the Ross Sea, can be accurately simu-
lated when simply imposing the observed SSS trends over
the Southern Ocean in SSS restoring simulations. This
demonstrates that upper-ocean SSS trends have been an
important component in driving regional hydrography
and circulation changes around Antarctica over the last
half century. This study also highlights the importance of
accurately simulating changes in clouds, storm tracks,
P — E, and surface salinity over the Southern Ocean to
capture changes in ocean circulation and sea ice.

Acknowledgments. This work was supported by
the Australian Research Council (ARC) including
the ARC Centre of Excellence for Climate System
Science (CE110001028), and CSIRO Oceans and
Atmosphere. A.P. was supported by an Australian
Postgraduate Award, a UNSW Research Excellence
scholarship, and a CSIRO Office of the Chief Executive
Science Leader scholarship. M.H.E. was supported by an
ARC Laureate Fellowship (FL100100214). W.C. was
supported by the Centre for Southern Hemisphere Oceans
Research, a joint research centre between QNLM and
CSIRO. The work of P.J.D. from Lawrence Livermore
National Laboratory was performed under the auspices of
the U.S. Department of Energy, Office of Science, Climate
and Environmental Sciences Division, Regional and
Global Model Analysis Program under Contract DE-
AC52-07NA27344. This research was undertaken with the
assistance of resources and services from the National
Computational Infrastructure (NCI), which is supported by
the Australian Government. Figures were produced using
the NCAR Command Language (https://doi.org/10.5065/
D6WD3XHS). We acknowledge the World Climate
Research Programme’s Working Group on Coupled
Modelling, which is responsible for CMIP, and thank
the climate modelling groups for producing and making
available their model output. We also thank the three
anonymous reviewers for their helpful comments.

REFERENCES

Adler, R. F., and Coauthors, 2003: The version-2 Global Precipitation
Climatology Project (GPCP) monthly precipitation analysis
(1979-present). J. Hydrometeor., 4, 1147-1167, https://doi.org/
10.1175/1525-7541(2003)004<1147:-TVGPCP>2.0.CO:2.

Aiken, C. M., and M. H. England, 2008: Sensitivity of the present-
day climate to freshwater forcing associated with Antarctic sea



2630

ice loss. J. Climate, 21, 3936-3946, https://doi.org/10.1175/
2007JCLI1901.1.

Armour, K. C.,J. Marshall, J. R. Scott, A. Donohoe, and E. R. Newsom,
2016: Southern Ocean warming delayed by circumpolar upwelling
and equatorward transport. Nat. Geosci., 9, 549-554, https://
doi.org/10.1038/nge02731.

Beckmann, A., and H. Goosse, 2003: A parameterization of ice
shelf-ocean interaction for climate models. Ocean Modell., 5,
157-170, https://doi.org/10.1016/S1463-5003(02)00019-7.

Bi, D., and Coauthors, 2013a: ACCESS-OM: The ocean and sea-
ice core of the ACCESS coupled model. Aust. Meteor. Oce-
anogr. J., 63, 213-232, https://doi.org/10.22499/2.6301.014.

——, and Coauthors, 2013b: The ACCESS coupled model: De-
scription, control climate and evaluation. Aust. Meteor. Oce-
anogr. J., 63, 41-64, https://doi.org/10.22499/2.6301.004.

Bintanja, R., G. van Oldenborgh, S. Drijthout, B. Wouters, and
C. Katsman, 2013: Important role for ocean warming and in-
creased ice-shelf melt in Antarctic sea-ice expansion. Nat.
Geosci., 6, 376-379, https://doi.org/10.1038/ngeo1767.

——, ——, and C. Katsman, 2015: The effect of increased fresh
water from Antarctic ice shelves on future trends in Antarctic
sea ice. Ann. Glaciol., 56, 120-126, https://doi.org/10.3189/
2015A0G69A001.

Boyer, T. P., S. Levitus, J. Antonov, R. Locarnini, and H. Garcia,
2005: Linear trends in salinity for the World Ocean, 1955-
1998. Geophys. Res. Lett., 32, L01604, https://doi.org/10.1029/
2004GL021791.

Bracegirdle, T. J., E. F. Shuckburgh, J.-B. Sallée, Z. Wang, A. J.
Meijers, N. Bruneau, T. Phillips, and L. J. Wilcox, 2013: Assess-
ment of surface winds over the Atlantic, Indian, and Pacific ocean
sectors of the Southern Ocean in CMIP5 models: Historical bias,
forcing response, and state dependence. J. Geophys. Res. Atmos.,
118, 547-562, https://doi.org/10.1002/jgrd.50153.

Bromwich, D. H., J. P. Nicolas, and A. J. Monaghan, 2011:
An assessment of precipitation changes over Antarctica
and the Southern Ocean since 1989 in contemporary global
reanalyses. J. Climate, 24, 4189-4209, https://doi.org/10.1175/
2011JCLI4074.1.

Cavalieri, D., and C. L. Parkinson, 2008: Antarctic sea ice variability
and trends, 1979-2006. J. Geophys. Res., 113, C07004, https://
doi.org/10.1029/2007JC004564.

Comiso, J. C., and F. Nishio, 2008: Trends in the sea ice cover us-
ing enhanced and compatible AMSR-E, SSM/I, and SMMR
data. J. Geophys. Res., 113, C02S07, https://doi.org/10.1029/
2007JC004257.

Davies, T., M. J. P. Cullen, A. J. Malcolm, M. H. Mawson,
A. Staniforth, A. A. White, and N. Wood, 2005: A new
dynamical core for the Met Office’s global and regional
modelling of the atmosphere. Quart. J. Roy. Meteor. Soc., 131,
1759-1782, https://doi.org/10.1256/qj.04.101.

Dee, D., and Coauthors, 2011: The ERA-Interim reanalysis:
Configuration and performance of the data assimilation sys-
tem. Quart. J. Roy. Meteor. Soc., 137, 553-597, https://doi.org/
10.1002/q;j.828.

de Lavergne, C., J. B. Palter, E. D. Galbraith, R. Bernardello,
and 1. Marinov, 2014: Cessation of deep convection in the
open Southern Ocean under anthropogenic climate change.
Nat. Climate Change, 4, 278-282, https://doi.org/10.1038/
nclimate2132.

Dix, M., and Coauthors, 2013: The ACCESS coupled model:
Documentation of core CMIPS simulations and initial results.
Aust. Meteor. Oceanogr. J., 63, 83-99, https://doi.org/10.22499/
2.6301.006.

JOURNAL OF CLIMATE

VOLUME 31

Durack, P. J., 2015: Ocean salinity and the global water
cycle. Oceanography, 28, 20-31, https://doi.org/10.5670/
oceanog.2015.03.

——, and S. E. Wijffels, 2010: Fifty-year trends in global ocean sa-
linities and their relationship to broad-scale warming. J. Climate,
23, 43424362, https://doi.org/10.1175/2010JCLI3377.1.

_ , and R. J. Matear, 2012: Ocean salinities reveal strong
global water cycle intensification during 1950 to 2000. Science,
336, 455458, https://doi.org/10.1126/science.1212222.

——, P. J. Gleckler, F. W. Landerer, and K. E. Taylor, 2014:
Quantifying underestimates of long-term upper-ocean warm-
ing. Nat. Climate Change, 4, 999-1005, https://doi.org/10.1038/
nclimate2389.

England, M. H., 1993: Representing the global-scale water masses
in ocean general circulation models. J. Phys. Oceanogr., 23,
1523-1552, https://doi.org/10.1175/1520-0485(1993)023<1523:
RTGSWM>2.0.CO;2.

Fan, T., C. Deser, and D. P. Schneider, 2014: Recent Antarctic sea
ice trends in the context of Southern Ocean surface climate
variations since 1950. Geophys. Res. Lett., 41, 2419-2426,
https://doi.org/10.1002/2014GL059239.

Fetterer, F., K. Knowles, W. Meier, and M. Savoie, 2002: Sea Ice
Index (subset: Antarctic). National Snow and Ice Data Center,
accessed February 2015, https:/doi.org/10.7265/NSKO072FS.

Frederiksen, J. S., and C. S. Frederiksen, 2007: Interdecadal
changes in Southern Hemisphere winter storm track
modes. Tellus, 59A, 599-617, https://doi.org/10.1111/
j.1600-0870.2007.00264.x.

Fyfe, J. C., 2003: Extratropical Southern Hemisphere cyclones:
Harbingers of climate change? J. Climate, 16, 2802-2805, https://
doi.org/10.1175/1520-0442(2003)016<2802:ESHCHO>2.0.CO;2.

Gagné, M.-E., N. P. Gillett, and J. C. Fyfe, 2015: Observed and
simulated changes in Antarctic sea ice extent over the past 50
years. Geophys. Res. Lett., 42, 90-95, https://doi.org/10.1002/
2014GL062231.

Good, S. A., M. J. Martin, and N. A. Rayner, 2013: EN4: Quality
controlled ocean temperature and salinity profiles and
monthly objective analyses with uncertainty estimates.
J. Geophys. Res. Oceans, 118, 6704-6716, https://doi.org/
10.1002/2013JC009067.

Goosse, H., and V. Zunz, 2014: Decadal trends in the Antarctic sea
ice extent ultimately controlled by ice—ocean feedback.
Cryosphere, 8, 453-470, https://doi.org/10.5194/tc-8-453-2014.

——, W. Lefebvre, A. de Montety, E. Crespin, and A. Orsi, 2009:
Consistent past half-century trends in the atmosphere, the sea
ice and the ocean at high southern latitudes. Climate Dyn., 33,
999-1016, https://doi.org/10.1007/s00382-008-0500-9.

Gregory, J. M., 2000: Vertical heat transports in the ocean and their
effect on time-dependent climate change. Climate Dyn., 16,
501-515, https://doi.org/10.1007/s003820000059.

Griffies, S., M. Schmidt, and M. Herzfeld, 2010: Elements of
MOM4pl. GFDL Ocean Group Tech. Rep. 6, 444 pp.

Haumann, F. A.,N. Gruber, M. Miinnich, I. Frenger, and S. Kern, 2016:
Sea-ice transport driving Southern Ocean salinity and its recent
trends. Nature, 537, 89-92, https://doi.org/10.1038/nature19101.

Hellmer, H. H., 2004: Impact of Antarctic ice shelf basal melting on
sea ice and deep ocean properties. Geophys. Res. Lett., 31,
L10307, https://doi.org/10.1029/2004GL019506.

Helm, K. P, N. L. Bindoff, and J. A. Church, 2010: Changes in
the global hydrological cycle inferred from ocean salinity. Geo-
phys. Res. Lett., 37, 1L18701, https://doi.org/10.1029/2010GL044222.

Hobbs, W. R., R. Massom, S. Stammerjohn, P. Reid, G. Williams,
and W. Meier, 2016: A review of recent changes in Southern




1 APRIL 2018

Ocean sea ice, their drivers and forcings. Global Planet. Change,
143, 228-250, https://doi.org/10.1016/j.gloplacha.2016.06.008.

Holland, P. R., and R. Kwok, 2012: Wind-driven trends in Ant-
arctic sea-ice drift. Nat. Geosci., §, 872-875, https://doi.org/
10.1038/ngeo1627.

Hosoda, S., T. Suga, N. Shikama, and K. Mizuno, 2009: Global
surface layer salinity change detected by Argo and its impli-
cation for hydrological cycle intensification. J. Oceanogr., 65,
579, https://doi.org/10.1007/s10872-009-0049-1.

Hunke, E. C., and W. H. Lipscomb, 2010: CICE: The Los Alamos
Sea Ice Model documentation and software user’s manual
version 4.1. Los Alamos National Laboratory Tech Rep.
LA-CC-06-012, 76 pp.

Ivanova, D. P., P. J. Gleckler, K. E. Taylor, P. J. Durack, and
K. D. Marvel, 2016: Moving beyond the total sea ice extent
in gauging model biases. J. Climate, 29, 8965-8987, https://
doi.org/10.1175/JCLI-D-16-0026.1.

Jones, J. M., and Coauthors, 2016: Assessing recent trends in
high-latitude Southern Hemisphere surface climate. Nat.
Climate Change, 6, 917-926, https://doi.org/10.1038/
nclimate3103.

Josey, S. A., S. Gulev, and L. Yu, 2013: Exchanges through the
ocean surface. Ocean Circulation and Climate: A 21 Century
Perspective, G. Siedler et al., Eds., Vol. 103, International
Geophysics Series, Elsevier, 115-140, https://doi.org/10.1016/
B978-0-12-391851-2.00005-2.

Kirkman, C. H., and C. M. Bitz, 2011: The effect of the sea ice
freshwater flux on Southern Ocean temperatures in CCSM3:
Deep-ocean warming and delayed surface warming. J. Climate,
24, 2224-2237, https://doi.org/10.1175/2010JCLI3625.1.

Lago, V., S. E. Wijffels, P. J. Durack, J. A. Church, N. L. Bindoff,
and S. J. Marsland, 2016: Simulating the role of surface
forcing on observed multidecadal upper-ocean salinity
changes. J. Climate, 29, 5575-5588, https://doi.org/10.1175/
JCLI-D-15-0519.1.

Large, W. G., and S. G. Yeager, 2009: The global climatology of an
interannually varying air-sea flux data set. Climate Dyn., 33,
341-364, https://doi.org/10.1007/s00382-008-0441-3.

Li, X., D. M. Holland, E. P. Gerber, and C. Yoo, 2014: Impacts of
the north and tropical Atlantic Ocean on the Antarctic Pen-
insula and sea ice. Nature, 505, 538-542, https://doi.org/
10.1038/nature12945.

Liu,J.,andJ. A. Curry, 2010: Accelerated warming of the Southern
Ocean and its impacts on the hydrological cycle and sea ice.
Proc. Natl. Acad. Sci. USA, 107,14 987-14 992, https://doi.org/
10.1073/pnas.1003336107.

Mahlstein, I., P. R. Gent, and S. Solomon, 2013: Historical Ant-
arctic mean sea ice area, sea ice trends, and winds in CMIP5
simulations. J. Geophys. Res. Atmos., 118, 5105-5110, https://
doi.org/10.1002/jgrd.50443.

Marshall, G. J., 2003: Trends in the southern annular mode from ob-
servations and reanalyses. J. Climate, 16, 4134-4143, https:/
doi.org/10.1175/1520-0442(2003)016<4134: TITSAM>2.0.CO;2.

Marshall, J., K. C. Armour, J. R. Scott, Y. Kostov, U. Hausmann,
D. Ferreira, T. G. Shepherd, and C. M. Bitz, 2014: The
ocean’s role in polar climate change: Asymmetric Arctic and
Antarctic responses to greenhouse gas and ozone forcing.
Philos. Trans. Roy. Soc., 372A, 20130040, https://doi.org/
10.1098/rsta.2013.0040.

Marsland, S. J., and J.-O. Wolff, 2001: On the sensitivity of
Southern Ocean sea ice to the surface freshwater flux: A
model study. J. Geophys. Res., 106, 2723-2741, https://doi.org/
10.1029/2000JC900086.

PURICH ET AL.

2631

Martin, G. M., and Coauthors, 2011: The HadGEM2 family of Met
Office Unified Model climate configurations. Geosci. Model
Dev., 4,723-757, https://doi.org/10.5194/gmd-4-723-2011.

——, S. F. Milton, C. A. Senior, M. E. Brooks, S. Ineson,
T. Reichler, and J. Kim, 2010: Analysis and reduction of sys-
tematic errors through a seamless approach to modeling
weather and climate. J. Climate, 23, 5933-5957, https://doi.org/
10.1175/2010JCLI3541.1.

Martinson, D. G., 1990: Evolution of the Southern Ocean winter
mixed layer and sea ice: Open ocean deepwater formation and
ventilation. J. Geophys. Res. Oceans, 95,11 641-11 654, https://
doi.org/10.1029/JC095iCO7p11641.

Meehl, G. A., J. M. Arblaster, C. M. Bitz, C. T. Chung, and
H. Teng, 2016: Antarctic sea-ice expansion between 2000 and
2014 driven by tropical Pacific decadal climate variability. Nat.
Geosci., 9, 590-595, https://doi.org/10.1038/nge02751.

Meier, W., F. Fetterer, M. Savoie, S. Mallory, R. Duerr, and
J. Stroeve, 2015: NOAA/NSIDC climate data record of pas-
sive microwave sea ice concentration, version 2 (subset:
Southern Hemisphere). NSIDC, accessed August 2014, http:/
nsidc.org/data/G02202/versions/2.

Morrison, A. K., M. H. England, and A. M. Hogg, 2015: Response
of Southern Ocean convection and abyssal overturning to
surface buoyancy perturbations. J. Climate, 28, 4263-4278,
https://doi.org/10.1175/JCLI-D-14-00110.1.

Parkinson, C. L., and D. Cavalieri, 2012: Antarctic sea ice vari-
ability and trends, 1979-2010. Cryosphere, 6, 871-880, https://
doi.org/10.5194/tc-6-871-2012.

Pauling, A. G., C. M. Bitz, I. J. Smith, and P. J. Langhorne, 2016: The
response of the Southern Ocean and Antarctic sea ice to fresh
water from ice shelves in an Earth system model. J. Climate, 29,
1655-1672, https://doi.org/10.1175/JCLI-D-15-0501.1.

Polvani, L. M., and K. L. Smith, 2013: Can natural variability ex-
plain observed Antarctic sea ice trends? New modeling evi-
dence from CMIPS. Geophys. Res. Lett., 40, 3195-3199,
https://doi.org/10.1002/grl.50578.

Purich, A., and S.-W. Son, 2012: Impact of Antarctic ozone de-
pletion and recovery on Southern Hemisphere precipitation,
evaporation, and extreme changes. J. Climate, 25, 3145-3154,
https://doi.org/10.1175/JCLI-D-11-00383.1.

——, T. Cowan, S.-K. Min, and W. Cai, 2013: Autumn precipitation
trends over Southern Hemisphere midlatitudes as simulated
by CMIP5 models. J. Climate, 26, 8341-8356, https://doi.org/
10.1175/JCLI-D-13-00007.1.

——, W. Cai, M. H. England, and T. Cowan, 2016a: Evidence for
link between modelled trends in Antarctic sea ice and un-
derestimated westerly wind changes. Nat. Commun., 7, 10409,
https://doi.org/10.1038/ncomms10409.

——, and Coauthors, 2016b: Tropical Pacific SST drivers of recent
Antarctic sea ice trends. J. Climate, 29, 8931-8948, https://
doi.org/10.1175/JCLI-D-16-0440.1.

Rayner, N., D. E. Parker, E. Horton, C. K. Folland, L. Alexander,
D. Rowell, E. Kent, and A. Kaplan, 2003: Global analyses of
sea surface temperature, sea ice, and night marine air tem-
perature since the late nineteenth century. J. Geophys. Res.,
108, 4407, https://doi.org/10.1029/2002JD002670.

Sen Gupta, A., and M. H. England, 2006: Coupled ocean-
atmosphere-ice response to variations in the southern annu-
lar mode. J. Climate, 19, 4457-4486, https://doi.org/10.1175/
JCLI3843.1.

——, N. C. Jourdain, J. N. Brown, and D. P. Monselesan, 2013: Cli-
mate drift in the CMIP5 models. J. Climate, 26, 8597-8615, https://
doi.org/10.1175/JCLI-D-12-00521.1.



2632

Simpkins, G. R., L. M. Ciasto, D. W. Thompson, and M. H. England,
2012: Seasonal relationships between large-scale climate
variability and Antarctic sea ice concentration. J. Climate,
25, 5451-54609, https://doi.org/10.1175/JCLI-D-11-00367.1.

——,S. McGregor, A. S. Taschetto, L. M. Ciasto, and M. H. England,
2014: Tropical connections to climatic change in the extratropical
Southern Hemisphere: The role of Atlantic SST trends. J. Climate,
27, 4923-4936, https://doi.org/10.1175/JCLI-D-13-00615.1.

Skliris, N., R. Marsh, S. A. Josey, S. A. Good, C. Liu,and R. P. Allan,
2014: Salinity changes in the World Ocean since 1950 in relation
to changing surface freshwater fluxes. Climate Dyn., 43, 709—
736, https://doi.org/10.1007/s00382-014-2131-7.

Son, S.-W., N. F. Tandon, L. M. Polvani, and D. W. Waugh,
2009: Ozone hole and Southern Hemisphere climate change.
Geophys. Res. Lett., 36, 115705, https://doi.org/10.1029/
2009GL038671.

Swart, N. C.,, and J. C. Fyfe, 2012: Observed and simulated changes in
the Southern Hemisphere surface westerly wind-stress. Geophys.
Res. Lett., 39, L16711, https://doi.org/10.1029/2012GL052810.

——, and , 2013: The influence of recent Antarctic ice sheet
retreat on simulated sea ice area trends. Geophys. Res. Lett.,
40, 4328-4332, https://doi.org/10.1002/grl.50820.

Thompson, D. W., and S. Solomon, 2002: Interpretation of recent
Southern Hemisphere climate change. Science, 296, 895-899,
https://doi.org/10.1126/science.1069270.

Trenberth, K. E., Y. Zhang, and M. Gehne, 2017: Intermittency in
precipitation: Duration, frequency, intensity, and amounts
using hourly data. J. Hydrometeor., 18, 1393-1412, https://doi.org/
10.1175/JHM-D-16-0263.1.

JOURNAL OF CLIMATE

VOLUME 31

Turner, J., and Coauthors, 2009: Non-annular atmospheric cir-
culation change induced by stratospheric ozone depletion
and its role in the recent increase of Antarctic sea ice extent. Ge-
ophys. Res. Lett., 36,1.08502, https://doi.org/10.1029/2009GL037524.

——, T.J. Bracegirdle, T. Phillips, G. J. Marshall, and J. S. Hosking,
2013: An initial assessment of Antarctic sea ice extent in the
CMIPS models. J. Climate, 26, 1473-1484, https://doi.org/
10.1175/JCLI-D-12-00068.1.

Valcke, S., 2006: OASIS3 User Guide. PRISM-Support Initiative
Rep. 3, CERFACS TR/CMGC/06/73, 68 pp.

Wilcox, L. J., A. Charlton-Perez, and L. Gray, 2012: Trends in
austral jet position in ensembles of high- and low-top CMIP5
models. J. Geophys. Res., 117, D13115, https://doi.org/10.1029/
2012JD017597.

Wong, A. P. S., N. L. Bindoff, and J. A. Church, 1999: Large-scale
freshening of intermediate waters in the Pacific and Indian
Oceans. Nature, 400, 440-443, https://doi.org/10.1038/22733.

Xie, P., and P. A. Arkin, 1997: Global precipitation: A 17-year
monthly analysis based on gauge observations, satellite esti-
mates, and numerical model outputs. Bull. Amer. Meteor. Soc.,
78, 2539-2558, https://doi.org/10.1175/1520-0477(1997)078<2539:
GPAYMA>2.0.CO2.

Zunz, V., and H. Goosse, 2015: Influence of freshwater input on the
skill of decadal forecast of sea ice in the Southern Ocean.
Cryosphere, 9, 541-556, https://doi.org/10.5194/tc-9-541-2015.

——,——, and F. Massonnet, 2013: How does internal variability
influence the ability of CMIPS models to reproduce the recent
trend in Southern Ocean sea ice extent? Cryosphere, 7, 451—
468, https://doi.org/10.5194/tc-7-451-2013.



APPENDIX C

190



Appendix D

Historical Southern Ocean
surface freshening in a coupled
climate model

The material in this Appendix builds upon the findings presented in Part 3.

A. P. conceived the study, undertook the model simulations and analyses, and wrote the
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Abstract

Appendix D builds upon the findings from Part 3 to further our understanding of the role
of the observed Southern Ocean surface salinity trends under global warming conditions. I
perform further experiments using a global coupled climate model with sea surface salinity
restoring applied over the Southern Ocean under increasing greenhouse conditions for
1951-2000. When Southern Ocean surface salinity is restored to obtain the observed
trends, sea surface temperature and sea ice trends in the Pacific sector align well with
observations, showing a broad-scale cooling and sea ice increase, except in the Amundsen
and Bellingshausen Seas where there is a warming and sea ice decline. However, in the
Atlantic sector global warming or model bias dominates and a strong warming is seen.
These findings further demonstrate the importance of surface salinity in driving trends in

sea surface temperature and sea ice in the Pacific sector.

Introduction

Observed historical surface freshening of the Southern Ocean (Durack and Wijffels, 2010;
de Lavergne et al., 2014) has increased water column stability, reducing the upwelling of
warm subsurface waters and contributing to a surface cooling (Marsland and Wolff, 2001;
Liu and Curry, 2010; de Lavergne et al., 2014; Morrison et al., 2015). The influence that
coastal freshening around Antarctica due to ice sheet and ice shelf runoff and iceberg fluxes
has on sea ice has been investigated in various model studies (Bintanja et al., 2013, 2015;
Swart and Fyfe, 2013; Pauling et al., 2016, 2017). However, the impact of broad-scale
freshening from these processes as well as due to the sea ice re-distribution of freshwater
(Haumann et al., 2016) and large-scale precipitation minus evaporation (P-E) changes
due to a poleward displacement of the westerly-wind jet and storm tracks (Thompson and
Solomon, 2002; Marshall, 2003; Fyfe, 2003) has received less attention.

In Part 3 I conducted idealised broad-scale Southern Ocean freshwater simulations
under pre-industrial conditions and identified the surface-freshening induced cooling to be
one of the important factors contributing to the observed-model difference in Southern
Ocean sea surface temperature (SST) and Antarctic sea ice trends over recent decades.
Comparing our freshwater simulations run using the Australian Community Climate and
Earth System Simulator version 1.0 (ACCESS1.0) to trends in ACCESS1.0 under Coupled
Model Intercomparison phase five (CMIP5) scenarios, similar magnitude but opposite
sign trends in SST and sea ice extent (SIE) were found. I postulated that had historical
greenhouse warming been added alongside surface freshening, there might have been a
minimal trend in Southern Ocean SST and SIE.

Lecomte et al. (2017) also found salinity in the Ross Sea to be important for an ice-
ocean feedback that sustains sea ice perturbations, further demonstrating the importance

of surface salinity to regional hydrography around Antarctica. In Part 3 I found that many
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of the regional SST and sea ice trend features can be accurately simulated by ACCESS1.0
when the observed sea surface salinity (SSS) trends over the Southern Ocean are imposed
under pre-industrial conditions, highlighting the importance of upper ocean SSS trends in
driving Southern Ocean circulation changes. To better understand the role of the observed
surface salinity trends on Southern Ocean surface cooling and Antarctic sea ice trends,
here I conduct targeted coupled climate model simulations using ACCESS1.0 with sea
surface salinity restoring applied over the Southern Ocean under increasing greenhouse
conditions over 1951-2000. This study builds on the findings of Part 3 by examining the

combined influence of observed SSS trends and historical greenhouse warming.

Data and methods

Experimental design

As in Part 3, T use ACCESS1.0 in fully coupled configuration (Bi et al., 2013a). My
alm is to simulate a clear freshening signal of the same magnitude and with the same
regional variations as observed under global warming conditions. I conduct SSS restoring
simulations (as in Section 3.3.4), with the same forcings as the ACCESS1.0 CMIP5 histor-
ical runs, including historically evolving atmospheric concentrations of greenhouse gases,
aerosol emissions, and ozone (described in more detail for the pre-industrial runs in Part
3; see also Bi et al., 2013a; Dix et al., 2013).

I conduct two sets of simulations, with three ensemble members in each set. In the
first set of simulations I restore SSS to the annually and monthly varying SSS of the
archived ACCESS1.0 historical runs rlilpl, r2ilpl and r3ilpl (as submitted to CMIP5).
These re-analysed runs thus capture the SSS trends from freely running simulations whilst
under an SSS restoring regime. Hereafter I refer to these runs as the “A10 Hist” runs.
In the second set of simulations I restore SSS as above, but with an annually increasing
trend superimposed onto each historical SSS field (rlilpl, r2ilpl and r3ilpl), to yield the
observed Durack and Wijffels (2010) SSS trend. Hereafter I refer to these runs as the
“A10 D&W?” runs. All restoring simulations are branched from year 1951 of the archived

historical runs and run for 50 years.

Utilising SSS restoring allows examination of the SST and sea ice response to a
realistic geographic distribution of SSS trends. As I am interested in the Southern Ocean
surface freshening, SSS between 40-70°S (with tapering either side) is restored. The SSS

restoring timescale is 15 days over the upper ocean model layer.
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Observational datasets

I use the same observational datasets as in Part 3: surface and subsurface salinity and
potential temperature trends over 1950-2000 from Durack and Wijffels (2010); SST from
the Hadley Centre Sea Ice and Sea Surface Temperature dataset (HadISST; Rayner et al.,
2003); passive microwave sea ice concentration (SIC) processed using the National Snow
and Ice Data Center (NSIDC) Bootstrap algorithm (Comiso and Nishio, 2008; Meier et al.,
2013, updated 2016); and the NSIDC SIE index (Fetterer et al., 2002). As in Part 3, ob-
served SST and sea ice trends are calculated over 1979-2013. A comprehensive discussion
of the limitations of these datasets and the periods chosen for analysis is included in Part

3 (Section 3.2.3). The same data analysis techniques as in Part 3 are utilised here.

Results

Surface trends

Ensemble mean surface trends are shown alongside observed trends in Fig. D.1. As de-
scribed in detail in Part 3, the observations show a broad-scale surface freshening, cooling
and sea ice increase; however, in the Amundsen and Bellingshausen Seas there is a surface
salinification, warming and sea ice decrease (Fig. D.la,b,c). The A10 Hist ensemble mean
shows a broad-scale surface freshening, but it is substantially weaker than observed and
lacks significance (Fig. D.1d), motivating the A10 D&W simulations. In A10 Hist surface
warming is seen across the Southern Ocean and is particularly strong in the Atlantic and
Indian sectors (Fig. D.le). Coincident with this warming, sea ice concentration (SIC)
decreases almost everywhere in A10 Hist (Fig. D.1f). By design the A10 D&W ensemble
mean shows a clear broad-scale surface freshening as observed (Fig. D.1g), and a strong
surface cooling and SIC increase in the Pacific sector are also seen (Fig. D.1h,i). A10 D&W
shows good regional agreement with observed SST and SIC trends in the Australian sector
and in the Ross, Amundsen and Bellingshausen Seas. In both the Indian sector and the
Weddell Sea there are regions of increased SSS, which is associated with surface warming
and decreased sea ice in A10 D&W. In the observations there is a surface cooling and sea
ice increase in these regions of increased salinity, possibly due to the differing time periods
of the observational datasets. A strong warming trend in the South Atlantic is seen in
A10 D&W (Fig. D.1h), contrasting the observed cooling (Fig. D.1b). This is unexpected
based on the surface freshening trend in this region and may be due to a model bias or
drift. In the pre-industrial control SSS restoring runs (Part 3) a spurious warming in also
seen in this region, although under historical conditions the warming is more extensive
and the portion of the Weddell Sea with a SIC decrease is larger. In addition to possible
model bias in this region, the stronger warming under historical conditions suggests the

South Atlantic may be quite sensitive to global warming in ACCESS1.0.
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(a) D&W 2010 SSS trends (PSU (10 y)™)

(b) HadISST SST trends (°C (10 y)™)

(c) NSIDC Bootstrap SIC trends (% (10 y)™)

0.05 0.1 2
0.04 0.08 1.6
0.03 0.06 12
0.02 0.04 08
0.01 0.02 0.4

0 0 0
-0.01 -0.02 -0.4
-0.02 -0.04 -0.8
-0.03 -0.06 1.2
-0.04 -0.08 1.6
-0.05 -0.1 -2

(e) A10 Hist SST trends (°C (10 y)") (f) A10 Hist SIC trends (% (10 y)™)
0.05 0.1 ' 2
0.04 0.08 16
0.03 0.06 1.2
0.02 0.04 08
0.01 0.02 0.4

0 0 0
-0.01 -0.02 -0.4
-0.02 -0.04 -0.8
-0.03 -0.06 1.2
-0.04 -0.08 1.6
-0.05 -0.1 -2

(g) A10 D&W SSS trends (PSU (10 y)™)

0.05 0.1 2

0.04 0.08 16
0.03 0.06 1.2
0.02 0.04 08
0.01 0.02 0.4

0 0 0
-0.01 -0.02 -0.4
-0.02 -0.04 0.8
-0.03 -0.06 1.2
-0.04 -0.08 1.6
-0.05 -0.1 -2

Figure D.1: Historical fifty-year surface trends: (first column) SSS; (second column)
SST; and (third column) SIC. (first row) Observations from Durack and Wijffels (2010),
HadISST and NSIDC Bootstrap, respectively; (second row) ensemble mean from AC-
CESS1.0 historical SSS restoring simulations (A10 Hist); and (third row) ensemble mean
from ACCESS1.0 observed SSS restoring simulations (A10 D&W). Stippling indicates
trend significance at the 95% level. HadISST and NSIDC trends are over 1979-2013.
Sectors are shown in (a).

Comparing the surface trends between the two ensembles, A10 Hist and A10 D&W,
it is apparent that a stronger surface freshening (A10 D&W) is associated with a surface
cooling and an increase in sea ice in the Pacific sector. When considering area-averaged
trends, global warming overwhelms the relatively weak surface freshening in A10 Hist,
leading to an overall surface warming of the high-latitude Southern Ocean [+0.04°C (10
yr)~!
decline in SIE [-0.20x10% km? (10 yr)~!]. The stronger surface freshening in A10 D&W
leads to an overall surface cooling of the high-latitude Southern Ocean [-0.04°C (10 yr)~*

over the last 35 years of the simulations?, between 55-70°S] and a corresponding

over the same period and region as above] and a weak increase in SIE [+0.06x10¢ km?

For direct comparison with the area-averaged trends presented in Part 3, Section 3.3.3, here I
consider trends over the last 35 years of the historical simulations (1966-2000), rather than over
the full 50 years (1951-2000) considered in the rest of this Appendix.
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(10 yr)~!]. In Part 3, I postulated that had historical greenhouse warming been added
alongside surface freshening, there might have been a minimal trend in Southern Ocean
SST and SIE. While A10 D&W still shows a clear cooling trend (two thirds as strong as
observed), the combined greenhouse warming and surface freshening in ACCESS1.0 does

indeed lead to a fairly minimal SIE trend (one third as large as observed), as anticipated®.

Comparing the surface trends between the same prescribed SSS trends but different
forcing scenarios, A10 D&W here (with historical forcings) and the SSS restoring simula-
tions in Part 3 (Fig. 3.9; with pre-industrial forcings), a weaker SST cooling and sea ice
increase is seen under global warming conditions [-0.04°C (10 yr)~! compared to -0.05°C
(10 yr)~! over the last 35 years of the simulations between 55°-70°S; and +0.06x 105 km?
(10 yr)~! compared to +0.13x10% km? (10 yr)~! over the last 35 years of the simulations],

again as expected.

Subsurface trends

Zonal-mean salinity and potential temperature trends are shown in Fig. D.2. Compared
to the zonal-mean potential temperature trends for the idealised freshwater simulations
carried out under pre-industrial conditions (Fig. 3.5), the global warming signal and strong
similarity with the observations is evident for both A10 Hist and A10 D&W (Fig. D.2).

Comparing A10 Hist and A10 D&W ensemble mean trends, the stronger surface
freshening in A10 D&W (Fig. D.2e) is associated with a zonal-mean surface cooling (Fig.
D.2f), whereas there is a surface warming in A10 Hist (Fig. D.2d). Indicative of reduced
convective overturning, there is stronger high-latitude subsurface warming in A10 D&W
(Fig. D.2f) compared to A10 Hist (Fig. D.2d). A10 D&W subsurface temperature trends
are more similar to observed trends (Fig. D.2b) than A10 Hist, demonstrating the impor-
tance of accurately simulating surface salinity trends to capture subsurface temperature
trends. Overall, interpretation of Fig. D.2 supports the findings of Part 3, namely that
stronger surface freshening results in surface cooling and stronger subsurface warming due
to increased surface stability, reduced convective overturning and reduced entrainment of
subsurface waters into the surface waters. These results further highlight the importance
of accurately simulating historical surface trends in salinity to capture subsurface trends

in temperature.

While A10 D&W is constrained by the observed SSS trends, I don’t expect it to simulate as
strong a cooling and particularly as strong a SIE increase as observed because other mechanisms
have also likely contributed to the observed trends. For example, responses to wind forcing (Holland
and Kwok, 2012; Fan et al., 2014; Purich et al., 2016a) and decadal variability (Li et al., 2014;
Simpkins et al., 2014; Meehl et al., 2016a; Purich et al., 2016b) have also been shown to be
important.
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(a) D&W 2010 salinity trends (PSU (10 y)™) (b) D&W 2010 potential temperature trends (°C (10 y)™)

0 0 5
0.0135 E 0.072
_ 100 3 0.009 100 3 0.048
8 200 0.0045 5 500 4 0.024
£ ] 0 < 3 0
& 300 -0.0045 g 800 - -0.024
400 -0.009 400 3 -0.048
E -0.0135 E -0.072
500 - 500
1000 1000 -
1500 4 1500 ]
2000 2000 b—EEEL
60S 308 0 60S 308 0
(c) A1? Hist salinity trendsI (PSU (10y)") (d) A10 Hist potential temperature trends (°C (10y)™)
0 T - 0
E ) e 0.0135 0.072
100 9. % = ¥ 0.009 100 0.048
13 200 _f r 0.0045 £ 200 0.024
£ E 0 £ 0
& 300 A F | |-0.0045 & 300 -0.024
400 - Bl -0.009 400 -0.048
E -0.0135 -0.072
500 = 500
1000 - 1000
1500 —: u 1500
2000 o ; . . BO4 . .I . . 2000 : :
608 308 0 60S 308 0
(e) A10 D&W salinity trends (PSU (10 y)™") (f) A10 D&W potential temperature trends (°C (10 y)™)
0 — T 0
] w 0.0135 1 0.072
100 4 ' - ™ 0.009 100 % 0.048
€ 200 0.0045 € 200 0.024
2 E 0 2 E 0
& 300 E -0.0045 & 300 7 -0.024
400 -0.009 400 -0.048
E -0.0135 E -0.072
500 - 500
1000 1000 -
1500 1500 ]
2000 +————=  a— 2000 +——— .
60S 308 0 60S 308 0

Figure D.2: Historical fifty-year zonal-mean trends: (first column) salinity; and (second
column) potential temperature. (first row) Observations from Durack and Wijffels (2010);
(second row) A10 Hist; and (third row) A10 D&W. Stippling indicates trend significance
at the 95% level. The vertical scale is expanded over the top 500 m.

Sector trends

I next consider the contribution of different sectors to the zonal-mean changes in observa-
tions and A10 D&W in more detail. Figure D.3 shows observed and A10 D&W trends in
salinity and potential temperature separated by sector as defined in Fig. D.1a. When the

zonal-mean trends are separated by sector, the characteristic surface freshening and cool-
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ing and subsurface warming, indicating increased surface stability and reduced convective
overturning, are most clear in the Ross Sea (Fig. D.3 first column) and Weddell Sea (Fig.
D.3 third column). These trend features are seen for both observations and A10 D&W.
The Ross Sea trends agree with the ice-ocean feedback presented in Lecomte et al. (2017)

and emphasise the importance of surface salinity in driving trends in this sector.

Ross Amundsen-Bell. Weddell Indian Australian
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Figure D.3: Historical fifty-year sector trends: (first column) Ross Sea (160°E-130°W);
(second column) Amundsen and Bellingshausen Seas (60-130°W); (third column) Weddell
Sea (60°W-20°E); (fourth column) Indian sector (20-90°E); and (fifth column) Australian
sector (90-160°E). (first row) Observed salinity trends from Durack and Wijffels (2010);
(second row) observed potential temperature trends from Durack and Wijffels (2010));
(third row) A10 D&W salinity trends; and (fourth row) A10 D&W potential temperature
trends. Sectors are defined in Fig. D.1la. Stippling indicates trend significance at the 95%
level.

Trends in the other sectors are not as easily interpreted. In the Amundsen and
Bellingshausen Seas (Fig. D.3 second column), surface salinification and warming are seen
in both observations and A10 D&W. However, subsurface freshening and warming are
seen in the observations, whereas in A10 D&W a subsurface cooling with little change
in salinity are seen below the surface layer. In A10 D&W it appears that the reduced
surface stability associated with the increased salinity is increasing mixing with depth,
leading to the subsurface cooling; that is, by experimental design, the changes in surface
salinity are driving the surface and subsurface changes in temperature. In the real world
this may not be the case, but the driver of the observed patterns of change is not clear.
The warming and shoaling of Circumpolar Deep Water (CDW; Schmidtko et al., 2014)
may account for the observed warming throughout much of the water column shown in
Fig. D.3, however this alone may cause increased salinity throughout the water column.
As the observations show subsurface freshening, this points to an alternative or additional
process occurring in the real world. One possibility is that the shoaling of CDW increases
basal ice shelf melt, which could freshen the subsurface waters?, however the observed

surface salinification still needs to be accounted for if this is the case. It is also possible

*Jourdain et al. (2017) find the inflow of warm CDW into ice-shelf cavities in the Amundsen
Sea provides more heat than required for melting ice, so the outflow from cavities is both warm
and fresh.
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that in this sparsely sampled region, the trends presented in Durack and Wijffels (2010)
are uncertain: for example, Schmidtko et al. (2014) report little trends in CDW salinity
around Antarctica. As ACCESS1.0 does not include ice sheets or ice shelves, examining
such processes is beyond the scope of this study; however, this has been the focus of
others (e.g. Jourdain et al., 2017; Naughten et al., 2018). Also, CMIP5 models such as
ACCESS1.0 have limitations in representing mixed layer processes in the Southern Ocean,
so may not capture the CDW shoaling (Heuzé et al., 2013; Schmidtko et al., 2014).

Near-surface salinity and temperature trends in the Indian (Fig. D.3 fourth column)
and Australian (Fig. D.3 fifth column) sectors are spatially inhomogeneous. In the Indian
sector there is strong subsurface warming around 70°S in observations that is not seen in
A10 D&W. As for the Amundsen and Bellinghausen Seas, this suggests that additional

processes may also be at play in determining the subsurface temperature trends.

Meridional Overturning Circulation

Finally, T also consider the Meridional Overturning Circulation (MOC) in the A10 Hist
and A10 D&W simulations. Antarctic Bottom Water (AABW) formed around Antarctica
comprises a substantial portion of the abyssal ocean waters (Johnson, 2008), and thus the
rate of AABW formation critically controls the global uptake of heat and carbon into the
abyssal ocean (Newsom et al., 2016). Buoyancy loss sustains the descending branch of the
lower MOC cell (e.g. Orsi et al. 1999) and as such, understanding the role of Southern
Ocean surface freshening on the global MOC is important. I hypothesise that the stronger
surface freshening in A10 D&W may lead to a stronger reduction in AABW formation
than in A10 Hist, and as such I investigate the role of Southern Ocean surface freshening

on global ocean circulation.

Figure D.4 shows the mean state MOC for both A10 Hist (Fig. D.4a) and A10 D&W
(Fig. D.4d) along with their trends (Fig. D.4b,e respectively). In both A10 Hist and A10
D&W the positive trends (shown in red in Fig. D.4b,e) seen from the surface to depth
across the Southern Hemisphere and below 3000 m in the Northern Hemisphere indicate
a slowdown of the AABW circulation (anticlockwise/negative in the mean state; shown in
blue in Fig. D.4a,d), as expected due to the increased Southern Ocean surface stratification
caused by surface freshening in both sets of experiments. However, the spatial MOC trends
largely lack significance — only isolated regions of significant trends are seen for both A10
Hist and A10 D&W above 1000 m in the Southern Ocean, and below 4000 m between
0-30°N. In addition, A10 D&W shows significant trends in the Southern Ocean extending
to 2500 m, suggesting that a stronger slowdown of AABW formation may be occurring in

this ensemble in association with the stronger surface freshening.

Considering MOC timeseries (Fig. D.4c,f), a slowdown is seen for both A10 Hist and
A10 D&W in three different indices chosen to represent AABW circulation: the Southern
MOC [SMOC; as in Heuzé et al. (2015); shown in orange in Fig. D.4c,f]; the lower cell [as
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Figure D.4: Global MOC: (first column) mean-state; (second column) fifty-year trends;
and (third column) overturning time series. (first row) A10 Hist; and (second row) A10
D&W. In (b,e) stippling indicates trend significance at the 95% level. In (c,f) three indices
of MOC are shown: SMOC (minimum at 30°S, 2500-6000 m) is shown in orange, lower
(minimum 50-30°S, 2500-5000 m) is shown in blue, and abyssal (minimum 50°S-20°N,
2500-6000 m) is shown in red; linear trends and significance are indicated for the ensemble
mean time series.

in Downes and Hogg (2013); shown in blue in Fig. D.4c,f]; and the more broad abyssal
cell (shown in red in Fig. D.4c,f). Comparing the trends in these indices between A10
Hist and A10 D&W, a stronger slowdown is seen in A10 D&W for all three indices (trends
are displayed in Fig. D.4c,f), however the ensemble mean trends between these two sets
of simulations are not statistically distinguishable when considering the linear regression
=+ one standard error. Over the fifty-year runs, the percentage reduction in the MOC for
each time series is also relatively modest — the strongest percentage reductions are seen
in the SMOC (weakest mean state index), with A10 Hist showing a 12.6% reduction and
A10 D&W showing a 14.9% reduction. These relatively modest circulation slowdowns
and low sensitivity to degree of surface freshening are likely, at least in part, due to the
low resolution of ACCESS1.0. A previous assessment of CMIP5 models found that these
models do a poor job of AABW formation, forming deep water via open ocean deep
convection, rather than via cold dense water shelf spills as predominantly occurs in the
real world (Heuzé et al., 2013). Further, a comparison of bottom water formation between
a low- and high-resolution version (1° and 0.1° respectively) of a coupled climate model
found a more substantial slowdown of lower cell circulation under global warming in the
high-resolution version (Newsom et al., 2016). It seems plausible that a higher resolution

model may also show a stronger AABW-formation sensitivity to surface freshening.

200



APPENDIX D

Discussion

The simulations presented in Part 3 were carried out under pre-industrial conditions specif-
ically to isolate the role of Southern Ocean surface freshening on SST and sea ice trends.
However, given that the observed twentieth-century surface freshening occurred under an-
thropogenic conditions including increasing greenhouse gas concentrations, aerosol emis-
sions and stratospheric ozone depletion, investigating the role of surface freshening under
these historical conditions was an obvious extension of this work. As such, this Appendix
builds upon the findings from Part 3. I performed additional SSS restoring experiments
using ACCESS1.0. When Southern Ocean surface salinity is restored to obtain the ob-
served trends under 1951-2000 conditions, the spatial pattern of SST and sea ice trends in
the Pacific sector show a broad-scale cooling and sea ice increase, except in the Amundsen
and Bellingshausen Seas where there is a warming and sea ice decline, in strong agreement
with the observed trends. However, in the Atlantic sector a strong spurious surface warm-
ing is seen. A surface warming is also seen in this region in the SSS restoring simulations
under pre-industrial conditions (Part 3) suggesting there may be a bias in ACCESS1.0 in

this region.

As in Part 3, the mechanism for freshening-induced surface cooling is an increase in
surface stability, reducing convective overturning and reducing the entrainment of warmer
subsurface waters into the surface ocean. As well as contributing to a surface cooling, these
circulation changes contribute to a subsurface warming. These zonal-mean temperature
and salinity trends, indicative of reduced convective overturning, are dominated by trends
in the Ross and Weddell Seas. While both A10 Hist and A10 D&W display zonal-mean
surface freshening trends, a stronger freshening (A10 D&W) is needed to overcome global
warming and simulate an overall surface cooling and increase in sea ice. The stronger
surface freshening of A10 D&W also leads to a stronger slowdown of the MOC, although

the differences in overturning trends between the two sets of simulations are not large.

Overall, the findings of this Appendix further demonstrate the importance of surface
salinity in driving trends in sea surface temperature and sea ice. Despite global warming,
when constrained by observed SSS trends, an overall surface cooling and sea ice increase
is simulated by ACCESS1.0, and there is strong spatial agreement between observed and

simulated trends in the Pacific sector.
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Appendix E

Coauthored article

A copy of a published article coauthored during my PhD tenure and my contribution is

included hereafter:

Boschat, G., I. Simmonds, A. Purich, T. Cowan, and A. B. Pezza, 2016: On the use
of composite analyses to form physical hypotheses: An example from heat wave — SST
associations. Scientific Reports, 6, 29599, doi:10.1038 /srep29599.

A. P. processed the CMIP5 data and helped to perform the sensitivity tests, and prepare
the corresponding figures. A. P. contributed to the development of ideas, writing and

revising the manuscript.
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This paper highlights some caveats in using composite analyses to form physical hypotheses on the
associations between environmental variables. This is illustrated using a specific example, namely the
apparent links between heat waves (HWs) and sea surface temperatures (SSTs). In this case study, a
composite analysis is performed to show the large-scale and regional SST conditions observed during
summer HWs in Perth, southwest Australia. Composite results initially point to the importance of the
subtropical South Indian Ocean, where physically coherent SST dipole anomalies appear to form a
necessary condition for HWs to develop across southwest Australia. However, sensitivity tests based
on pattern correlation analyses indicate that the vast majority of days when the identified SST pattern
appears are overwhelmingly not associated with observed HWs, which suggests that this is definitely
not a sufficient condition for HW development. Very similar findings are obtained from the analyses

of 15 coupled climate model simulations. The results presented here have pertinent implications and
applications for other climate case studies, and highlight the importance of applying comprehensive
statistical approaches before making physical inferences on apparent climate associations.

Statistical analyses are commonly used in climate science as they provide deep insights into the variability of
climate occurrences at various spatial and time scales. Composite analyses, in particular, are recognized as being
a simple and effective tool to identify conditions observed during specific states of the climate. They can point
to connections between a phenomenon and key surrounding regions'? and provide valuable information for
hypotheses to be formed as to the physical mechanisms that may be involved in these connections. However, test-
ing the actual significance of these hypothesized connections or unravelling the causality in these relationships’
often requires a combination of various statistical methods, and above all needs to be supported by an appropriate
physical understanding of the climate system itself.

This study highlights the caveats of using composite analyses to form physical hypotheses on the associations
between environmental variables. These caveats are illustrated using the example of the apparent links between
heat waves (HWs) and regional sea surface temperatures (SSTs). This is an important and timely example given
that in recent decades HW's have become more prevalent in many regions, e.g. across Europe*-°, North America’,
China® and Australia®!’. These events have increased in frequency, duration and intensity during the 20" cen-
tury'’~** and climate models project these trends to continue under the influence of climate change'*"”. Across
Australia, HWs are responsible for more deaths than any other natural hazard!s, the inherent susceptibility to
drought conditions making the country particularly vulnerable to the impacts of extreme heat. It is therefore of
great interest to the community and other affected sectors to understand the factors contributing to HWs, and as
such is an area of much research attention.

SSTs have been identified as key players in HW development in many regions across the globe. For example,
SSTs in the Mediterranean and Black Seas have been shown to be closely correlated with eastern European HWs,

1School of Earth Sciences, The University of Melbourne, Victoria, Australia. 2Australian Research Council’s Centre of
Excellence for Climate System Science, Australia. 3CSIRO Oceans and Atmosphere, Aspendale, Victoria, Australia.
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and Victoria University of Wellington, Wellington, New Zealand. Correspondence and requests for materials should
be addressed to G.B. (email: ghyslaine.boschat@unimelb.edu.au)
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as they can maintain or reinforce upper level anticyclonic flow'*?°. Tropical SSTs and convection in the Atlantic
Ocean have also been associated with Rossby wave train formation and atmospheric blocking conditions that
can lead to summer HW formation across Europe and Russia®*"?2, Warm SST anomalies in the north Atlantic
and northeast Pacific during boreal spring are also thought to have contributed to record heat extremes during
the severe Dust Bowl drought over central United States in the 1930s?. A recent study has also found that HW's
in eastern United States are associated with characteristic SST patterns in the extratropical Pacific and that these
anomalies may provide skill in predicting HWs at lead times up to 50 days®%. For Australia there are suggestions
that SSTs in the Indian Ocean or over the Tasman and Coral Seas may contribute to the onset of HWSs across the
southwest and southeast regions by interacting with local atmospheric circulations®?". However, the limited
evidence provided so far by observations and the lack of agreement in models simulating these observed SST
patterns®® suggest that further work is needed to understand the role of SSTs for Australian HWs, especially as the
global ocean continues to warm?.

In light of these considerations, we explore the association between summer HWs in Perth, southwest
Australia, and large-scale and regional SSTs, as an illustrative case study of the use of composite analyses. The
data and methods are described in the first section and results from composite and correlation analyses are then
presented. The final section discusses some caveats when interpreting the composite results, and more gener-
ally highlights the importance of combining different statistical approaches before forming physical hypotheses
regarding climate connections.

Methods

Classifying heat waves. We take as our example of composite analysis the case of HW occurrences in
southwest Australia and their relationship with SSTs in observations and in coupled climate models. For illustra-
tive purposes, we have chosen the populated city of Perth? for our case study and consider HW events during
austral summer (December to February, DJF), the season when they have the greatest impact on human health,
and can interact with other natural disasters such as bushfires’®*!.

HWs can be defined as a period of consecutive days when conditions are excessively hotter than normal, with
little relief at night®2. The specific definition we adopt here is a period of three or more consecutive days, during
which daily maximum temperature (T,,,,) exceeds its monthly 90 percentile, and daily minimum temperature
(T,n) also exceeds its monthly 90* percentile on the second and third days. All days in a HW are referenced to
the monthly threshold on the first HW day®. HW dates in Perth are determined using the daily T, and T,
time series provided by the Australian Bureau of Meteorology station at Perth Airport (31.9°S, 116.0°E, WMO
Number 94610) during 1948-2014. The use of daily station data helps preserve the small-scale spatial and tempo-
ral variability that is important for representing extremes, and the temperature threshold we chose is dependent
on both the time and location of the station. HW dates were compared across (four) neighbouring stations in the
southwest Australian region and despite the potential for the urban heat island effect to influence HWs in Perth,
the list of HW events and composite patterns are robust across the stations (not shown).

To explore the potential association between these HW events and SST anomalies, we perform composite
and correlation analyses using daily SST fields from the ERA-Interim reanalysis®*, available from 1979 onwards
at 1.5° spatial resolution. We calculate composites of daily anomalies (as a deviation from the 1979-2014 daily
climatology for that specific calendar day), and the statistical significance of these composite anomalies is deter-
mined by a Monte-Carlo procedure®. This method describes the areas in the composite that depart significantly
from the background variability in the available data, and for our purpose is considered more robust that the
commonly-applied (parametric) Students f test®.

SST composites and model experiments. Based on the significant SST anomalies from the compos-
ite maps, five key spatial regions are identified: the Southern Hemisphere (extending into the northern tropics,
SH; [70°S-20°N]), the South Indian Ocean (SIO; [30°E-120°E; 55°S-15°S]), the West ([35°E-80°E; 38°S-52°S]),
East ([80°E-120°E; 15°S-40°S]) and both West and East poles in the South Indian Ocean. To assess the relative
importance of these large-scale and regional SSTs, pattern correlation coefficients are then calculated between
daily summer SST anomalies and the observed SST composite over each domain. Results are fundamentally
unchanged when we use SST anomalies in the week or month leading up to the HW, or other SST observational
datasets (not shown).

Sensitivity tests are designed to test the physical implications from our composite analyses, using outputs
from 15 coupled climate model simulations (Supplementary Fig. S1) from phase 5 of the Coupled Model
Intercomparison Project (CMIP5)!2, Daily T, ., and T,,;, data from each model are interpolated to the Perth
station location, and used to determine the dates of simulated HW events over the historical 1950-2005 period.
SST composites for the first day of HWs are constructed for individual models, for the multi-model mean (shown
in Supplementary Fig. S1), and compared to observations. Pattern correlations are then computed between daily
SST anomalies from each model and the observed (ERA-Interim) SST composite over the previously selected
domains to quantify the likelihood of a HW to be simulated during specific SST conditions.

Results

Selection of HW events. Using the above HW definition for observations, we detect 38 HW events for
Perth during 1948-2014. Figure 1 lists the first day of each of these events, and shows the average T,,,,, and T,;,
conditions recorded for the first three days of each event. The colour of each bar also indicates the concurrent
phase of El Nifio Southern Oscillation (ENSO) in the tropical Pacific during DJE, based on a threshold of +0.5°C
for the Oceanic Nifo Index [three-month running mean of SST anomalies over the Nifio 3.4 region (5°N-5°S,
120°-170°W)]. Overall, this figure illustrates the diversity that is observed in Perth HW characteristics, as T,

and T,,,, values vary quite substantially (especially T, with ~2°C standard deviation, possibly linked to the
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Figure 1. Bar plot of observed temperature extremes for each Perth HW event. Average T, ., conditions over
the first three HW days (bar) and average T, conditions during the second and third of those days (white line).
The colour of each bar shows the concurrent phase of El Nifio Southern Oscillation during austral summer,
based on a threshold of 4-0.5°C for the Oceanic Nifio Index [3-month running mean of SST anomalies in the
Nifio 3.4 region (5°N-5°S, 120°-170°W)].
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Figure 2. Composite SST anomalies for the first day of Perth HWs observed over 1979-2014. (The 25 HW
events are listed across the x-axis in Fig. 1.) Composite anomalies that are significant at the 90% confidence
level using a Monte-Carlo procedure® are shown in black contours. Boxes indicate key areas where SST indices
(mean SST anomalies) are computed: over the Southern Hemisphere (SH, pink box), South Indian Ocean
(SIO, green box) and SIO West (blue box) and East pole (red box) domains. This figure was produced with IDL
version 8.1 software (2011, Exelis Visual Information Solutions, Boulder, Colorado, https://www.exelisvis.com/
docs/whatsnew_in_8_1.html).

occurrence and timing of sea breezes in the area). The amplitudes of the bars suggest no obvious trend in the
severity of HWs since 1948. However there is some indication of an increase in frequency of events, and indeed
the mean of the observed HW years (i.e. 1987.5) differs significantly from the mean of all years of the study period
(i.e. 1980) at the 95% confidence level [using a ¢ test to reject the null hypothesis of no statistical significance
difference between the means®]. Figure 1 also suggests no obvious relationship between the occurrence of HW's
in Perth and ENSO during 1948-2014 (with 12 occurring during El Nifio, 13 in La Nifa and 13 in neutral years),
consistent with recent findings from Perkins et al.’’ (their Fig. 2a).

Formation of composites. To explore the climate signature associated with observed HWs in Perth, SST
composites are computed for the first day of each HW event during the 1979-2014 (satellite) period for which
ERA-Interim data are available (i.e. the 25 most recent events listed in Fig. 1). The average anomalous SST con-
ditions for these events are shown in Fig. 2, where statistically significant anomalies (at the 90% confidence level)
are identified within black contours.

This composite suggests that HWSs in Perth are associated with little or no significant SST signal over the
tropics, consistent with the absence of a relationship with ENSO revealed in Fig. 1. A number of studies have
shown that HWSs occurring in midlatitude regions are more generally associated with extratropical wave-activity.
In the case of southwest Australia, it has been suggested that HW's develop through Rossby wave amplification
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over the South Indian Ocean. A persistent high-pressure system then forms over the Great Australian Bight and
is responsible for advecting warm continental air towards Perth and the surrounding coastline**?3. [Note that
in summer there is a very high frequency of anticyclones in the Bight®.] In line with these previous studies, our
composite results point to the importance of mid-to-high southern latitudes, and in particular of the subtrop-
ical South Indian Ocean where physically coherent SST dipole anomalies are observed (Fig. 2). This dipole has
a southwest-northeast tilt and is characterized by cold SST anomalies in the southwest (southeast of southern
Africa) and warm anomalies in the northeast (off the western coast of Australia).

The CMIP5 models are generally quite successful in capturing this SST dipole pattern in the South Indian
Ocean, despite the different number of HWs considered for each model composite (Supplementary Fig. S1). The
position and intensity of the dipole is remarkably well simulated by the multi-model mean (a pattern correlation
of 0.78 with the observed composite over the SIO domain, see Supplementary Fig. S1), despite model-to-model
variations in the spatial extent of the warm pole and amplitude of the cold pole. Interestingly, this SST pattern
is also the most dominant signal in the multi-model mean composite, reflecting a consistent occurrence of this
pattern across models despite the diverse and contrasting ENSO signals simulated in the tropical Pacific Ocean.

Overall, the location and structure of this SST dipole is consistent with the synoptic signature of a wave train
propagating over the subtropical Indian Ocean. However, as such, the composite does not allow us to infer any
causal relationship between HWs and SSTs. On one hand, the SST pattern could be viewed as a result of the
anomalously low-pressure component of the wave train associated with Perth HW's over the subtropical Indian
Ocean®. On the other, this dipole pattern could also be playing a key role in the onset of HWs, by contributing
to the synoptic set up that is required for a HW to occur in Perth. Interestingly, this SST anomaly is similar to
the negative phase of the Indian Ocean subtropical dipole (IOSD)*-*. [It should be noted that the structure of
the SST composite between 80°-120°E, 0°-40°S in Fig. 2 is also the inverse of that which is strongly associated
with ‘northwest cloudbands’ and cooler conditions across central Australia?’. This is consistent with enhanced
continental temperatures along the trajectory of air parcels that ultimately reach Perth as HWs]. The IOSD events
have been shown to develop through local air-sea interactions from austral spring to summer, linked with the
strengthening/weakening of the Mascarene High over the South Indian Ocean. During a negative dipole event
(as observed in Fig. 2), a low-pressure anomaly is induced over the central South Indian Ocean due to a southward
shift and strengthening of the subtropical high. The resulting anomalous southeasterly winds cause increased
evaporation and upper ocean mixing, and thus SST cooling over the western pole, while reduced evaporation and
latent heat loss associated with the northwesterly wind anomalies generate a warming over the eastern pole*>.
Our composite analysis (in Fig. 2) suggests that this subtropical SST dipole may form a necessary (seasonal) con-
dition for HW's to occur in Perth.

In this specific case of HW-SST associations, we can ask whether this ‘statistically significant’ signal observed
in the South Indian Ocean (and also present in the CMIP5 models) is sufficient to actually establish a link with
HW occurrence. In other words, if HW's tend to occur during specific SST dipole conditions, does this necessarily
(and reversibly) imply that SST plays a significant role in the occurrence and/or variability of HWSs in Perth? The
following analyses address these questions to determine the potential role and predictive power of SST for HW's
in Perth.

Correlation analyses. One way to explore this notion of reversibility and SST ‘predictive power’ is to eval-
uate whether the composite SST pattern shown in Fig. 2 is specifically linked to the occurrence of HWs in Perth
or if it can also appear on ‘normal’ (non-HW) days. The approach we take is to assess how often summer SST
conditions ‘resemble’ the composite SST pattern, and determine whether when this occurs it leads systematically
toa HW in Perth.

To quantify the degree of resemblance, we calculate the pattern correlation between each daily SST field in
DJF and the composite SST pattern shown in Fig. 2, separately for each of the key domains. This test is performed
using daily summer SST anomalies from observations during 1979-2014 (a total of 3150 days) and using the
longer time series provided by the 15 CMIP5 model simulations during 1950-2005 (a net total of 75698 days).
Results for observations are shown in Table 1, in terms of the number of days when the pattern correlation falls
within bins of 0.1 width, for all days in DJF (black values) and for HW days only (green values). (Results for the
model simulations are shown in a similar form in Supplementary Table S1.) The number of days obtained when
the pattern correlation approaches 1.0 reflect how often during summer the daily SST anomalies would resemble
the typical HW conditions over each domain.

As could be expected, this correlation analysis shows that SST conditions over the large SH domain are very
rarely in the same configuration as the typical HW state shown in Fig. 2. Indeed, the pattern correlation between
daily SST and the composite SST for this domain ranges from —0.4 to 0.5 but remains close to 0 for most days in
DJF including HW days (with 45-50% of summer days between —0.1 and 0.1, see Table 1). Although this distri-
bution is shifted towards slightly higher correlation values for the HW days, the SST for most of the HW events is
still poorly correlated with the composite signal in Fig. 2 (between 0-0.3 pattern correlation).

Compared to the large SH domain, SST in the regional SIO domains exhibit higher correlation scores, with
generally more (HW) days when pattern correlations exceed 0.5 (see last columns in Table 1). However, if SST
anomalies have a stronger tendency to resemble the ‘typical HW’ pattern in the SIO domain, does this necessarily
lead to the occurrence of a HW?

Figure 3 illustrates the likelihood of a HW occurring in summer, given a specific resemblane or pattern cor-
relation between daily SST and the composite HW state in Fig. 2. This likelihood is calculated as the ratio of
HW days to all summer days for each correlation bin (the values presented in the two rows, for each domain,
in Table 1), and plotted as a percentage for each domain and separately for observed and simulated SSTs. These
plots indicate that even when daily SST anomalies over the SH domain strongly resemble the composite pattern
in Fig. 2 (e.g. for correlations >0.5), HWs are very unlikely to occur (ratio close to 0 for both observations and
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Table 1. Frequency of the number of days when the pattern correlation between the Perth HW SST
composite (Fig. 2) and daily SST anomalies falls within each 0.1 correlation bin, using ERA-Interim data.
Results are computed for the entire 3150 days in DJF (black values) and for the 25 HW days selected in DJF
(bold italic) during 1979-2014, and are shown separately for the SH, SIO, SIO - West pole, SIO - East pole, and
the SIO - two poles domains (shown in Fig. 2).

model simulations, see Fig. 3a). In contrast, for the SIO domains, peak ratio values are obtained for higher cor-
relation bins (between 0.6-0.7 correlation for the SIO domain and between 0.8-0.9 correlation for the domain
centered on the two SIO poles, Fig. 3b,e), consistently for both observations and all model simulations. This sug-
gests that HW's are more likely to occur when daily SST anomalies strongly resemble the SIO dipole configuration
shown in Fig. 2, which is consistent with the initial inferences from our composite analysis. However, it should be
noted that these peak values are quite small, and remain below 7% for observations and most models in the SIO
domains (Fig. 3b,e) - with the exception of one model (MIROC-ESM-CHEM) simulating a maximum ratio of
16.7% in Fig. 3e. Therefore, although it may be more likely for a HW to occur when a SIO dipole-like SST pattern
appears, this is still very rarely the case during summer. There are even a larger number of days in the season when
this SST dipole appears (i.e. the correlation is high) but a HW does not occur (see Table 1).

Discussion

This work highlights some caveats in using composite analyses to form physical hypotheses on climate connec-
tions, and we have presented a concrete example of this for the case of the relationship between HWs in Perth,
southwest Australia and surface ocean temperatures. Results from our composite analysis initially suggest that
SST dipole conditions in the South Indian Ocean may form a necessary condition for summer HWs to develop
across southwest Australia. However, sensitivity tests based on pattern correlation analyses indicate that the
vast majority of days when the SST pattern appears are not associated with HWs, which suggests that this is
definitely not a sufficient condition. This example illustrates the non-reversibility of the HW-SST relationship
observed in Fig. 2, as well as some of the limitations of forming physical hypotheses based solely on the use of
composites.

Composites have been used in the literature as ‘indicators’ of the typical atmospheric and oceanic condi-
tions accompanying specific climate states?>*. Composite patterns also carry useful climatic information, as
they generally provide some interesting insight into forcing or connection pathways*. No assumption is made
about the structure of the connection, since a composite analysis is by definition ‘non-parametric™*®. Compared
to other statistical methods (e.g. correlations), it has the advantage of taking into account the non-linearity of
the climate system and therefore highlighting the asymmetry in certain relationships*. Many studies use these
composite patterns as speculative basis to develop first hypotheses on potential climate connections and their
underlying physical processes®. Carefully designed numerical experiments can then be conducted to test such
hypotheses®.

However, while the composite approach appears straightforward, inconsistencies in the design, creation,
interpretation and/or evaluation of composites can strongly affect the conclusions of some of these studies®>*>.
For instance, individual cases from the composite might occur under a different synoptic pattern, thereby rais-
ing the question whether these associations are statistically and physically robust. Various methods have been
proposed to determine the statistical significance of composite patterns and account for this event-to-event var-
iability. However, there is still much debate on the relevance and limitations of such statistical approaches, while
fixating on statistical significance can also misdirect us from physically important processes®*. More importantly,
we need to bear in mind that the potential forcing or connection highlighted in composites has been ‘conditioned’
on a chosen subset of climate states, and this conditioned perspective is probably not reversible. The correlation
analysis in our example is a clear illustration of this non-reversibility associated with composites. It shows that a
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Figure 3. HW likelihood. Percentage ratio of HW days compared to total DJF days during which the pattern
correlation between the Perth HW SST composite (Fig. 2) and daily SST anomalies falls within each 0.1 correlation
bin, for the (a) SH, (b) SIO, (c) SIO-West pole, (d) SIO-East pole, and (e) SIO-two poles domains. The black

curve shows the ratio calculated with daily SST anomalies from ERA-Interim (see values in Table 1). The pattern
correlation is also calculated with daily SST anomalies from each CMIP5 model, and the red curve shows the
multi-model mean (MMM) ratio. The dark (light) pink shading illustrates the = 1 standard deviation (minimum
and maximum) for all model ratios, with maximum values printed when exceeding 12%. Note that the values

of some ratios for small domains can be misleading, e.g. the 100% ratio for observations over the SIO-East pole
domain (d), is due to only one day with a high pattern correlation (>>0.8) beinga HW day (see Table 1).
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statistically significant signal appearing during a specific state of the climate might appear as frequently, or even
more frequently, during completely different states of the climate. In this case, correlations provide a simple and
complementary angle to exploit the HW-SST association, along with valuable information to consider before
making any physical interpretation of the initial composite patterns.

A number of studies have already pointed to the misinterpretation dangers inherent in many commonly used
statistical techniques®>***, For example, Dommenget & Latif > have shown from a synthetic example that pat-
terns derived from Empirical Orthogonal Function analyses can be misleading at times and associated with very
little climate physics. In the case of the HW-SST association, it is salutary to keep in mind that the response of
the atmosphere to oceanic forcing assumes rather different forms in the tropics and extratropics: the response
to surface heating in the tropics occurs toward the ‘diabatic limit, while in the higher latitudes advective terms
become more important®. The atmospheric response to extratropical SSTs therefore tends to be much less verti-
cally organised and more spatially dispersed, and very dependent on the larger scale circulation obtaining at the
time. Our analyses seem to suggest that the atmospheric circulation patterns in the days and weeks preceding
a HW can impact on the SST, and separately also culminate in a downstream midlatitude HW event. With this
perspective there would be no direct connection between the mid-to-high latitude SST and HW occurrences, and
model sensitivity experiments conducted with the identified Indian Ocean SST dipole would be expected to have
limited success in simulating HWs. Indeed, we find the likelihood of a Perth HW when the dipole appears to be
very small, in both the observations and model simulations.

In closing, we suggest that the message contained in the structure of composites may be quite misleading
unless interpreted carefully, and that physical hypotheses framed from these should be rigorously tested with
appropriate tools. By design, composites point to the possible importance of one parameter for a specific type
of event, and SSTs have been the causal focus of this study. However extreme events are rarely attributed to a
single physical “root cause”, and HW's have been shown to be influenced by other factors, including feedbacks
between the atmosphere and surface related to antecedent soil moisture>”8, which are not discussed here.
This HW-SST example serves as a simple case study and illustration of how much relevant climatic informa-
tion can be extracted from composites and the limitations associated with our physical interpretation of these
results.
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Relationships between atmospheric heatwaves and large-scale and synoptic variability
have been identified, with increasing trends in heatwave intensity, frequency and
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heatwaves, particularly with the land surface. Research into marine heatwaves is still
in its infancy, with little known about driving mechanisms, and observed and future
changes. In order to address these knowledge gaps, recommendations include: focus-
ing on a comprehensive assessment of atmospheric heatwave dynamics; understanding
links with droughts; working towards a unified measurement framework; and investi-
gating observed and future trends in marine heatwaves. Such work requires compre-
hensive and long-term collaboration activities. However, benefits will extend to the
international community, thus addressing global grand challenges surrounding these
extreme events.

1 Introduction

Heatwaves are natural hazards that have substantial impacts on human health, the
economy and environment, occurring in the atmosphere and the ocean. They are
Australia’s most deadly natural hazard, causing 55 % of all natural disaster related
deaths (Coates et al. 2014) and burden the Australian workforce by ~US$6.2 billion
every year (Zander et al. 2015). The January 2009 Victorian heatwave killed over 370
people (Alexander and Tebaldi 2012) with an insured loss of US$1.3 billion (Munich
Re 2009). Heatwaves are also a key contributor to bushfires.

Heatwaves also occur in the marine environment; for example, the 2011 Western Australia
marine heatwave (Pearce and Feng 2013) had substantial impacts on marine biodiversity
(Wernberg et al. 2013). Extreme heat events also impact agriculture and aquaculture industries,
respectively harming grain harvest yields (Barlow et al. 2013) and reducing livestock in
salmon farming.

Despite their importance, research into atmospheric heatwaves in Australia is
generally lagging behind the global effort. Recent studies over Europe have demon-
strated how the land interacts with synoptic systems (e.g. Fischer et al. 2012; Quesada
et al. 2012) to influencing heatwave variability. Moreover, several studies have
indicated that anthropogenic forcing has contributed to specific European events
(e.g. Stott et al. 2004), while others indicate increases in the frequency of future
heatwaves under greenhouse conditions (Orlowsky and Seneviratne 2012). However, a
unified approach in understanding and characterizing atmospheric heatwaves in
Australia is currently missing. This is lacking despite improved understanding of
relationships between heatwaves and large-scale modes of climate variability (Parker
et al. 2014a; Perkins et al. 2015) dominant synoptic patterns (Pezza et al. 2012) and
increases in heatwave frequency since the 1950s (Indian Ocean Climate Initiative
2012; Perkins and Alexander 2013). In the case of marine heatwaves, only a handful
of studies focus on the dynamics and impacts of specific events (Oliver et al. 2014a;
Benthuysen et al. 2014), with a measurement framework only recently proposed
(Hobday et al. 2016).

This paper reviews the scientific literature on the measurement, causes, observed
trends and future projections of both atmospheric and marine heatwaves across
Australia. We conclude with principal findings and provide key recommendations on
future research priorities. While atmospheric heatwaves also occur during cooler sea-
sons. The focus here is limited to austral summer heatwaves when the scale of impacts
are generally larger.
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2 Understanding heatwaves
2.1 Measuring atmospheric heatwaves

Atmospheric heatwaves are often classified as prolonged periods of excessive heat
(Perkins and Alexander 2013), although no universal definition exists. They can be
measured using different characteristics — such as intensity, frequency, duration, timing
and spatial extent — and calculated using daily maximum, minimum, or average temper-
atures (e.g. Furrer et al. 2010; Fischer and Schir 2010; Russo et al. 2014). In most
Australian studies, a relative threshold (or percentile) is used to determine excessive heat,
where prolonged periods of heat last for at least 3 days (Tryhorn and Risbey 2006;
Alexander and Arblaster 2009; Pezza et al. 2012). A relative threshold is useful since
what is considered extreme in one location and/or time of year may not be extreme under
other circumstances (Perkins and Alexander 2013).

The Australian Bureau of Meteorology has devised the Excess Heat Factor (EHF; Nairn
and Fawcett 2013) index that takes account how hot a three-day period is compared to the
previous month, as well as the climatological 95th percentile. Furthermore, a multi-
characteristic framework has been developed (Perkins and Alexander 2013), employing five
metrics of heatwave intensity, frequency and duration (see Fischer and Schér 2010) for three
different definitions. This approach allows for a more consistent analysis, whilst providing
useful information to a range of impacts communities, and is similar to the “hot-spell” (periods
of extreme heat similar to heatwaves) approach of Furrer et al. (2010), where heatwave
characteristics are modelled as a function of covariates, for example, time.

2.2 Large-scale mechanisms of atmospheric heatwaves

Recently, there have been Australian and international advances in understanding drivers and
mechanisms of atmospheric heatwaves (e.g. Loikith and Broccoli 2012; Horton et al. 2015;
Krueger et al. 2015; Grotjahn et al. 2015). Figure 1 explains how physical mechanisms
underpinning atmospheric heatwaves over various timescales may interact in the lead-up to
a heatwave. Several studies have examined the relationship between modes of large-scale
climate variability and land surface temperatures across Australia (Nicholls et al. 1996; Jones
and Trewin 2000; Arblaster and Alexander 2012). While the El Nifio-Southern Oscillation
(ENSO) is regarded as the primary large-scale driver of inter-annual variations of Australian
rainfall (Risbey et al. 2009), its role on temperature extremes is more varied (e.g. Arblaster and
Alexander 2012; Min et al. 2013). Significantly more heatwave days, and longer and more
intense events are observed over northern and eastern Australia during El Nifio compared to La
Nina (Perkins et al. 2015), yet different relationships occur in the southeast (Trewin 2009;
Parker et al. 2014a; Boschat et al. 2015). White et al. (2013a) found that the Indian Ocean
Dipole has a positive relationship over southern Australia for austral winter and spring.

Southeastern Australia heatwaves are associated with the Madden Julian Oscillation (MJO)
phases 3—6 during austral summer (Parker et al. 2014a), yet during spring, MJO phases 2—3 are
more influential (Marshall et al. 2013). Over most of Australia, the likelihood of extreme
temperature increases during negative phases of the Southern Annular Mode (Marshall et al.
2013), but relationships with summertime heatwaves are less clear (Perkins et al. 2015). Large-
scale teleconnections to sea surface temperature (SST) and atmospheric conditions are also
suggested (e.g. Pezza et al. 2012).
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Large-scale climate modes (e.g. ENSO, I0D)

Land-surface eedbacks (antecedent soil
dryness)

Anticyclonic high-pressure systems

Synoptics (e.g. breaking
Rossby waves, blocking)

Localised

amplification

AI119A9S 2ABMIBI

— >

Timescale of physical processes

Fig. 1 Heatwave schematic illustrating the various physical processes contributing to heatwaves, the interactions
and feedbacks existing between them, and timescales on which they operate. Note that not all processes need to
be present for a heatwave to occur (Fischer et al. 2007; Miralles et al. 2014). Coloured shading indicates the
severity of a heatwave (red being more severe), the arrow thickness on the x-axis indicates the temporal length of
key mechanisms, and the arrow on the y-axis indicates how the mechanisms on their various timescales may
amplify heatwave severity. For example, A particular phase of climate modes may increase the likelihood of
heatwaves, which then become more severe once other, shorter time-scale mechanisms (e.g. dry soil and high-
pressure systems) also occur

2.3 Atmospheric heatwave meteorology and land surface influences

The most important weather system for Australian heatwaves is the persistent anticyclone,
positioned adjacent to the affected area (Marshall et al. 2013) and largely associated with
planetary-scale Rossby waves (Pezza et al. 2012; Parker et al. 2014b). Anticyclonic high-
pressure systems bring warm air from the interior of the continent to the heatwave affected
area, sustaining conditions for a number of days (Steffen et al. 2014). For southeastern
Australia, anticyclone systems are generally centred over the Tasman Sea in line with the
subtropical ridge (Hudson et al. 2011; Marshall et al. 2013). Parker et al. (2014b) found an
association with propagating and overturning Rossby waves, dynamically influencing the
development of southeast heatwaves. Across the southwest, anticyclone systems are typically
centred over the Great Australian Bight (Pezza et al. 2012). Other influential features include
intra-seasonal drivers of variability (Marshall et al. 2013; White et al. 2013a), rainfall deficits
(Nicholls 2004), the Australian monsoon and tropical cyclones (Parker et al. 2013).
Mechanisms of extreme-heat build-up include advection from lower latitudes, large-scale
subsidence transporting higher potential temperature air from upper levels, or development
and replacement of the diurnal mixed layer (McBride et al. 2009).

International studies have shown that the land surface provides important feedbacks
(including the albedo, surface roughness and soil moisture; e.g. Miralles et al. 2012, 2014)
that can exacerbate or dampen heatwave intensity (Seneviratne et al. 2006). Kala et al. (2015)
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demonstrated the impact of soil moisture on the meteorology of the 2009 Black Saturday
heatwave, highlighting the significant contribution desiccated soil can have on extreme heat
events. Such studies are important, as a better understanding of the strength of these feedback
mechanisms may allow for improved land cover management, potentially reducing heatwave
severity (Davin et al. 2014). This may be particularly important in urban environments where
the urban heat island effect can compound extreme temperature (Argiieso et al. 2014, 2015).

2.4 Measuring marine heatwaves

Marine heatwaves are often measured by the magnitude of ocean temperature anomalies above
the monthly seasonal climatology (e.g. Pearce and Feng 2013). Temperature anomalies for
specific events have been reported on weekly, daily and finer time scales, using satellite
measurements and data loggers (e.g. Olita et al. 2007; Mills et al. 2013). Other studies use
more sophisticated metrics including a period (~ 3 to 5 days) where ocean temperatures were at
least 3—5 °C above average (Sorte et al. 2010), thermal stress anomalies (Selig et al. 2010) or
degree-heating weeks (Gleeson and Strong 1995). Extreme ocean temperatures have been
examined using the frequency of days above the 95th percentile (Lima and Wethey 2012) and
extreme value theory (Oliver et al. 2014a, b). A standardized definition has been recently
constructed, based on consecutive exceedances of the calendar day 90th percentile of temper-
ature for at least five consecutive days (Hobday et al. 2016). From this definition, a set of
metrics are computed that measure marine heatwave intensity, duration, cumulative intensity
and rate of onset/decline.

2.5 Large-scale mechanisms of marine heatwaves

Large-scale mechanisms of marine heatwaves are less well understood. ENSO is known to
play a role in driving temperature events such as the unprecedented 2011 “Ningaloo Nifo”
(Pearce and Feng 2013), whereby La Nifia conditions drove a stronger than average Leeuwin
Current southward along the coast of Western Australia (Kataoka et al. 2014). Off the
southeast coast, mesoscale eddies from instabilities in the East Australian Current drive marine
heatwaves along the continental shelf (Oliver et al. 2014a). In regions such as coastal South
Australia (e.g. Kédmpf et al. 2004) and New South Wales (NSW) (e.g. Roughan and Middleton
2004), local winds drive temperature variations due to upwelling and downwelling processes.
Globally, high atmospheric temperatures and low winds commonly drive marine heatwaves
and this relationship can be expected to hold around Australia (e.g. Olita et al. 2007; Pearce
and Feng 2013).

3 Observed changes

3.1 Observed changes and attribution of atmospheric heatwaves

The continentally averaged Australian mean temperature has increased by 0.9 °C since 1950,
which is slightly higher than the combined ocean-land global average of 0.85 °C (Bureau of
Meteorology 2012), though it is worth noting that globally averaged land-only temperatures
have warmed twice as fast as the combined average. There have been various assessments of

Australian extreme temperature trends (e.g. Tryhorn and Risbey 2006; Alexander and
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Arblaster 2009; Trewin and Vermont 2010; Pezza et al. 2012; Donat et al. 2013), however
heatwave characteristics — and the metrics used to define them — can vary markedly, limiting
consistent comparisons.

Heatwave characteristics have increased across many Australian regions since the mid 20th
century (Alexander and Arblaster 2009; Donat et al. 2013; Perkins and Alexander 2013). Over
1971-2008, the hottest day in a heatwave increased faster than average heatwave intensity, with
a measurable increase in the duration and frequency of heatwaves (Perkins and Alexander
2013). Similar patterns are found when extending the analysis to 1950-2013 (Steffen et al.
2014; see Fig. 2). Throughout southwest Western Australia the frequency and intensity of hot
spells (periods of relative extreme heat that can occur throughout the year) increased over 1958—
2010, but their duration decreased slightly (Indian Ocean Climate Initiative 2012). Over the
same period, inland areas of northwest Western Australia experienced increases in intensity,
frequency, and duration, but along coastal areas, intensity decreased. While emerging studies
are explaining the dynamic/thermodynamic components of changes in Northern Hemisphere
extreme temperatures (e.g. Horton et al. 2015), similar studies have not been undertaken.

Classically, studies analysing the role of human influence on observed extreme temperature
events are based on monthly/seasonal anomalies for large spatial domains (e.g. Stott et al.
2004). In Australia, the intensity of the 2012/2013 summer was five times more likely to occur
in a climate under the influence of anthropogenic greenhouse gases, compared to a climate
without these influences (Lewis and Karoly 2013). Moreover, Australia’s hottest spring on
record (2013) would not have occurred without anthropogenic influence (Lewis and Karoly
2014; Knutson et al. 2014). Although attribution studies are specific to the event and domain
analysed, there is evidence that a relationship exists between larger-scale, longer-term extreme
temperature anomalies, and those over smaller spatial and temporal scales (Angélil et al.
2014). Hence, the studies of Lewis and Karoly are indicative that a human signal exists in
observed heatwaves over smaller domains and shorter temporal scales. Indeed, the intensity
and frequency of heatwaves during the 2012/2013 Australian summer increased in occurrence
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by respectively two- and three-fold respectively due to anthropogenic influence (Perkins et al.
2014a). While the aforementioned studies employed the same methodology (fraction of
attributable risk, see Allen 2003), other methods also exist for determining anthropogenic
influence (Allen and Tett 1999; Kokic et al. 2014). Such analyses have looked at long-term
trends in daily extreme temperatures at global and continental scales (e.g. Kim et al. 2015), but
have not yet been applied to Australian heatwaves.

3.2 Recent unprecedented heatwave events across Australia

Australia has experienced extreme heatwaves during the last decade. In late January and early
February 2009, a severe heatwave occurred over Victoria that was followed by the most
devastating bushfires in Australian history (the “Black Saturday” fires). Several records were
set for high day- and night-time temperatures as well as for the duration of the event (National
Climate Centre 2009). The heatwave occurred in association with a slow moving surface
anticyclone and propagating Rossby waves. The land surface had also been particularly dry in
the preceding weeks, which combined with the presence of a tropical low off northwest
Western Australia and an active monsoon trough, provided ideal conditions for the advection
of hot air towards southern Australia (Parker et al. 2013). Recent research also suggests that
unprecedented Antarctic warming and a polar anticyclone over the Southern Ocean was at
least partly responsible for the 2009 Victorian heatwave (Fiddes et al. 2015).

In January 2013, a record-breaking persistent heat event affected the majority of the
continent, which was unprecedented spatially and temporally in observational records
(Bureau of Meteorology 2013). Extremely hot air masses developed across north Australia
that were driven southwards ahead of a series of cold fronts, creating a persistent hot air mass
that sat over the continent (Bureau of Meteorology 2013). The event was associated with a
delayed monsoon onset and slow moving weather systems over the continent, following a drier
than average end to 2012. The heatwave affected set a new national daily maximum temper-
ature record of 40.33 °C on 7th January 2013, consisting of seven consecutive days with
maximum temperature above 39 °C (Bureau of Meteorology 2013).

4 Future changes
4.1 Projections of heatwave events
4.1.1 Heatwave projections from global climate models

Heatwaves are expected to continue in a world under anthropogenic influence, with recent
studies suggesting an increase in their frequency and duration (Orlowsky and Seneviratne
2012; Coumou and Robinson 2013; Fischer et al. 2013). Large efforts have been devoted to
understanding the impact of anthropogenic climate change on heatwaves in North America
and Europe (e.g. Lau and Nath 2012, 2014; Andrade et al. 2014), but this is less so for
Australian heatwaves. Relevant work for Australia are summarised below.

Tryhorn and Risbey (2006) and Alexander and Arblaster (2009), employing a single
climate model, and the Coupled Model Intercomparison Project (CMIP) phase 3 climate
models respectively, found a projected increase in heatwave duration and warm nights in the
21st century under greenhouse forcing. Recently, revised regional climate change projections
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for Australia provide a regional assessment of plausible future projections of extreme temper-
atures (CSIRO 2015). Projections based on 24 CMIP phase 5 (CMIP5) climate models for the
Representative Concentration Pathways (RCP) 4.5 (medium-low) and 8.5 (high) emission
scenarios (Taylor et al. 2012) show that changes in extremes are similar to changes in annual
means, consistent with observations (Alexander et al. 2007). Projected changes in the frequen-
cy of warm spells (including heatwaves) by 2100 show a significant increase among the
CMIP5 ensemble for both RCP4.5 and RCP8.5 (CSIRO 2015).

The CMIPS5S models project heatwaves to become more frequent, hotter, and longer
across Australia by the end of the 21st century (Cowan et al. 2014). Patterns of change are
similar under RCP4.5 (Fig. 3a, b) and RCP8.5 (Fig. 3¢, d), but scale with anthropogenic
influence. Projections for northern Australia show the largest increase in heatwave days,
due to the narrow temperature distribution in the tropics (e.g. Diffenbaugh and Scherer
2011). Increases in intensity and frequency across the southern regions are substantial
(Fig. 3a, b, ¢, d). Under a moving-threshold heatwave definition, which removes the effect
of an increase in mean temperature, future changes in frequency are minimal, indicating a
similar rate of increase to mean temperature (Cowan et al. 2014). However, the intensity
across central-southern Australia still increases, implying that heatwaves are getting hotter
at a faster rate than mean temperature in this region.

4.1.2 Regional and downscaled climate projections

Projected changes in temperature extremes have been quantified using dynamical downscaling
techniques across Australia (Perkins et al. 2014b), resolution Tasmania (White et al. 2013b),
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Fig. 3 Austral summer heatwave increases compared to historical climatology. (fop) Ensemble average
heatwave frequency (HWF; days per summer), and (botfom) heatwave amplitude (HWA; °C). (a,b) CMIP5
RCP4.5, (¢,d) CMIP5 RCPS8.5, and (e,f) 50 km downscaled NARCIiIM SRES A2. CMIPS5 increases are
calculated over 20812100 compared to 1950-2005 climatology. NARCIiM increases are calculated over
2060-2079 compared to 1990-2009 climatology. Heatwaves are based on the definition described in Pezza et
al. (2012), where a heatwave occurs when at least thee consecutive days are above the monthly 90th percentile
for maximum temperaturef. Stippling indicates where future and historical climatologies are not significantly
different at the 95 % confidence level. (a-d) adapted from Fig. 3 in Cowan et al. (2014) and based on 15 CMIP5
models
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and for NSW and the Australian Capital Territory (Evans et al. 2014). White et al. (2013b)
show a significant average increase in warm spell duration including by 2100, relative to the
current baseline for a high-emissions scenario across Tasmania.

While regional climate ensemble projections agree with large-scale trends from their
host models, such studies add spatial detail in extreme temperature frequency and
intensity projections (Perkins et al. 2014b). For example, Fig. 3e and f illustrate this
using 50 km regional simulations for heatwave intensity and frequency respectively
(Evans et al. 2014).

4.2 Projected changes in atmospheric circulation

Currently, understanding the dynamic/thermodynamic components behind future projections
of Australian heatwaves is limited. Purich et al. (2014) found that under climate change, a
poleward shift and intensification of the most severe heatwave-inducing anticyclones can be
expected, consistent with projected subtropical ridge and SAM changes (e.g. Timbal et al.
2010; Kent et al. 2013). However, the significant rise in the number of heatwave events across
southern and central Australia is currently predominantly attributed to thermodynamic changes
(Purich et al. 2014).

There are suggestions that SSTs influence synoptic conditions associated with heatwaves
globally (Della-Marta et al. 2007; Trenberth and Fasullo 2012), although whether local SST
anomalies are caused by, or are responsible for, Australian heatwaves remains uncertain (e.g.
Pezza et al. 2012; Boschat et al. 2015). Moreover, evidence provided by observations is
limited, and the CMIPS5 models fail to capture observed SST patterns prior to southern
Australian heatwaves (Purich et al. 2014). Further research is required on this topic, as well
as how future changes in the large-scale modes will impact Australian heatwaves (see Parker
et al. 2014a), given that models project significant increases in extreme El Nifio and La Nifia
events (Cai et al. 2014, 2015) and a continuation of positive SAM trends in the RCP8.5
scenario (Zheng et al. 2013).

4.3 Projections of marine heatwaves

As marine heatwaves is an emerging field, there are few studies exploring future changes.
Southeastern and southwestern Australia are identified as hotspots of ocean warming
(Foster et al. 2014), with the Tasman Sea in particular experiencing surface warming
three-to-four times the global rate (Holbrook and Bindoff 1997; Ridgway 2007). The
CMIP5 models project a net warming (relative to 1986—2005) of SST in the Australia
region of 0.6565 °C65 °C by 2050 under RCP2.6, rising to 0.99 °C9 °C and 1.22 °C2 °C
under RCP4.5 and RCP8.5, respectively. The strongest signals are seen off the coasts of
Tasmania and southwestern Australia, consistent with observed historical trends, and off
the northwest shelf. This background warming is a significant driver of marine heatwaves,
as the probability of large heat anomalies becomes much greater. In addition, changes in
drivers such as ENSO can significantly impact marine heatwave occurrences off Western
Australia (Feng et al. 2015). Changes in wind stress curl over the high-latitude South
Pacific (e.g. through variations in the SAM) can impact eddy-driven marine heatwaves off
southeastern Australia (Oliver et al. 2014a; Oliver and Holbrook 2014). However, there
remains a large gap in understanding what future projections of marine heatwaves might
entail.
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5 Conclusions and remaining questions

As part of this Special Issue on Australian natural hazards, this paper summarizes scientific
advances in the measurement and understanding of Australian atmospheric and marine
heatwaves, and the state of our knowledge on future changes. While there is no single way
to define heatwaves, it is clear that their intensity, frequency and duration has increased as
anthropogenic influences on the climate has increased. Immediate research could focus on
developing more impact-relevant projections on finer spatial scales. Moreover, investigating
the human influence on observed trends in Australian heatwaves could be undertaken using
internationally applied methods.

Considerable advance has been made in understanding the physical mechanisms
driving Australian heatwaves, particularly relationships between ENSO and other
modes of variability (Parker et al. 2014a; Perkins et al. 2015) and synoptic-scale
dynamics (Pezza et al. 2012; Parker et al. 2014b; Boschat et al. 2015). However,
there is no comprehensive, Australia-wide study documenting the dynamics behind
heatwaves. Consequently untangling causes and changes in Australian heatwaves
should be prioritized, including land surface feedbacks and antecedent soil moisture,
dynamic/thermodynamic components of heatwaves, and increases in the land-sea
temperature gradient. The latter has not yet been studied in relation to Australian
heatwaves, yet may be important, especially over coastal regions. Understanding the
physical connections between heatwaves and drought would also be beneficial to
stakeholders of both hazards. Such work is imperative towards a greater understanding
of atmospheric heatwaves, as well as advancing Australia’s international contribution
towards this important field.

Much work remains to better understand marine heatwaves. Given local events in
recent years (Pearce and Feng 2013) and the proposal of a measurement framework
(Hobday et al. 2016), the Australian community is in a leading position. However,
considerable work is required to to generate future projections of marine heatwaves
and understand interactions between driving mechanisms. Such work should be pri-
oritized to bring our understanding of marine heatwaves in line with atmospheric
events.

Lastly, there is a need for a more unified framework for identifying atmospheric events,
following recent Australian efforts applied to marine events. The identification of events
underpins subsequent research on dynamics, changes and impacts, thus a more unified
framework allows for consistency across relevant studies and fields of research. This
would require large collaboration across different research and industry sectors, and would
need to be conducted at the global scale. This is an area that is likely to be active for many
years to come, yet is imperative in addressing both regional and global grand challenges of
heatwaves.
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ABSTRACT

Record-breaking summer heat waves were experienced across the contiguous United States during the
decade-long “Dust Bowl”” drought in the 1930s. Using high-quality daily temperature observations, the Dust
Bowl heat wave characteristics are assessed with metrics that describe variations in heat wave activity and
intensity. Despite the sparser station coverage in the early record, there is robust evidence for the emergence
of exceptional heat waves across the central Great Plains, the most extreme of which were preconditioned by
anomalously dry springs. This is consistent with the entire twentieth-century record: summer heat waves over
the Great Plains develop on average ~15-20 days earlier after anomalously dry springs, compared to sum-
mers following wet springs. Heat waves following dry springs are also significantly longer and hotter, in-
dicative of the importance of land surface feedbacks in heat wave intensification. A distinctive anomalous
continental-wide circulation pattern accompanied exceptional heat waves in the Great Plains, including those
of the Dust Bowl decade. An anomalous broad surface pressure ridge straddling an upper-level blocking
anticyclone over the western United States forced substantial subsidence and adiabatic warming over the
Great Plains, and triggered anomalous southward warm advection over southern regions. This prolonged and
amplified the heat waves over the central United States, which in turn gradually spread westward following
heat wave emergence. The results imply that exceptional heat waves are preconditioned, triggered, and
strengthened across the Great Plains through a combination of spring drought, upper-level continental-wide
anticyclonic flow, and warm advection from the north.
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1. Introduction

The aptly named “Dust Bowl”” drought that plagued
the contiguous United States during the 1930s caused
widespread misfortune for many regional communities
and severely dented the emerging economy. It covered
almost one-third of the United States (Peterson et al.
2013), breaking all-time maximum temperature records
across the Great Plains and the Mississippi basin
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able at the Journals Online website: http://dx.doi.org/10.1175/
JCLI-D-16-0436.s1.
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(Abatzoglou and Barbero 2014; Donat et al. 2016) that
still hold at the time of analysis." The record-breaking
heat waves experienced during the Dust Bowl decade
(1930-39) were not isolated incidences, but part of sys-
tematically hotter summers that emerged around 1930
across the Midwestern United States and peaked in 1936
(Cook et al. 2014; Donat et al. 2016). What triggered and
subsequently amplified the Dust Bowl decade heat
waves has been of great interest to the climate and hy-
drology communities, given the agricultural significance
of the Great Plains, and the relatively smaller imposition

! As of the boreal summer of 2016, based on GHCNDEX (based on
GHCN data; see Donat et al. 2013a), from http:/www.climdex.org/.

© 2017 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright

Policy (www.ametsoc.org/PUBSReuseLicenses).
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by greenhouse gas—-induced warming in the early
twentieth century. Managing the risk that heat waves
pose is underscored by the fact that state-of-the-art
climate models project an intensification of heat ex-
tremes across the United States and Canada in the
upcoming decades and beyond (Meehl and Tebaldi
2004; Diffenbaugh and Ashfaq 2010; Grotjahn et al.
2016; Jeong et al. 2016; Teng et al. 2016), potentially
exposing a greater proportion of the population to these
extreme events (Jones et al. 2015), as witnessed for exam-
ple in Chicago in 1995 (Livezey and Tinker 1996).

The trigger of summer heat waves and their in-
tensification during the Dust Bowl decade is still an open
question some 80 years after their occurrence. Spring
precipitation deficits across the central and western
United States were observed prior to the Dust Bowl
summers (Cook et al. 2011; Donat et al. 2016), which
contributed to the drought severity over the Great
Plains and the devastating dust storms (Mattice 1935;
Cook et al. 2014). Aside from significantly low summer
precipitation, anomalous deficits continued through the
autumn (Schubert et al. 2004a). The spring precipitation
deficit limited soil moisture availability over the Great
Plains (and across the Midwest and Northwest; Donat
et al. 2016), reducing evapotranspiration at the surface
and increasing sensible heating throughout summer, as
is common in water-limited regions (Yin et al. 2014). An
increase in hot extremes following precipitation deficits
has been observed across much of North America and
Europe (e.g., Mueller and Seneviratne 2012). This
combination of dry soils and midtropospheric anticy-
clonic blocking has also been implicated as the causal
factor behind the European mega—heat waves of 2003
and 2010 (Fischer et al. 2007a,b; Miralles et al. 2014).
The extent to which dry springs play a deterministic role
in the increased Great Plains summer heat wave activity
and intensity has yet to be examined and quantified in
the context of the Dust Bowl decade; this is the first
focus of this study.

No two individual heat waves are identical, so it is
possible that multiple factors lead to single or seasonally
clustered events (e.g., Grotjahn et al. 2016). Isolated
heat waves across the United States often develop from
propagating planetary waves (Teng et al. 2013, 2016;
McKinnon et al. 2016) and can be amplified downstream
by strong land—-atmosphere coupling (Koster et al. 2004;
Fischer et al. 2007a). The spring precipitation deficits
during the Dust Bowl decade were associated with a
weakening in the Great Plains low-level jet (a meridio-
nal jet in the lower troposphere), preventing advection
of relatively moist warm tropical air from the Gulf of
Mexico and Caribbean Sea (Bronnimann et al. 2009).
Additionally, midtropospheric blocking in the United

JOURNAL OF CLIMATE

VOLUME 30

States was a common feature during the late spring and
early summer months of the Dust Bowl decade, possibly
amplifying the drought conditions (Cook et al. 2011).
For North American heat waves, an anomalous upper-
level ridge essentially acts as a quasi-stationary blocking
anticyclone that prevents synoptic-scale systems from
disrupting the accumulation of heat (Lau and Nath
2012). An anomalous ridge persisted over the western
United States in the spring and summer (March-July) of
1934, driving high temperature anomalies across the
central Great Plains (Cook et al. 2014). Whether this
ridging pattern was a systematic feature during the most
extreme Great Plains heat waves is determined in the
second part of this study using composite analysis.

This study differs from previous research by pre-
dominantly focusing on the Dust Bowl heat wave char-
acteristics over the United States, in particular across
the Great Plains, as opposed to only focusing on the link
between summer heat and spring precipitation (Donat
et al. 2016), or the relationship between decadal drought
and tropical ocean conditions (e.g., Hoerling and Kumar
2003; Schubert et al. 2004b). We first provide an over-
view of the well-established metrics and the clustering
technique used (section 2) and then quantify the Dust
Bowl heat waves (sections 3a and 3b). We then focus on
the roles of spring drought severity (sections 3c and 3d)
and concurrent synoptic conditions during the earliest
summer heat waves (section 3g). We also provide a
cautionary note on the biases that emerge when cal-
culating heat wave metrics using gridded reanalysis
(sections 3e and 3f). A discussion of the implications of
the results is provided in section 4. The expectation
of this study is to establish the unique characteristics of
heat waves over the Great Plains, and the conditions
that distinguish the most exceptional events, like those
witnessed during the Dust Bowl decade, to heat waves
occurring amid later multiyear drought periods such as
1950s and 1980s.

2. Data and methods
a. Observational and reanalysis data

We utilize daily temperature data from stations net-
worked across the United States and Canada that form
part of the Global Historical Climate Network
(GHCN)-Daily archive (Menne et al. 2012). The stations
were either included in the United States Historical Cli-
matology Network or nonmember stations that have
passed the necessary quality assurance checks. Because so
few high-quality stations exist in the early twentieth cen-
tury, only stations that have daily maximum and minimum
temperature (Tpax and Ty, respectively) from 1920
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onward, with less than 10% missing records, are used (e.g.,
Abatzoglou and Barbero 2014). We focus on the period
1920-2012 to encompass other decades with anomalous
heat wave activity and to allow for a large sample size
when constructing composites. Fourteen quality control
flags, such as failed duplicate checks and failed lagged
range checks, were taken into consideration and if any of
these flags were raised the station was discarded. Station
data homogeneity is also an issue, given inconsistencies
in Tpax and Tpy;, that are noted in the 1980s due to an
upgrade to electronic thermometers (Abatzoglou and
Barbero 2014). Temporal inhomogeneities due to stations
that are missing more than three consecutive months of
measurements do not affect results (not shown). A total of
774 high-quality stations are selected from across North
America, with 732 from the United States and 42 from
southern Canada.

Daily precipitation observations from 796 GHCN
stations are converted to monthly values to calculate the
Standardized Precipitation Index (SPI) as a means of
quantifying the historical meteorological drought con-
ditions. The SPI, developed by McKee et al. (1993),
describes how many standard deviations a particular
precipitation value has deviated from the long-term
mean, set over a given averaging period. The monthly
precipitation time series is transformed into a normal
distribution using a two-parameter gamma distribution
fit. We consider an averaging period of three months
for the SPI. As the SPI does not capture the effects of
evapotranspiration, we approximate the contribution
from soil moisture with a monthly Palmer Drought
Severity Index (PDSI). The PDSI is a standardized
drought index, combining precipitation and potential
evapotranspiration information, and is significantly
correlated with observed soil moisture over a number
of United States regions (Dai et al. 2004). We use a
self-calibrating PDSI taken from Dai (2011), which is
based on the Penman—Monteith equation for calcu-
lating evapotranspiration.” The PDSI takes into account
wind speed and humidity, and is calibrated for local

2 Evapotranspiration (ET) is defined as
AR, — G) +p,c (e —e)lr,

a"p
[A+ y(l +:—;>]

where R,, is the surface net radiation flux, G is the soil heat flux,
p, is the mean air density at constant pressure, ¢, is specific heat of
air, A is the slope of the saturation vapor pressure temperature
relationship, (e; — e,) is the vapor pressure deficit of air, vy is the
psychrometric constant, and r,; and r, represent the bulk surface
and aerodynamic resistances and so depend on roughness and
wind speed.

ET
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conditions making for a better comparison across North
America (Dai 2011).

Gridded daily surface conditions and atmospheric cir-
culation fields are taken from the Twentieth Century Re-
analysis (20CR) version 2c [e.g., temperature (Tmax, Tmin),
mean sea level pressure (MSLP), 10-m winds, 500-hPa
geopotential height], with a T62 (2° X 2°) resolution
(Compo et al. 2011). Near-surface horizontal tempera-
ture advection (T,qy) is expressed as

aT aT
T=ul—)+tvl—),
adv ox ay

where u and v are the 10-m zonal and meridional winds,
and 97/9x and d7T/dy are the zonal and meridional 2-m
air temperature gradients, respectively. Horizontal
temperature advection is calculated daily and then av-
eraged into months and seasons.

The ensemble average of the 20CR assimilation
members is used, given that the spread between indi-
vidual simulations in version 2 in capturing hot days
averaged over the central United States is small during
the 1930s (Donat et al. 2016). Soil moisture from 20CR is
neglected given its unreliability over the central United
States in the early twentieth century (Ferguson and
Villarini 2012). Biases also exist in 20CR in representing
the location and magnitude of heat maxima over the
central United States during the summers of 1934 and
1936 (Donat et al. 2016). As a result, we first calculate
heat wave metrics using station data, and then repeat the
calculations for the 20CR daily temperatures to confirm
the reliability of the gridded product for use in analyzing
circulation patterns associated with selected heat waves.

b. Defining heat waves

A heat wave reflects an extended number of days
when the daily T..x and/or T.;, exceeds a given
threshold, resulting in extremely hot days and a lack of
nighttime relief (e.g., Nairn and Fawcett 2013). Here we
define a heat wave event when the daily 7}, surpasses
its 90th percentile threshold for more than three con-
secutive days, with T,;, exceeding its 90th percentile
threshold for at least the second and third days (i.e., after
the third day it can fall below the threshold; however,
the heat wave is still considered to continue if Tp,.x
continues to exceed its 90th percentile; Pezza et al.
2012). We use the daily 90th percentile threshold based
on a centered 15-day window (each calendar day is
referenced to the seven days before and after) that shifts
each day, such that there is no monthly or seasonal de-
pendency (Perkins and Alexander 2013). The percentile
is calculated from a 1920-2012 baseline. The daily per-
centile approach has the effect of removing biases that
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may arise from heat waves that extend over consecutive
months, although similar results are found using monthly
percentiles (not shown; Cowan et al. 2014). For each
station or 20CR grid point over North America (25.7°-
73.3°N, 144.4°-56.3°W) heat wave days are detected, and
then heat wave metrics are aggregated over each calendar
season [i.e., winter: December—February (DJF), spring:
March-May (MAM), summer: June-August (JJA), and
autumn: September-November (SON)]. Here DJF refers
to the winter prior to the heat wave summer (i.e., previous
year’s December).
We quantify five main heat wave metrics:

1) HWN: the total number of heat waves (events per
season);

2) HWEF: the frequency of heat wave days (total number
of days per season);

3) HWD: the duration of the longest heat wave (days);

4) HWA: the amplitude of the hottest seasonal heat
wave (anomaly of the hottest day of the hottest
seasonal heat wave, °C); and

5) HWT: the timing of either the earliest, longest or
hottest seasonal heat wave (summer is referenced to
1 June).

Unless specified otherwise, we refer to heat waves as
summer events only. A further test was also carried out
to determine if possible contamination between closely
occurring heat waves [less than 15 days between events,
asin Teng et al. (2016)] might lead to event count biases.
The test showed that there is little difference between
the decadal averages of heat wave metrics when events
are separated by at least 15 days and those with no
separation, aside from a broad-scale reduction in HWN
and HWF (since fewer events are considered; not
shown). Therefore, we consider all possible heat wave
days, but we acknowledge the possibility of over-
estimating the total number of independent events and
underestimating the longest summer event.

The heat wave metrics are calculated for the 774
GHCN stations and for North American grid points for
20CR, although we predominantly focus on three key
Dust Bowl drought regions: the northern Great Plains
(40°-50°N, 105°-85°W; temperate climate), the southern
Great Plains (30°-40°N, 105°-85°W; subtropical climate)
and the combined region (termed simply the Great
Plains). The Great Plains here is identical to that area
that has recorded a high number of hot days during the
1930s (Donat et al. 2016). When a station or grid point
detects no seasonal heat wave activity then HWN and
HWEF are set to zero, whereas HWD, HWA, and HWT
are set to missing values. For decadal averages of HWD,
HWA, and HWT (as in Fig. 2), we require that the
temporal coverage of heat wave data in question for a
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given point must be greater than 50% (i.e., more than
five years out of a decade must have heat waves de-
tected). This prevents small sample sizes from skewing
decadal averages. To address geographical biases when
spatially averaging stations over a given region, stations
are clustered into 2° X 2° grids and areal averaged over
that region [similar to Abatzoglou and Barbero (2014),
who averaged over a 1° horizontal resolution]. The heat
wave metrics are always calculated for each station prior
to averaging over each region, as opposed to averaging
temperatures first, given the areal extent of the regions.

Statistical significance of summer heat wave compos-
ites ranked by the anomalously dry or wet springs is
assessed using a Wilcoxon sign-ranked test (Hollander
and Wolfe 1999). This nonparametric test determines if
two samples are distinguishable from each other at the
90% confidence level, based on the difference between
the means of two sets of cases consisting of the 10 wettest
and driest springs over a predefined region. The null
hypothesis of this test is that the median difference be-
tween the composites is zero. Similar testing was carried
out on the SPI-based composites using a Mann—Whitney
U test and the results were very similar (not shown).’
The significance is indicated on the spatial maps com-
paring the heat wave metric composites. For composites
that are averaged both spatially and temporally, we
perform a Monte Carlo test where the significance be-
tween wet and dry spring cases is assessed by generating
1000 sets of 10 randomly sampled summers. Likewise,
for circulation and surface condition composites asso-
ciated with heat waves using 20CR (i.e., Fig. 11 onward),
the significance is tested by generating 1000 null com-
posites comprising randomly resampled summers, using
identical sample sizes to that of each region’s composite.
A two-tailed ¢ test is used to determine if a grid cell is
significant at the 95% level based on whether that cell’s
value is greater or less than its equivalent cell in 975 out
of the 1000 null composites.

c. Temporal aggregation of heat waves

By temporally aggregating heat waves (by date) we
can assess the average circulation associated with heat
waves on a week to week time frame. For this we only
focus on the synoptic conditions of the earliest summer
events. This avoids contamination of synoptic patterns
associated with frequently recurring heat waves. We
perform a temporal aggregation technique whereby the

3 The Mann-Whitney U test was not considered for the PDSI
composite years given the partial dependence of PDSI and heat
wave metrics (i.e., they both contain temperature in their defini-
tion), although we compare spring drying with summer heat waves.
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earliest summer heat wave that occurs at each GHCN
station is assigned a start date. All stations over the
Great Plains are analyzed and the total number of
GHCN stations for each summer day is counted and
grouped together to form a unique station date index.
We then calculate the cumulative sum of stations for
each day that record a heat wave start until a threshold
percentage of stations across the region of interest is
exceeded. To capture the early summer atmospheric
circulation conditions, the threshold of counted stations
is arbitrarily set to 10%. For example, in 1934, 323 sta-
tions within the Great Plains registered at least one heat
wave; we select the date when more than 32 stations
(10%) have recorded a heat wave start, which, for 1934,
is 5 June. This date differs in each summer depending on
how many stations observe heat wave activity (see
Fig. S9 in the online supplemental material) or the re-
gion of interest (i.e., northern, southern, or entire Great
Plains). The 10% threshold captures the synoptic condi-
tions both prior to and after the earliest summer heat wave,
instead of secondary and tertiary heat waves that may
emerge from the recurring circulation patterns (i.e.,
blocking anticyclones), as could happen by increasing the
station count threshold to above 10% (see Fig. S12). We
have performed sensitivity tests by lowering the threshold
to 5% to capture very early heat wave conditions; how-
ever, this produces very similar results to the 10%
threshold case (not shown).

Three distinct week-long phases are chosen over which
the atmospheric and surface conditions are averaged
around the earliest heat wave start date of the summer,
based on the 10% GHCN station exceedance level:

1) Week —1:1-7 days prior to the heat wave commenc-
ing (e.g., for 1934, this is 29 May-4 June);

2) Week 1: 1-7 days after the heat wave start (e.g., for
1934, this is 6-12 June); and

3) Week 2: 8-14 days after the heat wave start (e.g., for
1934, this is 13-19 June).

3. Results
a. Dust Bowl decade heat waves

Many of North America’s highest daily Ty, and Ty,
(TXx and TXn) records were set in the 1930s and 1940s,
with extremes spanning the southeast United States
through to northwest Canada (Figs. 1a,b). The 1930s
decade holds the record for the hottest T,,.x and Tin
decade averaged over the central United States (boxed
region in Fig. 1a covering 30°-50°N, 105°-85°W, referred
to as the Great Plains), exceeding the second and third
warmest decades (1910-19 and 1940-49, respectively)
by ~1.5°C (Fig. 1c). The summer of 1936 is the most
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common record-breaking year for the hottest tempera-
tures over the Great Plains, although records also fell
in the early 1930s across the southwest and southeast
United States (Figs. 1a,b). As many North American
extreme temperature records were set prior to the
1950s, a decrease in extreme temperatures (i.e., TXx and
TXn) has been observed since the 1930s (Fig. 1c).
Despite a decline in the frequency of hot days since the
1950s (Morak et al. 2013), summer heat wave and winter
warm spell frequency have increased across the western
United States and central-western Canada since this
decade (Perkins et al. 2012).

Along with record temperatures, the Great Plains
experienced the highest number of summer heat wave
days (HWF) in the 1930s of any decade post-1920 (up to
and including 2012; Fig. 2a; the post-1960 decades are
shown in Fig. S1). Many Great Plains stations exceeded
10 heat wave days per summer averaged over the Dust
Bowl decade (~2 events per summer on average), with
maximum heat wave durations (HWD) >7 days and
temperature anomalies (HWA) >10°C, particularly in
the northern Great Plains (Figs. 2b and 2c, respectively).
Even the average length of the heat waves (i.e., the ratio
of HWF to HWN, as opposed to HWD) was greater in
the 1930s, with a greater proportion of stations across
North America (51.4%) with average event lengths
>5 days on average, compared to the 1940s and 1950s
(28.2% and 37.9%, respectively; figure not shown). The
prominent meridional gradient in HWA that increases
with latitude is due to the smaller diurnal and seasonal
variability in the subtropical climate of the southern
United States (Perkins and Alexander 2013); the same
feature is captured in the average heat wave tempera-
ture (not shown). In the 1940s, the northern Great Plains
still experienced more than 7 heat wave days per sum-
mer, despite the anomalously wet conditions early in the
decade (Bronnimann et al. 2009). The southern Great
Plains experienced more than 10 heat wave days per
summer on average in the 1950s with HWD exceeding
9 days, which coincided with a protracted drought over
the southern United States (Cook et al. 2011). Heat
wave activity rose again in the 1980s across the central
eastern United States, dropped off in the 1990s, and then
increased again in the 2000s, predominantly in the
southern regions (Fig. S1). It is worth recalling that the
decadal averages only include stations with at least 50%
temporal coverage. When all stations with at least one
heat wave per decade are included (with HWD and HWA
set to zero for summers with no heat waves), the 1930s
peak in heat wave activity is more prominent than for later
decades (Fig. S2). Including stations with less than 50%
coverage per decade tends to amplify the signal-to-noise
ratio of the heat waves; however, for the remainder of the
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FIG. 1. Decades where the (a) highest daily maximum temperature (TXx) and (b) highest daily minimum
temperature (TNx) occurred across North America over 1901-2010. (c) Average TXx (thin red) and TNx (thin
orange) over the Great Plains region of North America [30°-50°N, 105°-85°W; box in (a)]. In (a) and (b), the single-
digit numbers indicate the record years that occurred in the 1930s (i.e., 0 represents 1930, 4 represents 1934). In (c),
the thick lines indicate decadal averages. Note that the vertical axis scales for TXx and TNx are different. Extreme
temperature records are taken from the HadEX2 dataset calculated for the CLIMDEX (Datasets for Indices of

Climate Extremes) project (Donat et al. 2013b).

paper we choose to only show decadal averages for sta-
tions with the 50% temporal coverage to prevent giving
equal weight to decades with too few heat waves.

b. Interseasonal variations in Dust Bowl heat waves

Next we investigate the interannual and interseasonal
variations of HWD during the most prominent heat wave
years in the 1930s (1930-37). HWD is selected here, as the
longest heat waves are often the hottest (HWA) and are a
strong determinant in the total number of heat wave days
(HWEF; this is shown in Fig. S3). The correlation coefficient
of HWD with HWA (HWF) for summer averaged over
the Great Plains is 0.68 (0.89). Given that heat extremes
are not just restricted to summer (Perkins and Alexander
2013), we also focus on spring and winter warm spells.
Figure 3 (Fig. S3) highlights the interseasonal HWD
(HWF) variations over 1930-37 from winter to summer.
Large variations in HWD appear throughout the 1930s; for
example, prior to the summer of 1934 protracted winter

warm spells and spring events impacted the western
United States and northern Great Plains (Fig. 3, fifth row).
Similarly, the Great Plains experienced extensive winter
warm spells in 1930 and 1931 exceeding 8 days (Fig. 3a, first
and second row), coinciding with the 1930/31 central Pa-
cific El Nifio event. Central Pacific El Nifios are associated
with winter precipitation deficits across the central eastern
United States, through the equatorward displacement of
the tropospheric jet and winter storms (Yu and Zou 2013).
Although warm spell activity fell in the spring of 1931
(Fig. 3b and Fig. S3b, second row), drought conditions
persisted over the Great Plains (Figs. 4d,e). Heat wave
activity rebounded in the summer of 1931 (Fig. 3¢, second
row), extending into the autumn (not shown) and winter of
1931/32, particularly over the eastern United States, where
HWEF exceeded 20 days (Fig. S3a, third row). In general,
aside from 1934 and 1936 we see a tendency for warm spell
activity to drop in the spring (from winter), followed by a
heat wave activity increase in summer.
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FIG. 2. Decadal averages of summer heat wave (a) frequency (HWF), (b) duration (HWD), and (c) amplitude (HWA) for GHCN-daily
station observations over 1920-59. The decades over 1960-2012 are shown in Fig. S1. For HWD and HWA, only stations with more than
50% temporal coverage (i.e., summers with heat waves) for individual decades are shown. The box in the second row represents the Great
Plains region, where the Dust Bowl heat wave activity was most severe.
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FIG. 3. Seasonal HWD over 1930-37 (i.e., most dominant heat
wave seasons in the 1930s): (a) DJF, (b) MAM, and (c) JJA. The

sparsity of colored dots reflects the lack of heat wave activity in
individual seasons. The equivalent for HWF is shown in Fig. S3.
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FIG. 4. Heat wave and drought metrics averaged across the Great Plains over 192743 for each season: (a) HWN, (b) HWD, (c) HWA,
(d) Standardized Precipitation Index (SPI), and (e) Palmer Drought Severity Index (PDSI). The overbar denotes the areal average. All heat
wave metrics are calculated from station temperatures, with HWA standardized for each season to assist in comparisons. The SPI is calculated
from station precipitation over three months and then aggregated into seasons and the PDSI is based on the self-calibrating index of Dai (2011).
The right-hand side color bars represent the number of standard deviations (o) each value reaches (from the mean for HWN and HWD) based
on seasonal aggregation. The darker colors represent more extreme values, while the values adjacent the vertical black bars indicate the most

extreme summer index values that surpass the vertical axis limit. The vertical dashed lines indicate each summer.
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The interseasonal variations in HWN, HWD, HWA
and two drought indices (SPI and PDSI*), areal aver-
aged over the Great Plains during the 1930s (indicated
by the overbar), are shown in Fig. 4. Interseasonal var-
lations averaged over the northern and southern Great
Plains separately are shown in Fig. S4. We also highlight
the interseasonal variations of the heat wave metrics and
drought indices over the Great Plains from 1979 to 2012
as a way of placing the Dust Bowl conditions in the
context of recent conditions (Fig. 5). Summer of 1936
emerged as the season with the most frequent and pro-
tracted heat waves, where HWN and HWD exceeded
2.5 events (~40) and 11 days (above 40), respectively
(Figs. 4a,b). HWA, standardized to facilitate seasonal
comparison, exceeded 40 in 1936, around twice the peak
of 1934. Furthermore, five out of the six hottest Great
Plains heat waves from 1920 to 2012 occurred in the
1930s (1930, 1931, 1933, 1934, 1936).°

Dry springs were a common feature shared between
four (1930, 1931, 1934, 1936) of the hottest heat wave
summers (Figs. 4d,e), although the springs of 1931 and 1934
were preceded by more than three anomalously dry sea-
sons (i.e., carried through from the previous year). Aver-
age SPI values = —1 and PDSI values = —3 preceded the
intense summers of 1934 and 1936 (Figs. 4d,e); for PDSI,
this is classified as extreme drought (Dai 2011). Yet, de-
spite 1936 being the third driest spring on record for the
Great Plains (based on SPI, although 1936 was the driest
spring on record if considering precipitation alone; Donat
et al. 2016), and the driest on record over the southern
Great Plains (Fig. S4i, Table 1), spring warm spell activity
was relatively low (Figs. 4a—c). Across the northern Great
Plains, from the summer of 1929 to 1941, only five seasons
recorded above zero PDSI values (Fig. S4e), indicative of a
decade of protracted drought. More widely, almost 75% of
United States GHCN stations with the highest 7},.x re-
cords during the 1930s recorded PDSI values = —3, and
around 25% of these records were set in 1936 (Abatzoglou
and Barbero 2014).

In the more recent period (1979-2012), the lack of
decade-long droughts is immediately apparent, as mea-
sured by the SPI (Fig. 5d). The PDSI captures a pro-
tracted drought sequence in 1988/89, associated with a
switch from El Nifio to a strong La Nifia event in the
equatorial eastern Pacific. In the summer of 1988 HWN
almost reaches two events, with a HWD of 6 days and

4 These indices are indicators of soil moisture conditions (e.g.,
Dai et al. 2004), used to assess how drought severity influences heat
waves, instead of soil moisture from gridded reanalysis (Ferguson
and Villarini 2012).

>The other summer is 1988, which is the fifth hottest following
1936, 1934, 1933, and 1930.
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HWA of ~2¢. That summer aside, in general there is
very little overlap between the severity and frequency
of events in the later decades, with summers following
dry periods like 1980, 2011, and 2012 showing relatively
large HWN and HWD values (=1.3 events, =6 days
long) but modest HWA (=0.8c). Therefore, clearly the
Dust Bowl decade heat waves were not only more
frequent and longer, but substantially hotter than
events at the turn of the twenty-first century. The Dust
Bowl heat waves were also broader in their spatial
extent of impact (Fig. 2), and emerged during extended
periods (5+ yr) of drought.

c. Dry springs and heat wave activity

It has been well established that soil moisture, often
represented by proxies such as the SPI, and heat wave
intensity are strongly coupled in many water-limited re-
gions (Mueller and Seneviratne 2012), including Australia
(Perkins et al. 2015), Europe (Miralles et al. 2014; Fischer
et al. 2007a,b), and the United States (Donat et al. 2016).
To quantify the impact of preceding dry spring con-
ditions on heat wave activity we utilize the SPI and
PDSI. Two composites are formed each consisting of
summers that follow the 10 driest and 10 wettest
springs (MAM) over 1920-2012. These are termed the
dry-spring and wet-spring composites, respectively,
with springs ranked separately by the SPI and PDSI
averaged over the entire Great Plains, and over the
northern and southern regions separately (see Table 1).
By selecting the far tails of the distribution we test whether
antecedent soil moisture leading up to summer, as rep-
resented by the lowest ranked SPI and PDSI values, is
crucial in determining longer and more severe heat waves,
or possibly earlier event emergence.

A spatial comparison of HWN, HWD, and HWA
(variations in HWN and HWD are similar to HWF and
thus it is excluded here) between the dry- and wet-spring
composites is shown in Fig. 6 for the SPI rankings, given
the possible temperature dependency between the sum-
mer heat wave metrics and the spring PDSI (results based
on the PDSI are shown in Figs. S5 and S6). The heat wave
differences following dry and wet springs averaged over
the Great Plains is shown in Fig. 7, with a regional sepa-
ration into the northern Great Plains and southern Great
Plains shown in Fig. S7. A comparison for HWT with
events separated into three classes—the earliest, longest,
and hottest heat waves—is shown in Fig. 8.

On average, following an exceptionally dry spring, the
majority of Great Plains stations exhibit substantially more
heat waves (=1.5 events), as well as longer (=7 days) and
hotter events (=8°C), compared to those after wet springs
(Figs. 6a—c). Many stations across the southern Great
Plains show significant differences (according to a
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TABLE 1. The top 10 driest and wettest boreal springs (MAM), based on the SPI and PDSI averaged over the entire Great Plains,
northern Great Plains, and southern Great Plains. Springs during the 1930s are in bold. The springs are ranked from top (driest on record)
to middle (10th driest), followed by middle (10th wettest) to bottom (wettest on record).

Great Plains

Northern Great Plains Southern Great Plains

SPI PDSI SPI PDSI SPI PDSI
Driest 1925 1934 1934 1934 1936 1925
1934 1925 1958 1931 1925 1954
! 1936 1981 1980 2012 1972 1963
1956 1963 1926 1977 1954 1956
! 1988 1931 1988 1988 1963 1967
1972 2012 1956 1989 1967 1934
! 1963 1956 1925 1926 1986 1981
1967 1954 1928 1981 1971 2006
1954 1977 1931 1925 1956 2000
10th driest 1996 1988 1994 1990 1930 1936
10th wettest 1975 1995 1953 1996 1923 1922
1927 1942 1975 1975 1929 1993
1 1929 1920 1922 1973 1997 1920
1938 1993 1995 1995 1979 1997
1 1990 1927 1998 1997 1945 1983
1945 1997 1979 2001 1957 1958
1 1944 1983 1927 1983 1944 1979
1979 1975 1938 1986 1990 1949
1922 1979 2007 1927 1922 1975
Wettest 1973 1973 2011 1979 1973 1973

Wilcoxon signed-rank test) for HWN and HWD, due to
the lack of heat wave activity after wet springs. Hotter
heat waves are more obvious in the northern Great
Plains (Fig. 6¢; Fig. S7c), where event anomalies are
~2°C warmer than those in the southern Great Plains,
despite their shorter durations and fewer recurrences. In
terms of HWN, there are ~0.6-0.8 more events, on av-
erage, after a dry spring than after a wet spring, and these
tend to be ~1.4°-1.8°C warmer and ~2-3 days longer
(Figs. 7a—). The significance in the difference between
regionally averaged composites is tested by randomly
resampling 1000 sets of 10-yr composites, made up of any
summer between 1920 and 2012; this tests whether each
heat wave composite could happen by chance after
anomalously wet, dry, or average spring preconditioning.
The error bars of the resampled 1000 composites signify
the 5th and 95th percentiles; thus, for the dry-spring
composites, HWN, HWD (based on SPI only) and HWA
are unlikely to have occurred by pure chance alone (i.e.,
are statistically significant). The significant differences in
heat wave activity over the Great Plains between the wet
and dry spring composites suggests that initial summer-
time surface conditions are an important factor in de-
termining variations in summer heat wave activity.

d. Dry springs and heat wave timing

For the HWT composites (from SPI-ranked springs), all
three heat wave classes (i.e., earliest, longest, hottest)
emerge significantly earlier following a dry spring than a

wet spring over the Great Plains and far eastern United
States (Fig. 8). The earliest heat waves commence around
mid-late June in the dry-spring composite on average,
whereas the wet-spring composite events occur well into
July/early August (Figs. 8a,b). It is worth noting that more
stations are excluded from the wet-spring composite due
to a lack of heat wave activity (less than 50% of years in
each decade; see the methods section), particularly across
the southern Great Plains. This may be due to seasonal
atmospheric conditions that persist well beyond spring
that dampen any heat wave development, or the anoma-
lously wet surface conditions suppressing heat accumula-
tion through evaporative cooling. Around 25% of stations
across the United States show a statistically significant
difference in the HWT of their earliest heat wave between
the dry and wet composites at the 90% level (stations
with a yellow outline in Fig. 8). A possible argument is that
the earlier HWT is not necessarily indicative of warmer
conditions, but arises from the greater frequency of events
(e.g., summers where HWN > 2) after warm dry springs
compared to cooler and wetter springs. This assumption
is tested for summers where only one event emerges
(i.e., HWN = 1; discarding multiple event summers). The
results (not shown) indicate that even in the case of single
event summers, heat waves occur earlier following dry
springs compared to wet springs. Therefore the difference
in HWT between the wet- and dry-spring composites is
not necessarily due to event frequency; however, this may
partially explain some disparity in warm summers where
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FIG. 6. Composite of summer heat wave metrics following the (top) 10 driest and (bottom) 10 wettest springs over 1920-2012, based
on the SPI averaged across the Great Plains; (a) HWN, (b) HWD, and (c) HWA. The sparsity of points in the bottom panels for HWD
and HWA reflects the lack of heat wave activity in more than 50% of the summers for the 10-yr samples (as described in the methods
section). Black outlined circles indicate stations that show a statistically significant difference at the 90% level between composites,
based on a two-sample Wilcoxon signed-rank test (Hollander and Wolfe 1999). Significant differences are only marked on the dry-

spring composite maps.

HWN > 3 events or when wet summers follow wet
springs (i.e., persistence of atmospheric conditions).

The HWT values of the longest and hottest events are
virtually identical for each of the composites (Figs. 8c—f), as
protracted heat waves develop when conditions allow for
heat accumulation in the lower troposphere, amplifying
heat wave intensity (Miralles et al. 2014). Across the Great
Plains, these events tend to emerge in late June/early July
following dry springs, with events developing earlier (later)
in the northern (southern) region (Fig. S7d). On average,
the earliest heat waves in the dry-spring composite com-
mence around 27 June, while the longest and hottest
events develop ~8-10 days later (Fig. 7d, red dots).
Events following wet springs tend to emerge between
17-19 days (earliest) and 16-17 days (longest, hottest)
after the dry-spring events. Averaged over the Dust Bowl
decade, the earliest heat waves emerged around 3—4 July,
closer to the dry-spring composite as expected (not
shown). As such, the drought severity in the 1930s may
have partly contributed to earlier heat emergence, despite
only three springs featuring in the top 10 driest (1931,
1934, 1936; see Table 1).

All three classes of HWT following dry springs are
statistically significant (i.e., dry-spring HWTs lie below
the Sth percentile of the resampled decades). Following a
wet spring, the HWT of all heat wave classes lie toward
the far end of the resampled distribution, however they
are only statistically significant for the SPI-ranked
springs. Averaged over the northern Great Plains, the
dry-spring HWT lies farther toward the tail (i.e., occurs
much earlier) of the resampled distribution, more so than
the wet-spring HWT (i.e., occurs near the center of the
resampled distribution; Fig. S7d), as for HWN and HWA.
The evidence implies that dry northern soils help de-
termine the emergence date of a heat wave, as well as
their recurrence and severity. For the southern Great
Plains, where the variance of precipitation is greater
(Seager and Hoerling 2014), wetter springs appear to
dampen heat wave activity (HWN, HWD, HWA) and
delay emergence (HWT) more so than northern Great
Plains heat waves that form following wet springs
(Fig. S7, bottom panels). Another notable difference
between the regions is that heat waves commence
~10 days earlier in the north compared to the south.
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FIG. 7. Summer heat wave metrics from the 10 driest and 10 wettest springs over 19202012, averaged across the Great Plains: (a) HWN,
(b)) HWD, (¢) HWA, and (d) heat wave timing (HWT). HWT is shown for the earliest, longest, and hottest heat waves. HWN encompasses
all summer heat waves, while HWD and HWA are applicable to the longest and hottest heat waves, respectively. Small filled/shaded
orange (light blue) circles represent individual summers following the 10 driest (wettest) springs based on the drought indices, while the
large filled red and blue circles represent the summer composite averages. Solid (shaded) circles represent the metrics ranked using the
SPI (PDSI). As a test of significance, 1000 sets of 10 randomly sampled years are averaged over all stations in the Great Plains (crosses),
with the error bars showing the 5th and 95th percentiles. As such, the composite averages (large circles) lying outside the error bars are
unlikely to have occurred by chance alone. The ranking of wet/dry springs for each region is taken from the years in Table 1.

e. Biases in the 20CR

Following on from quantifying the link between
anomalous spring conditions and heat wave activity, we
now investigate the typical circulation patterns associated
with heat waves that occurred over the northern or
southern Great Plains (or both); for this we utilize the
20CR gridded ensemble.® Before analyzing the circulation
we assess the suitability of the 20CR in capturing heat
wave metrics for the three dry-spring summers from the

Note that 20CR does not assimilate temperature observations
but is constrained by surface pressure; see Compo et al. (2011) for
details.

1930s (1931, 1934, and 1936; see Table 1). A comparison
between the GHCN stations and the 20CR ensemble
shows that the gridded product broadly captures the lo-
cation of the HWD and HWN centers over the Great
Plains, but it greatly overestimates the HWD by more
than 15 days (Fig. 9a). The gridded ensemble also
simulates a strong northwest bias, particularly evident in
1934, which is difficult to verify given the sparsity of
available Canadian stations in the 1930s with long ho-
mogeneous records.

Given the biases in HWD, it follows that HWF
biases exist in 20CR (Fig. S8a) as HWD and HWF are
proportional, although HWA shows slightly better
agreement with the stations over the Great Plains and
into southern Canada (Fig. S8b). For other exceptional
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FIG. 8. Composite of summer heat wave timing (HWT; shaded) following the (left) 10 driest and (right) 10 wettest
springs over 1920-2012, based on the SPI averaged across the Great Plains. (a),(b) HWT of the earliest event,
(c),(d) HWT of the longest event, and (¢),(f) HWT of the hottest event. HWT is measured as days since 1 June,
where dark red (blue) indicates the start (end) of summer. The circle size indicates the average HWD (in days) of
the summer heat waves for each composite for a particular station, while the black asterisks indicates stations that
have less than 50% of summers for the 10-yr samples. Yellow circles indicate stations that show a statistically
significant difference at the 90% level between composites for the HWT only, based on a two-sample Wilcoxon
signed-rank test. The proportion of stations across the United States and Canada that show statistically significant
timings based on the SPI ranking is ~25%.
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heat wave summers in the northern and southern
Great Plains, such as 1954 and 1988, the biases in HWF
are smaller in magnitude (not shown). The comparison
between 20CR and GHCN stations is marginally bet-
ter for HWN for the three prominent Dust Bowl
summers (Fig. 9b) although specific regional biases are
apparent over California and the southeast United

States. Taking these biases into account, we utilize
20CR for identifying the types of synoptic conditions
experienced just prior, during, and in the follow-on
week after the earliest heat waves. Recent work by
Donat et al. (2016) highlighted the magnitude and
spatial biases for temperature in 20CR over the Great
Plains, and yet considered it applicable in investigating
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FIG. 9. Comparison of (a) HWD and (b) HWN between (left) GHCN-daily station observations and (right) 20CR for the summers of (top)
1931, (middle) 1934, and (bottom) 1936. The equivalent for HWF and HWA is shown in Fig. S8.

the continental-wide atmospheric circulation during
extreme summers in isolation.

f. Aggregating exceptional heat waves

To reiterate, we only investigate the synoptic condi-
tions of the earliest summer events. This conservative
approach of evaluating the earliest heat waves instead of
all heat waves prevents potential contamination from
the same stationary synoptic pattern that could persist
for multiple weeks throughout summer, spawning nu-
merous heat waves. Events are aggregated based on
timing only when heat wave summers are classified as
exceptional in terms of HWF. This is determined by
ranking the spatially averaged HWF values separately
over the northern and southern Great Plains, for every
summer from 1920 to 2012. HWF is chosen as it com-
bines information from HWD and HWN. High HWF
values are generally associated with summers that fea-
ture the longest and hottest heat waves; these have the
greatest impact on communities and infrastructure in
water-limited regions (e.g., Steffen et al. 2014). We de-
fine exceptional heat wave summers as those in the top

third of all summers ranked separately for both the
northern and southern Great Plains (i.e., 31 out of a
possible 93 summers). Summers with exceptional HWF
values in both the northern and southern Great Plains
are then placed in a separate group that represents the
entire Great Plains; these are determined to be the most
severe heat waves covering a wider area. The ranked
summers and the resultant HWF values averaged over
each region are listed in Table 2. The combined northern
and southern Great Plains composite consists of 13
summers (and larger average HWF), while the northern
and southern Great Plains composites feature 18 sum-
mers each (lower HWF). A sufficiently high percentage
of stations (>70%) display at least one heat wave event
during these exceptional summers making the compar-
ison between the regional composites fair (Fig. S9).
Temporal aggregation of the circulation over the week-
long phases around the earliest heat wave start date
(10% of stations; see methods section) is applied only
for the exceptional heat wave summers for each region.

An example of the anomalous MSLP in week 1 (1-
7 days) of the heat wave start date for the exceptional
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TABLE 2. Summers with exceptional heat wave activity, defined as the top third of HWF across the distribution over 1920-2012 (N = 31).
The top third HWF values are taken from the northern and southern Great Plains separately (N = 18), whereas the HWF values in the
Great Plains column indicate summers when both the regions exhibit exceptional heat wave activity (N = 13). The years are listed in
descending order (i.e., highest to lowest) and those in bold (bold with an asterisk) are boreal summers following weak-moderate (strong)
El Nifio events, based on MSLP and SST-based El Nifio-Southern Oscillation metrics. Years listed in italics (italics with an asterisk) are

boreal summers following weak-moderate (strong) La Nifa episodes. Note that HWF represents the average for the composites for

each region.

Northern Great Plains

Southern Great Plains

Combined regions (North | South)

Year HWF Year HWF Year HWFy | HWFg
1988 15.04 1954 17.99 1936 19.59 | 19.97
1955 9.39 2011 17.57 1934 10.07 | 23.35
1941 8.42 1980 16.43 1953 7.02 | 13.83
1921 7.56 1952 16.22 1931 13.11| 6.80
1995 7.29 1943 11.37 1930 7.35 ] 11.65
1976 6.76 1998+ 8.99* 1933 10.03| 8.75
1959 6.59 1925 8.75 1947 10.43 | 7.87
1940 6.49 2000 8.61 1937 10.06 | 7.41
1991 591 2010 8.43 1983* 8.37+ | 7.82*
1987 5.86 1951 7.63 2012* 6.15% | 9.05*
1948 5.84 1924 7.20 1935 478 | 6.50
1968 5.09 2007 710 1932 481 | 6.25
1949 5.07 2006 6.54 1956 4.57| 6.33
1973 4.58 1978 6.21

2002 4.25 1990 6.05

2001 4.13 1969 5.97

1964 4.13 1944 5.74

1961 4.08 1922 5.72

HWF 6.47 HWF 9.58 HWF 8.95|10.43

summers from 1930 to 1937 is shown in Fig. 10. The cluster
of stations varies every summer, ranging from tighter
grouping in the northern United States in 1931 to a much
wider and more scattered coverage in 1935 and 1936, in-
cluding stations outside the Great Plains (in magenta).
From 1933 to 1935 a strong positive MSLP anomaly is
observed over the western United States coupled with a
negative anomaly over the eastern regions. Weak positive
MSLP anomalies over the Midwest are also a feature in
1930, 1931 and 1936. The positive MSLP anomalies over
the Midwest show a tendency to strengthen during
the week after the heat wave emerges (not shown). The
positive MSLP anomaly represents an extension of the
subtropical Pacific high, similar to the patterns present
across the Midwest in the springs of 1934 and 1936,
along with a weaker negative anomaly pattern over the
eastern United States (Donat et al. 2016). The pres-
ence of a well-formed negative anomaly associated
with southern United States heat waves leads to warm
southerly anomalies from the Gulf of Mexico (Lau and
Nath 2012).

g. Circulation during exceptional heat waves

We first assess how well 20CR captures the heat, in
terms of Tax and Ty, anomalies, in the weeks (week —1,
week 1, week 2) encompassing the earliest heat wave

(Fig. 11), determined from the station heat wave dates.
Circulation composites in the form of MSLP and 500-hPa
geopotential height anomalies (Fig. 12) and horizontal
temperature advection and 10-m winds (Fig. 13) provide
an assessment of the weekly synoptic pattern evolution
and flow of heat associated with regionally specific heat
waves. Absolute MSLP patterns (rather than anomalies)
that highlight the extension of the subtropical highs and
weakening of the Midwest United States pressure trough
are shown in Fig. S11. For temperature, despite the exis-
tence of regional biases between 20CR and GHCN ob-
servations (Fig. 11 for Tpy,ax, Fig. S10 for T\,,;,), particularly
along coastal and mountainous regions (i.e., Rocky
Mountains at ~110°W), the broad-scale patterns of
anomalous warming and cooling compare well. The dis-
parity between 20CR and observations actually improves
after the event emergence in weeks 1 and 2, most promi-
nently in regions that experience the most severe heat
(Figs. 11b,e,h and Figs. S10b,e,h).

For northern Great Plains exceptional heat waves,
warm anomalies > 1°C appear in a small number
(~15) of north-central stations (~50°N) in the week
prior to the heat wave start (Fig. 11a). The heat pro-
gressively shifts southward and intensifies across the
northeast (Tpax > 1.5°C) in week 1, although tem-
peratures moderate as the event fades in week 2
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FIG. 10. Mean sea level pressure (MSLP) anomalies (color) and monthly climatologies (contours, from —2.5 to 2.5 hPa with intervals of
1 hPa) averaged over select days (1-7 days) after the commencement of the earliest summer heat wave over 1930-37. The earliest summer
heat wave is defined as the date when 10% of GHCN daily stations over each region, respectively, have registered a heat wave start (i.e.,
cumulative count of stations from 1 June). The locations of the 10% of stations that have registered a heat wave start are shown as green

dots, while stations outside of the Great Plains that also exhibit a heat wave start are shown as magenta dots.

(Figs. 11b,c). The associative circulation pattern is one
dominated by a prominent Rossby wave train propa-
gating from the northeast Pacific in week 1, with an
anomalous upper-level cyclonic pattern east of the
Aleutian low region and a downstream anticyclone
anomaly extending eastward encompassing the north-
ern Great Plains (Fig. 12b). A strengthening surface
trough over the west and a small westward extension of
the Atlantic subtropical high are features during week
1 of the heat wave start (Fig. S11b). This results in
anomalous easterlies over the southeast United States
and southerlies extending north into the northern Great
Plains (Fig. 13b). Despite a lack of temperature advection
and a weakening of the anomalous upper-level anti-
cyclone in week 2 after heat wave commencement
(Fig. 12¢), most of the northern Great Plains area remains
warmer than average (Fig. 11c); however, the modera-
tion in temperatures reflect the smaller HWF values over
the northern Great Plains. The 500-hPa wave pattern
is similar to that associated with heat waves over

southeastern Canada, as simulated by a high-resolution
atmospheric model forced with historical SST anomalies
(Lau and Nath 2012), leading to strong subsidence and
adiabatic warming. Thus, adiabatic heating from sub-
sidence induced by an anomalous upper-level anticy-
clone, not surface temperature advection, appears to be
more important in the emergence of northern Great Plains
heat waves.

Heat originates in the Southeast prior to southern
Great Plains heat waves, and then intensifies and ex-
tends northeastward, while T,,,x anomalies in the West
and far Northwest remain anomalously cool (<—1°C;
Fig. 11d; T\in shown in Fig. S10d). An anomalous upper-
level trough extends to the surface over the central
North America and farther west, while to the south an
anomalous ridge spans the Gulf of Mexico to the
northeastern United States (Fig. 12d). A Rossby wave
train is apparent during week 1 of the heat wave, with an
equivalent barotropic structure over the northern lati-
tudes (Fig. 12¢). As such, anomalous southerlies at the
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FIG. 11. Composite of Tp,.x anomalies from 20CR (contours) and GHCN-daily stations (dots) averaged over select days (top) prior to
(7-1 days prior), (middle) during (1-7 days after), and (bottom) after (8-14 days after) the earliest summer heat wave, for summers when
there was exceptional heat wave activity over the (left) northern Great Plains, (middle) southern Great Plains, and (right) entire Great
Plains. The earliest summer heat wave is defined as per Fig. 10. The years used in each composite, based on exceptional heat wave activity,
are shown in Table 2. Significant Ty,,x anomalies for 20CR are shown with stippling and represent anomalies that are considered significant

at the 95% level based on a two-tailed test compared to 1000 randomly resampled composites.

surface advect relatively warm moist air from the Gulf of
Mexico across the southern Great Plains (Figs. 13e,f). The
small westward extension of the Atlantic subtropical high
into the South is also apparent (Fig. S11e), weakening the
Midwest trough. In week 2 after the heat wave start the
upper-level ridge extending across southern United States
appears slightly broader with the continued presence of
the anomalous anticyclone over the southern Great
Plains, with surface conditions continuing to force ad-
vection from the south. This allows Tp.c and Ton
anomalies to remain anomalously warm (Fig. 11f and
Fig. S10f), indicating the strength of subsidence and

adiabatic warming associated with the anomalous anticy-
clone that dominates the anomalous advection.
Anomalous temperatures already exceeding 0.5°C
are observed at numerous central stations prior to the
Great Plains heat waves, with heat extending from the
Deep South to the Great Lakes (Fig. 11g). The heat
intensifies rapidly over the central and eastern regions as
an upper-level anticyclonic anomaly and surface ridge
anomaly strengthen (equivalent barotropic), sitting ad-
jacent to a deepening surface trough to the east (Fig. 12h).
Warm, dry air is advected toward the central Great Plains
(~40°N), circulated from an already warm southern
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FIG. 12. Composite of 500-hPa geopotential height (color) and mean sea level pressure (MSLP; contours) anomalies averaged over
select days (top) prior to (7-1 days before), (middle) during (1-7 days after), and (bottom) after (8-14 days after) the earliest summer heat
wave where there was exceptional heat wave activity over the (a) northern, (b) southern, and (c) entire Great Plains. The earliest summer
heat wave is defined as in Fig. 10. Significant heights and MSLP are within the stippling and thick contours, respectively, and represent
anomalies that are considered significant at the 95% level based on a two-tailed test compared to 1000 randomly resampled composites.

MSLP contours cover —2.5 to 2.5 hPa with intervals of 1 hPa.

United States and Mexico (Fig. 13h). As the heat wave
develops, heat spreads rapidly westward across the Mid-
west, with temperature anomalies exceeding 2.5°C, re-
ducing the zonal temperature gradient to the west
(Fig. 11i and Fig. S10i). The MSLP pattern in week 1
resembles the pressure dipole pattern associated with the
dry springs of 1934 and 1936 (Donat et al. 2016) and early
summer conditions from 1933 to 1936 (Fig. 10), and also
represents the partial breakdown of the Midwest trough
(Fig. S11i). The strong southward warm advection from
the subsidence region in the Northwest leads to heat wave
intensification and a protracted continental-wide heat
wave. The anomalous circulation persists through week 2
(Fig. 12i), and despite a weakening of the anomalous
surface ridge, warm advection persists in the South and
Midwest (Fig. 13i). Choosing a later heat wave start date
(e.g., greater station cumulative count threshold at 33%
instead of 10%) results in similar synoptic patterns; for

the Great Plains events, an anomalous surface ridge de-
velops over the Midwest alongside a continental-wide
upper level anticyclone anomaly that persists into the
second week after the heat wave start (Fig. S12). This
suggests that the circulation features are robust with re-
spect to the heat wave start date selection.

4. Discussion and conclusions

This study quantified the record-breaking heat
waves over the Great Plains in the 1930s Dust Bowl
decade, assessing their spatial extent, duration, fre-
quency, amplitude, and emergence timings. Record-
breaking heat wave events are diagnosed using in situ
observations and the Twentieth Century Reanalysis,
although the latter tends to show stronger and more
extensive anomalies. Of the 13 summers that were
classified as having exceptional heat waves (Table 2)
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FIG. 13. Composite of anomalous horizontal temperature advection (color) and 10-m winds (vectors) averaged over select days (top)
prior to (7-1 days before), (middle) during (1-7 days after), and (bottom) after (8-14 days after) the earliest summer heat wave where
there was exceptional heat wave activity over the (left) northern, (middle) southern, and (right) entire Great Plains. The earliest summer
heat wave is defined as in Fig. 10. Significant temperature advection anomalies are shown with stippling and significant wind anomalies are
thicker; both represent anomalies that are considered significant at the 95% level based on a two-tailed test compared against 1000 sets of
randomly resampled composites.

across the Great Plains, eight occurred in the 1930s. 1) The surface is anomalously dry (e.g., early 1930s),

Important contributing factors to heat wave activity such that evaporative cooling is essentially negligi-
across the Great Plains, namely anomalously dry spring ble, leading to heating of the lower boundary layer
conditions and early-summer synoptic conditions, were through increased sensible heat fluxes during the
then examined. It was shown that spring precipitation heat wave, amplifying the heat (Miralles et al. 2014;
deficits alone (SPI) or a combination of decreased Yin et al. 2014).

precipitation and anomalously hot conditions (PDSI) 2) The tendency exists for quasi-stationary upper-
not only coincide with earlier summer heat wave emer- level ridging and blocking, coinciding with a near-
gence, but are also associated with significantly more surface anticyclone to persist from late spring to
frequent, longer, and hotter events, even in the case of summer, that suppresses convection and disrupts
summers where only one heat wave is observed. In advection of relatively moist air from the Gulf
general, dry springs over the northern Great Plains of Mexico (prolonging the dry conditions) as ob-
tend to result in earlier and hotter heat waves than for served in 19347 and 1936 (Cook et al. 2014; Donat
the southern Great Plains, despite longer and more et al. 2016).

frequent recurrence of events in the south. The risk of
heat waves emerging early and redeveloping later in

summer increases after a dry spring for the following 7 A similar upper-level blocking pattern occurred in the winter of
reasons: 1934 as shown in Cook et al. (2014).
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as in Fig. 10.

To quantify the extent to which anomalously dry
soil contributed to maintaining an upper-level ridge
during the Dust Bowl heat waves would require
running sensitivity experiments utilizing a coupled
atmosphere-land surface model, including the role of
SSTs (Cook et al. 2009). Such models have already
been used to determine of the role of precipitation
and temperature anomalies on soil moisture varia-
tions during drought over the Great Plains (Livneh
and Hoerling 2016), and whether initial soil moisture
conditions increase summer drought severity through
feedbacks on precipitation (Saini et al. 2016). As for
heat waves in general, sensitivity experiments based
on the 2003 European heat waves have shown that a 25%
reduction in soil moisture forces a positive height response
in the midtroposphere sitting aloft a surface low (Fischer
et al. 2007b). Similarly, Oglesby and Erickson (1989) also
related soil moisture deficits to low surface pressures and
upper-level ridging in the North American summer
using a global atmospheric general circulation model. A
possible next step would be to utilize a large enough en-
semble of model experiments to test heat wave sensitivity
to anomalous soil moisture perturbations and the impact
on the overlying circulation (e.g., Fischer et al. 2007a,b).

A further question is why the heat waves in later de-
cades were not as severe as those during the Dust Bowl.
Figure 14 displays a comparison of the surface and
upper-level circulation between the 1930s and the
anomalously dry decades of the 1950s, 1980s, and late
2000s (2003-12), calculated for the weeks before, dur-
ing, and after heat wave onset. The characteristic
anomalous synoptic pattern with a blocking surface
anticyclone and upper-level ridge that developed over
the Midwest and northeast United States is apparent
in the 1930s, along with the advection of anoma-
lously warm air from the northwest to the Great Plains
(Figs. 14a—c). Strong adiabatic warming induced by
subsidence, along with warm advection, is typical of
Midwestern heat waves (Lau and Nath 2012; Grotjahn
et al. 2016, and references therein). In contrast, for the
heat waves of the 1950s and 1980s we see an upper-level
quasi-stationary anticyclone anomaly coupled to a weak
surface high anomaly over the eastern United States
(Fig. 14, middle columns); this synoptic pattern is con-
ducive to warm moist air from the Gulf of Mexico. The
composite circulation pattern over the 2003-12 decade
shows a broad upper-level ridge anomaly stretching
from the west Pacific to northeast United States and
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anomalous surface anticyclone over the west advecting
warm air from the northwest in week 2 (Fig. 141). As
such, temperature advection from the north was com-
paratively weaker, given the lack of an anomalously
deep surface low over the southeast (i.e., weaker pressure
gradient). This implies that the 1930s heat waves were
more severe due to anomalous circulation patterns arising
over the continent, leading to strong subsidence-induced
warming during heat wave onset, followed by warm ad-
vection from the north increasing the event severity.

The link of heat wave to SSTs, both interannual and
decadal, has not been covered in this study, although
the role of SSTs in forcing historical North American
heat waves is an active research area (e.g., Wang et al.
2014; Donat et al. 2016; McKinnon et al. 2016, and
references therein). The broad consensus is that SSTs
in the Pacific and Atlantic Oceans both acted as po-
tential triggers and amplifiers to the Dust Bowl drought
and heat waves (Donat et al. 2016), with idealized SST
experiments supporting this argument (e.g., Schubert
et al. 2004a,b), although dust forcing and land degra-
dation may have extended the spatial extent of the
drought (Cook et al. 2009, 2013). Anomalously warm
Atlantic SSTs in the summer months effectively
weakened the Great Plains low-level jet, amplifying
drought triggered in the spring by Pacific SSTs
(Bronnimann et al. 2009). However, for individual
summers, such as 1934 and 1936, SST forcing from the
tropical Pacific is thought to have played a minor role,
as opposed to the bigger role played by the cool Pacific/
warm Atlantic in the 1950s drought (Cook et al. 2011).
In general, La Nifia events tend to increase the fre-
quency of heat wave events across the United States
(Jia et al. 2016), although this depends on how heat
waves and summer seasons are defined, and the fact
that the link is not very strong statistically (Kenyon and
Hegerl 2008). Our exceptional heat wave summers occur
more often following an El Nifio (15 events) than a La
Nifia (10 events; see Table 2); however, La Nifia episodes
were associated with sporadic dry seasons in 1988/89,
1999/2000, and 2010-12 (Figs. 5d,e).

Instead of tropical SSTs, it has been suggested that
anomalously warm SSTs along the west coast of North
America may contribute to drier than average springs,
as indicated by a correlation patterns between central
United States precipitation and northeast Pacific SSTs
(Donat et al. 2016). The SST pattern of the 1930s warm
spring and summers is somewhat opposite to that sug-
gested to play a role in eastern United States heat
waves in recent decades (i.e., cold North Pacific
anomalies; McKinnon et al. 2016). It appears that
protracted dry conditions over multiple seasons prior
to the severest Dust Bowl summers, along with
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characteristic synoptic patterns that initially warmed
the Great Plains through subsidence and then through
advection, culminated in the record-breaking heat
waves of the 1930s. In the decades since, vast im-
provements in land practices through irrigation and
greater drought awareness (Cook et al. 2013) have
likely reduced both the severity of drought-induced soil
erosion and the risk of springtime dust storms, thus
alleviating the threat of the Great Plains temperatures
surpassing the Dust Bowl records. It is likely that
warmer heat waves will arise in the future over cen-
tral North America due to enhanced land-atmosphere
feedbacks, given large-scale warming. Recent model-
ing evidence also suggests that the aforementioned
heat wave synoptic patterns (i.e., characteristic of the
Dust Bowl circulation with an upstream anticyclone
over the North Pacific and blocking anticyclone over
the central regions) is unlikely to change in the future
(Teng et al. 2016). Critically, future work will be aimed
at better understanding the role of SSTs in triggering
Dust Bowl-type heat waves, the importance of spring
precipitation deficits carrying through to summer, and
whether an early-twentieth-century greenhouse gas
forcing played any role in the Dust Bowl heat severity.
The ultimate aim is to provide better predictive capa-
bility of the most severe heat waves across the Great
Plains based on a set of key indicators.
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