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Climate Change Research Centre/ARC Centre of Excellence for Climate System Science, UNSW, Sydney, Australia

3

Laura M. Ciasto

Geophysical Institute, University of Bergen/Bjerknes Centre for Climate Research, Bergen, Norway

4

and Matthew H. England

Climate Change Research Centre/ARC Centre of Excellence for Climate System Science, UNSW, Sydney, Australia

5

Submitted to Journal of Climate

09/10/2013

6

Revisions Submitted

30/01/2013

7

∗Corresponding author address: Graham R. Simpkins, Climate Change Research Centre, University of

New South Wales, Sydney, NSW 2052.

E-mail: g.simpkins@unsw.edu.au

1

LaTeX File (.tex)
Click here to download LaTeX File (.tex, .sty, .cls, .bst, .bib): simpkinsetal_2014_r.tex 



ABSTRACT8

The austral spring relationships between sea surface temperature (SST) trends and the9

Southern Hemisphere (SH) extratropical atmospheric circulation are investigated using an10

atmospheric general circulation model (AGCM). A suite of simulations are analyzed wherein11

the AGCM is forced by underlying SST conditions in which recent trends are constrained to12

individual ocean basins (Pacific, Indian, Atlantic), allowing the impact of each region to be13

assessed in isolation. When forced with observed global SST, the model broadly replicates the14

spatial pattern of extratropical SH geopotential height trends seen in reanalyses. However,15

when forcing by each ocean basin separately, similar structures arise only when Atlantic SST16

trends are included. We further show that teleconnections from the Atlantic are associated17

with perturbations to the zonal Walker circulation and the corresponding intensification of18

the local Hadley cell, the impact of which results in the development of atmospheric Rossby19

waves. Thus, increased Rossby waves, forced by positive Atlantic SST trends, may have20

played a role in driving geopotential height trends in the SH extratropics. Furthermore, these21

atmospheric circulation changes promote warming throughout the Antarctic Peninsula and22

much of West Antarctica, with a pattern that closely matches recent observational records.23

This suggests that Atlantic SST trends, via a teleconnection to the SH extratropics, may24

have contributed to spring-time climatic change in the SH extratropics over the past three25

decades.26
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1. Introduction27

The understanding of Antarctic climate change has often been hindered by the spatial28

and temporal paucity of observations. However, it is recently been recognized that surface air29

temperature (SAT) has increased across many parts of the Antarctic, particularly over the30

Antarctic Peninsula and continental West Antarctica, but with marked spatial and temporal31

variability (e.g. Turner et al. 2005; Marshall 2007; Monaghan et al. 2008; Steig et al. 2009;32

Schneider et al. 2012a; Bromwich et al. 2013, and references therein). Given the potential33

implications for ice sheet mass balance, and thereby global sea level rise (e.g. Rignot et al.34

2011), an in-depth understanding of the nature and causes of long-term Antarctic SAT trends35

is required.36

Antarctic SAT trends during austral summer (DJF) are dominated by rapid warming37

over the Antarctic Peninsula (e.g. Turner et al. 2005; Marshall 2007), and have been the38

focus of many investigations. This summer-time warming has largely been attributed to a39

trend toward the positive phase of the Southern Annular Mode (SAM), manifested as a pat-40

tern of negative (positive) pressure trends over the Antarctic continent (mid-latitudes), and41

consequently enhancing warm air advection over much of the Antarctic Peninsula (Thomp-42

son and Solomon 2002; Marshall et al. 2006; Marshall 2007; Thompson et al. 2011; Simpkins43

et al. 2012). This positive SAM trend has been linked to stratospheric ozone depletion, and44

to a lesser degree, increased greenhouse gases (Arblaster and Meehl 2006; Thompson et al.45

2011; Simpkins and Karpechko 2012). While stratospheric ozone depletion peaks during46

spring, coupling with the SAM is restricted to the summer season when the stratosphere47

and troposphere are dynamically linked due to a decaying polar vortex (e.g. Thompson and48

Solomon 2002). Accordingly, SAM trends are also primarily constrained to the summer49

season, and as such, the SAM is unable to explain atmospheric circulation and temperature50

trends during other times (Thompson et al. 2011; Simpkins et al. 2012).51

However, several recent studies have identified that SAT warming signals also extend52

throughout much of continental West Antarctica during both austral winter (JJA) and spring53
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(SON) (Steig et al. 2009; Schneider et al. 2012a). In fact, depending on the temperature54

reconstruction utilized, changes have been estimated to be ∼0.5-1.0°C decade−1, establishing55

West Antarctica as one of the fastest warming regions globally (Bromwich et al. 2013). These56

SAT trends have been increasingly linked to changes in low-latitude sea surface temperature57

(SST) and the corresponding impacts on the extratropical atmospheric circulation (Ding58

et al. 2011; Schneider et al. 2012a). For example, Ding et al. (2011) suggested that the winter-59

time increase in geopotential height over West Antarctica, and consequently the surface60

warming associated with warm air advection, may be part of stationary Rossby wave train61

forced by higher SSTs in the central Pacific. By contrast, spring-time atmospheric circulation62

trends are characterized by negative geopotential height anomalies over the high-latitude63

South Pacific, which similarly promotes warm air advection, and thereby positive SAT trends,64

over much of West Antarctica (Fig. 1a). A large proportion of these circulation trends65

have been connected to the modes of high-latitude atmospheric variability associated with66

the El Niño Southern Oscillation (ENSO), representing the Pacific South American (PSA)67

teleconnection patterns (Schneider et al. 2012a). Climatic change in West Antarctica is thus68

strongly sensitive to teleconnections associated with Pacific SST variability, as also identified69

in recent paleoclimate studies (Okumura et al. 2012; Steig et al. 2013).70

Given such corroborating evidence that tropical SST trends may be driving, or con-71

tributing to, Antarctic SAT trends, it is prudent to establish a deeper understanding of72

tropical-extratropical interactions. On interannual time-scales, Southern Hemisphere (SH)73

teleconnections associated with SST variability in the Pacific have been well-documented74

(e.g. Karoly 1989; Mo and Higgins 1998; Garreaud and Battisti 1999; Ciasto and Thompson75

2008; Ciasto and England 2011; Ding et al. 2011; Schneider et al. 2012a,b; Simpkins et al.76

2012). In contrast, relatively few studies have examined the corresponding teleconnections77

arising from the Atlantic or Indian Oceans (exceptions including: Haarsma and Hazeleger78

2007; Luffman et al. 2010; Timmermann et al. 2010; Taschetto et al. 2011; Okumura et al.79

2012; Taschetto and Ambrizzi 2012; Li et al. 2014), particularly beyond interannual time-80
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scales. Nevertheless, Luffman et al. (2010) suggest that long-term Indian Ocean warming81

likely has a minimal impact on the SH atmospheric circulation. Conversely, Okumura et al.82

(2012) identify links between Atlantic SST variability and the climate of West Antarctica,83

and argue that a change in the phase of this variability may have contributed to contem-84

porary climate trends in this region, as also corroborated by Li et al. (2014). However,85

the dynamical mechanisms forcing this association remain largely unexplored, and as such,86

several questions remain.87

Given the implications for SAT and broader-scale climatic change across Antarctica,88

this study aims to evaluate the extent to which atmospheric circulation trends in the SH89

extratropics may be forced by SST trends. Particular emphasis is placed on understanding90

teleconnections associated with the Atlantic, and thus we build upon the studies of Okumura91

et al. (2012) and Li et al. (2014). To this end, we use an atmospheric general circulation92

model (AGCM) in addition to observations to address the following: 1) What impact, if any,93

do SST trends in the Pacific, Indian, and Atlantic Oceans have on extratropical geopotential94

height trends in the SH between 1979-2009?, and 2) What are the physical mechanisms95

governing an atmospheric teleconnection between the Atlantic and the SH extratropics?96

Due to the spring-time peak apparent in both the amplitude of SAT trends (e.g. Schneider97

et al. 2012a; Bromwich et al. 2013), and the teleconnections emanating from the Pacific98

and Atlantic Oceans (e.g. Haarsma and Hazeleger 2007; Jin and Kirtman 2009; Schneider99

et al. 2012b; Simpkins et al. 2012), subsequent analyses are restricted solely to austral spring100

(September-November; SON).101

The outline of the paper is as follows. Section 2 describes the observational records102

utilized in this study, and outlines the atmospheric model set-up and experimental design.103

Section 3 analyzes the patterns of atmospheric circulation associated with SST trends in104

individual ocean basins. The atmospheric dynamics of an Atlantic-Antarctic teleconnection105

are diagnosed in Section 4, and the cause of the Atlantic-related atmospheric circulation106

trend pattern examined in Section 5, along with climatic impacts of these trends. Finally, a107
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summary and discussion are provided in Section 6.108

2. Data and Numerical Experiments109

a. Observational and Reanalysis Datasets110

To both motivate and validate subsequent model simulations, a suite of observational111

and reanalysis datasets are used throughout this investigation. Monthly-mean sea surface112

temperature (SST) and sea ice concentration (SIC) are taken from the Hadley Centre Ice and113

Sea Surface Temperature (HadISST) dataset (Rayner et al. 2003). The data are available114

on a 1° x 1° latitude/longitude grid, and are derived using a blended analysis of in-situ mea-115

surements and satellite retrievals. We additionally use 18 of the most temporally continuous116

records of observed Antarctic surface air temperature (SAT) from the Reference Antarctic117

Data for Environmental Research (READER) archive (Turner et al. 2004), a collection of118

meteorological measurements obtained from Antarctic research and automatic weather sta-119

tions. 500-hPa geopotential height (hereafter Z500) and 950-hPa wind fields are taken from120

the ECMWF ERA-Interim analysis (Dee et al. 2011). Note that our results have also been121

repeated using alternative reanalysis products (e.g. NCEP-NCAR and NCEP2), and remain122

qualitatively similar to those presented here. Due to the sparse and temporally limited ob-123

servational record, analyses are restricted to the post satellite era, 1979-2009, when data124

are more reliable, and spatial coverage is more complete over the SH mid-to-high latitudes125

(Bromwich and Fogt 2004). As described above, analyses are further constrained to austral126

spring (September-November; SON).127

b. Atmospheric Model Set-Up, Experimental Design, and Validation128

Various numerical experiments are performed using the National Center for Atmospheric129

Research (NCAR) Community Atmosphere Model, version 3 (CAM3), a complete description130
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of which can be found in Collins et al. (2006) and Hurrell et al. (2006). CAM3 has been used131

extensively in investigations of climate research relevant to this study, including tropical132

climate variability (e.g. Deser et al. 2006), Antarctic climate variability and change (e.g.133

Bracegirdle et al. 2008; Raphael and Holland 2006), and tropical-extratropical interactions134

(e.g Okumura et al. 2012; Schneider et al. 2012a). For all simulations, CAM3 was configured135

at T42 horizontal resolution (approximately 2.8° latitude x 2.8° longitude), with 26 hybrid136

sigma-pressure vertical levels.137

Prior to assessing the relationships between SST trends in individual basins and the138

extratropical atmospheric circulation, it is prudent to assess the capability of CAM3 to139

simulate the observed pattern of spring-time Z500 trends. To do so, CAM3 is forced with140

observed monthly-varying SST over the global oceans between January 1978 and December141

2009 using the HadISST dataset; sea ice conditions are further prescribed as a repeating142

pattern of monthly-mean climatologies. This control experiment, termed SSTGLO, is in-143

tegrated 12 times from different atmospheric initial conditions to account for the internal144

variability in the climate system. The ensemble mean is then assessed over austral spring145

during 1979-2009.146

Figure 2 compares spring-time Z500 trends from ERA-Interim (shading) and the ensemble147

mean from the SSTGLO simulations (contours). It can be seen that the spatial pattern of148

modeled Z500 trends bears similarity to ERA-Interim, as illustrated by the gray hatching149

which marks where trends are consistent in sign. In particular, SSTGLO is successful in150

replicating the negative Z500 trends over the high-latitude South Pacific, congruous with151

the cyclonic wind pattern depicted in Figure 1a. Furthermore, the observed positive Z500152

structure over the central mid-latitude Pacific is well-captured by SSTGLO. Nevertheless,153

Figure 2 also reveals discrepancies between simulated atmospheric circulation trends and154

their observational counterparts, largely in relation to latitudinal/longitudinal shifts in the155

location of Z500 structures. For example, relative to ERA-Interim, the modeled negative156

Z500 trends located over the South Pacific are shifted eastward towards the Amundsen Sea.157
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Additionally, SSTGLO fails to capture the observed positive Z500 trends centered over the158

South Atlantic and directly south of Australia. Finally, the magnitude of trends is typically159

underestimated in SSTGLO. However, the modeled Z500 trends are only associated with the160

applied SST forcing, and other factors may also contribute to the observed Z500 trend pattern161

depicted in Figure 2. Nonetheless, SSTGLO captures some notable aspects of the large-162

scale Z500 trends, making CAM3 a suitable tool to further investigate tropical-extratropical163

interactions over multi-decadal time-scales.164

While the similarities evident in Figure 2 highlight that global SST trends likely play a165

role in forcing Z500 trends over the SH extratropics, this study aims to additionally separate166

and diagnose the impact of individual ocean basins. Thus further idealized model simula-167

tions are performed that isolate SST trends in the Pacific (SSTPAC), Indian (SSTIND), and168

Atlantic (SSTATL) Oceans. For each of these experiments, CAM3 is forced with observed169

monthly-varying SST between January 1978 and December 2009 in the named basin (see170

Fig. 1b for spatial domains), but linearly detrended SST elsewhere. In SSTPAC , for example,171

observed SST are prescribed throughout the Pacific Ocean (i.e. including trends and vari-172

ability), whereas detrended SST are prescribed in both the Indian and Atlantic Oceans (i.e.173

only including variability); thus, in this instance, modeled atmospheric circulation changes174

can be linked to Pacific SST trends. To minimize spurious atmospheric responses, linear175

damping was applied at the domain boundaries over a 10° latitude/longitude band. As in176

SSTGLO, the average of 12 ensemble members initialized from different atmospheric initial177

conditions are analyzed. Note that additional experiments performed using a repeating cycle178

of climatological SST beyond the basin of interest, rather than detrended SST as described179

above, produce quantitatively similar results to those presented here (not shown).180
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3. Modeled SH Atmospheric Response to SST Trends181

Figure 3 displays spring-time Z500 trends from a) SSTGLO, b) SSTPAC , c) SSTATL, and182

d) SSTIND; solid-red (dashed-blue) contours denote positive (negative) trends, and hatching183

highlights where 9 of 12 ensemble members agree on the sign of the trend, thus functioning184

as a measure of robustness across model integrations. Although geopotential height trends185

are presented only at 500-hPa, these are found to be largely consistent with trends evaluated186

at all levels of the troposphere (not shown), demonstrating an equivalent barotropic response187

over the mid-to-high southern latitudes. Significant differences in both the sign and structure188

of Z500 trends are seen across the SST experiments, particularly between SSTPAC/SSTIND189

and SSTATL. For example, SSTPAC (Fig. 3b) is characterized by a robust positive pres-190

sure pattern extending over much of the South Pacific and into southern South America.191

This positive lobe is coupled with pronounced negative Z500 trends spanning across southern192

Australia and New Zealand. Similarly, SSTIND (Fig. 3d) is dominated by distinct positive193

trends centered over the Amundsen-Bellingshausen Seas, with less coherent structures ob-194

served elsewhere. Both SSTPAC and SSTIND thus simulate Z500 trends of opposite sign to195

SSTGLO over the high-latitude South Pacific (cf. Figs. 2, 3b, and 3d).196

Interestingly, the South Pacific negative pressure center seen in SSTGLO and reanalyses197

is only reproduced when SST trends are applied in the Atlantic Ocean (Fig. 3c). In fact,198

the spatial pattern of Z500 trends associated with SSTATL projects very strongly onto that199

of SSTGLO, such that large-scale consistency in trend structures, magnitudes, and sign are200

observed (cf. Figs. 3a and 3c). The spatial correlation between these two trend patterns201

is 0.76. However, subtle regional differences are also apparent when comparing SSTATL to202

SSTGLO. For example, the negative Z500 trends located over the South Pacific are extended203

further northward into South America, and the positive Z500 trends cover a larger area204

extending over Australia and the sub-tropical Indian and Pacific Oceans. Nevertheless, the205

similarities between SSTATL and SSTGLO suggests that SST trends in the Atlantic may play206

a significant role in forcing contemporary spring-time atmospheric circulation trends in the207
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SH extratropics.208

Figure 3 thus demonstrates that the Z500 trend structures associated with SSTGLO more-209

closely reflect the impact of SST trends in the Atlantic, rather than the Pacific or Indian210

Oceans (cf. Figs. 3). Given that Pacific SST variability is known to strongly impact the211

extratropical atmosphere (e.g. Karoly 1989; Ciasto and Thompson 2008; Simpkins et al.212

2012), it is somewhat surprising that SSTPAC does not display stronger similarities with213

SSTGLO. This may be related to the reduced amplitude of Pacific SST trends in comparison214

to the Atlantic (Fig. 1b), or to the lack of ocean-atmosphere coupling inherent in AGCM215

experiments. Furthermore, it is also important to note that SSTATL, SSTPAC and SSTIND do216

not combine to reproduce the spatial pattern of Z500 trends modeled by SSTGLO (not shown).217

As illustrated by Figure 4, it is seen that the summed precipitation response for the individual218

basin experiments is considerably larger than that of SSTGLO, suggesting that non-linearities219

in convective precipitation, and the associated tropical-extratropical atmospheric dynamics,220

may play a role in driving the non-linear Z500 trends observed in Figure 3. Moreover, it must221

be remembered that complex inter-basin atmosphere-ocean interactions (e.g. Wang 2006;222

Keenlyside and Latif 2007; Kushnir et al. 2010; Timmermann et al. 2010; Ding et al. 2012;223

Luo et al. 2012; Santoso et al. 2012, and references therein) also complicate the diagnosis224

of tropical-extratropical interactions, particularly when isolating the impact of individual225

basins as in these idealized simulations. Regardless, the similarities between SSTGLO and226

SSTATL in Figure 3 highlights that Atlantic SST trends may be a key factor influencing227

atmospheric circulation trends, motivating further investigation. As such, the next section228

determines the underlying atmospheric dynamics of the relatively little-explored Atlantic229

teleconnections to the SH extratropics.230
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4. Atlantic Teleconnections to the SH Extratropics: At-231

mospheric Dynamics232

To diagnose the atmospheric dynamics governing Atlantic SST teleconnections to the SH233

extratropics, we perform daily-resolution perturbation experiments using CAM3, hereafter234

referred to as ATLPERT . For these simulations, an SST anomaly is superimposed on the235

background climatological forcing across the tropical Atlantic Ocean, and the resulting at-236

mospheric response is tracked through time. This SST perturbation, as illustrated in Figure237

5, represents the spatial pattern of total spring-time SST trends linearly tapered between238

30-40°N/S in the Atlantic, and chosen as previous studies highlight the importance of tropi-239

cal latitudes in forcing extratropical responses (Okumura et al. 2012; Schneider et al. 2012a;240

Li et al. 2014). We perform 100 ATLPERT simulations, wherein each member was initiated241

from different atmospheric conditions starting in September, and subsequently integrated242

for 60 days to give an end date in October/November. In each case, the Atlantic SST243

anomaly was held constant for the duration of simulation, while the global oceans followed a244

cycle of daily-interpolated climatological SST. Control simulations were performed as above,245

but without the superimposed SST anomaly. The approximate spring-time response to the246

anomalous Atlantic forcing was then determined by subtracting the individual control from247

the corresponding perturbation experiment, and analyzing the 100-member ensemble mean.248

In what follows, all figures illustrate the average response to the ATLPERT over days 1-60249

unless otherwise stated.250

Figure 6 illustrates various tropical anomalies from the ATLPERT experiments. In re-251

sponse to the applied SST forcing, upward vertical motion is initiated (Fig. 6a), generating252

anomalous convective precipitation across the equatorial Atlantic, but with maxima clearly253

discernible over the Caribbean Sea and off the coast of Guyana/Suriname/French Guiana254

(Fig. 6b, shading). By continuity, intensified surface westerlies are observed over ∼0-120°W255

(Fig. 6b, vectors), driving an analogous pattern of surface convergence (not shown), which256
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may be further enhanced by the introduced Atlantic/Pacific SST gradient. Corresponding257

upper level divergence structures are also apparent (Fig. 6a, vectors; Fig. 6c, shading), and258

as expected, project strongly onto the inter-related patterns of precipitation anomalies (cf.259

Figs. 6b-c, shading) given the relationship to latent heat release during deep convection.260

Consequently, poleward flowing divergent wind anomalies emerge in the upper troposphere261

(Fig. 6c, vectors). These are primarily constrained to ∼30-120°W, highlighting a regional262

response emanating from areas of strongest divergence, but representing a significant merid-263

ional perturbation to the large-scale circulation of the atmosphere.264

Through mass balance, the Hadley Circulation also exhibits changes in association with265

the ATLPERT experiments. Consistent with the regional divergent wind response (Fig. 6c),266

these Hadley Circulation modifications are also primarily regional, but represent a large267

enough disturbance to impact zonal-mean meridional streamfunctions (Fig. 7); note that268

calculations based on regional longitudes exhibit similar characteristics to those shown, but269

are typically stronger in magnitude. Climatologically (Fig. 7, contours), the general circula-270

tion is dominated by an anti-clockwise flowing SH Hadley Cell, in accord with the seasonal271

location of the Inter-Tropical Convergence Zone during austral spring. In response to the272

Atlantic thermal forcing, and the subsequent initiation of rising motion, surface convergence,273

and upper level divergence (i.e. the establishment of an anomalous zonal Walker circulation;274

Fig. 6), a pronounced intensification of the Hadley cell is observed (Fig. 7, shading); while a275

northward extension of the ascending branch is also apparent, the magnitude of the anoma-276

lies is an order less than the climatology so that the total expansion is modest. Changes to277

the other overturning cells are limited. It can thus be interpreted that the subsequent extra-278

tropical response is likely a consequence of perturbations to the Hadley Cell, which provides279

the mechanism by which tropical signals are transmitted to the extratropics. Specifically,280

the intensified overturning of the SH Hadley Cell enhances upper level convergence and sub-281

sidence at the descending branch (Fig. 6c); these features are again regional in character,282

and are most clearly expressed over the Eastern Pacific. This upper-level convergence, and283
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the associated development of anomalous vorticity forcing, will have significant implications284

for the initiation of extratropical atmospheric Rossby waves.285

Following Sardeshmukh and Hoskins (1988), the dynamics of Rossby waves can be di-286

agnosed by analyzing the barotropic vorticity equation at 200-hPa. Specifically, the Rossby287

wave source (RWS), which quantifies vorticity forcing associated with low-level convergence288

and upper-level divergence, is calculated using:289

290

RWS = −Vχ · ∇(ζ + f)− (ζ + f)D (1)

wherein Vχ and D are the divergent wind and divergence at 200-hPa, respectively, ζ is rel-291

ative vorticity, and f the Coriolis parameter. The two terms in (1) represent the advection292

of vorticity by the divergent wind (−Vχ · ∇(ζ + f)), and vorticity generation associated with293

vortex stretching ((ζ + f)D). Figure 8 displays the time-averaged RWS associated with the294

ATLPERT experiments, and reveals a complex structure of anomalies primarily restricted295

to the eastern Pacific and Atlantic basins. Analysis of the vorticity budget indicates that296

the total RWS is predominantly governed by vortex stretching. As such, these two patterns297

project strongly onto one another, and thereby the corresponding pattern of 200-hPa diver-298

gence (cf. Figs. 6c, 8a-b). Nevertheless, although second order, the final solution is also299

modified by the vorticity advection term (Fig. 8c).300

In response to the substantial upper level divergence (Fig. 6c), several pronounced RWS301

features are apparent over the Caribbean Sea despite the relatively weak planetary vorticity.302

Nonetheless, background climatological conditions will likely inhibit Rossby wave develop-303

ment from these locations due to the lack of an associated wave guide (Hoskins and Ambrizzi304

1993; Lee et al. 2009). Of considerable note to this study, however, is the distinct negative305

RWS region that emerges at the convergent boundary of the intensified Hadley Cell in the306

East Pacific (∼70-130°W, ∼20-40°S). In this instance, it is these extratropical sources, driven307
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remotely through changes in the local Hadley Circulation, that initiate the development of308

Rossby waves.309

Here, Rossby wave evolution is examined by tracking Z500 anomalies averaged over days310

a) 1-3, b) 4-6, and c) 7-12 (Fig. 9); note the contrasting color axes. In response to the thermal311

forcing, negative pressure anomalies initially develop over the tropical Atlantic Ocean (Fig.312

9a), forcing an anomalous zonal Walker circulation (Fig. 6a). By days 3-5, however, these313

tropically-sourced signals have been transferred to the extratropics via subsequent changes314

to the local Hadley Circulation (Fig. 7), matching the time-scales noted by Tyrrell et al.315

(1996). The resultant vorticity forcing, and thus RWS (Fig. 8), subsequently initiates316

a Rossby wave, as clearly expressed as a pattern of positive and negative Z500 anomalies317

located east of South America and south of Africa, respectively (Fig. 9b). Over time,318

these Z500 anomalies strengthen in magnitude and begin to propagate eastward with the319

climatological flow of the subtropical jet (Fig. 9c), allowing extratropical anomalies to be320

transferred circumglobally. These eastward propagating features are further identifiable in321

a time-longitude Hovmöller analysis of Z500 anomalies averaged over 30-60°S (Fig. 10). In322

particular, negative Z500 anomalies are simulated over the high latitude South Pacific (i.e.323

in the vicinity of the Amunsden-Bellingshausen Seas), with implications for the climate of324

West Antarctica.325

A dynamical link has therefore been identified between perturbations in tropical Atlantic326

SST and atmospheric circulation changes in the SH extratropics, as summarized schemati-327

cally in Figure 11. Specifically, thermal forcing in the tropical Atlantic drives changes to the328

zonal Walker circulation, whereby the corresponding anomalous vertical velocities and upper329

level divergence subsequently produce an intensification of the local Hadley circulation. In330

doing so, upper level convergence is enhanced at the descending branch of the Hadley Cell,331

which consequently becomes a source of Rossby waves that propagate with the climatological332

mean flow. Consistent with previous studies, we therefore find that the local Hadley circula-333

tion, which itself is perturbed through an anomalous zonal Walker circulation, provides the334
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key dynamical connection between the tropics and extratropics, allowing for the develop-335

ment of Rossby waves well-removed from the tropical source of disturbance (Sardeshmukh336

and Hoskins 1988; Dréevillon et al. 2003; Hoskins and Ambrizzi 1993; Rasmusson and Mo337

1993; Tyrrell et al. 1996).338

5. The Connection between Atlantic SST and Climatic339

Change in the SH Extratropics340

While the physical processes connecting tropical Atlantic SST variability to the extra-341

tropical atmospheric circulation have been established (e.g. as summarized in Fig. 11),342

it remains to be seen how these dynamics relate to the Z500 trend structure simulated by343

SSTATL (Fig. 3c), and by deduction, how Atlantic SST trends may have influenced the ob-344

served pattern of circulation change over the past 3 decades. Here, we therefore synthesize345

the dynamical information gained from Section 4 and place it in the context of the SSTATL346

experiments.347

To establish the approximate spring-time Z500 structures associated with propagating348

Rossby waves (Fig. 10), Z500 anomalies from the ATLPERT experiments are averaged over349

days 1-60. Figure 12 compares the resulting time-mean anomalies (shading) with the corre-350

sponding Z500 trends simulated by SSTATL (contours; as in Fig. 3c). Despite the contrasting351

experimental design, Figure 12 illustrates that the two Z500 patterns possess many similari-352

ties. For example, both display negative Z500 anomalies in the vicinity of the South Pacific,353

along with positive anomalies spanning the Indian and east Pacific Oceans. Several shifts in354

the location of Z500 structures are also apparent, as evidenced by the more-southerly exten-355

sion of positive ATLPERT Z500 anomalies over the South Atlantic compared to the trends.356

These differences may simply be attributed to the contrasting boundary conditions used for357

the two experiments, i.e. constant tropical SST forcing in ATLPERT , in contrast to time-358

varying SST forcing over all Atlantic latitudes/longitudes in SSTATL. Nevertheless, spatial359
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correlations between the two Z500 structures are 0.50. As such, it can be suggested that360

the Z500 trend pattern associated with SSTATL may emerge in relation to the time-averaged361

impact of propagating Rossby waves over the spring season.362

To determine whether the SSTATL Z500 trends result from enhanced Rossby wave activity,363

trends are calculated for each of the components responsible for their initiation (i.e. each364

stage of Fig. 11). Figure 13 illustrates the spring-time trends for a) vertical velocity (shading)365

and U/W wind (vectors) averaged over 5°N - 5°S, b) convective precipitation (shading) and366

950-hPa wind (vectors), c) 200-hPa divergence (shading) and divergent wind (vectors), and367

d) Rossby wave source at 200-hPa from the SSTATL experiments. In each case it is seen that368

the pattern of trends projects strongly onto the corresponding anomalies associated with the369

ATLPERT experiments (cf. Figs. 6, 8, 13), highlighting that similar atmospheric dynamics370

likely force both Z500 patterns.371

In particular, Atlantic warming causes marked changes to the equatorial zonal circula-372

tion, manifested as trends towards enhanced upward vertical velocities (Fig. 13a), increased373

precipitation (Fig. 13b, shading), surface convergence (not shown), and thus upper level374

divergence (Fig. 13c, shading), over Central America and the tropical Atlantic. Accord-375

ingly, strengthened poleward flowing divergent winds emerge over the East Pacific/South376

American continent (Fig. 13c, vectors), which in turn, intensify the local Hadley circulation377

(not shown), enhance upper-level convergence at the descending branch (Fig. 13c, shading),378

and magnify RWS activity at this location (Fig. 13d). The right-hand panels of Figure379

13 illustrate the equivalent trends for the SSTGLO experiments, and correspond strongly to380

those of SSTATL. This similarity suggests that enhanced Atlantic SST (Fig. 1b), and the381

resulting impact of heightened Rossby wave activity, likely drives the simulated atmospheric382

circulation changes seen in both SSTATL and SSTGLO, and thus explains their resemblance383

in Z500 structures (cf. Figs. 3a and 3c). Furthermore, the similarity between SSTGLO and384

reanalyses (Fig. 2) indicates that observed Z500 trends are likely to be heavily influenced385

by teleconnections emanating from the tropical Atlantic. By contrast, SSTPAC and SSTIND386
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display conflicting patterns (not shown), demonstrating that they likely play a lesser role in387

forcing the global response; for example, the spatial correlation between SSTGLO precipita-388

tion trends and SSTPAC is 0.26, compared to 0.15 for SSTIND, and 0.70 for SSTATL.389

Given the established impacts on the atmospheric circulation, Atlantic-related telecon-390

nections also have broader-scale climatic implications, driven largely by thermal advection391

associated with the corresponding wind changes (e.g. Ding et al. 2011; Okumura et al. 2012;392

Schneider et al. 2012a; Li et al. 2014). Figure 14 displays spring-time SAT (shading) and393

surface wind (vectors) trends from the SSTATL experiments, and observed SAT trends from394

Antarctic research stations (colored dots); note that the spatial structure of SSTATL-related395

trends is similar at all levels of the troposphere, demonstrating an equivalent barotropic396

response (not shown). In association with the negative Z500 trends simulated over the high-397

latitude South Pacific (Fig. 3c), a pattern of cyclonic wind trends are established over this398

region (Fig. 14, vectors). As a result, anomalous onshore (northerly) winds drive warm air399

advection, and thus positive temperature trends, over the Antarctic Peninsula and eastern400

West Antarctic (Fig. 14, shading), coincident with the observed pattern of SAT trends (Fig.401

14, colored dots). Whilst the magnitude of modeled temperature trends is approximately half402

those of observations, it must be remembered that complex feedback mechanisms, unresolved403

by an AGCM, may accentuate the magnitude of observed temperature trends. Conversely,404

offshore (southerly) winds enhance cold air advection over the Ross and Amundsen Sea re-405

gions, driving negative temperature trends that are largely absent from SAT reconstructions406

(e.g. Schneider et al. 2012a). However, this cooling trend is consistent with the observed407

pattern of sea ice expansion evident in the Ross Sea (Fig. 1a, shading) (e.g. Parkinson and408

Cavalieri 2012; Stammerjohn et al. 2012; Simpkins et al. 2013). Through driving changes in409

atmospheric circulation, teleconnections emanating from the tropical Atlantic may therefore410

play a prominent role in forcing climatic change in Antarctica, particularly in relation to the411

positive spring-time temperature trends observed in the Antarctica Peninsula.412
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6. Summary and Discussion413

Several recent studies have identified a link between trends in tropical SST and large-scale414

circulation changes over the SH extratropics, prompting further investigation into tropical-415

extratropical interactions beyond interannual time-scales. Here, we use a suite of idealized416

numerical experiments performed with the CAM3 AGCM to document the spring-time re-417

lationships between SST trends in the Pacific, Indian, and Atlantic Oceans and the SH ex-418

tratropical atmospheric circulation. Particular emphasis was given to diagnosing the impact419

of the Atlantic Ocean, a teleconnection which has received little attention in the literature420

to-date. The key conclusions from this study include:421

1) SST trends have likely played a role in forcing spring-time atmospheric circulation trends422

in the SH extratropics.423

Forcing CAM3 with observed SST over 1979-2009 (SSTGLO) captures several notable424

features of Z500 trends seen in reanalyses (Fig. 2), suggesting that such structures may425

be driven, at least partially, by global SST trends. Separating the SST influence of426

the Pacific, Indian and Atlantic basins reveals differences in the associated atmospheric427

teleconnection patterns, particularly in regard to the sign of changes over the high-latitude428

South Pacific (Fig. 3). Both Pacific (SSTPAC) and Indian (SSTIND) experiments, for429

example, invoke a positive Z500 trend in this location, promoting a contrasting pattern430

of circulation trends to those seen in the reanalyses. It is only when SST trends in the431

Atlantic Ocean are included (SSTATL) that a negative Z500 trend is simulated over the432

South Pacific, bearing a marked similarity to the structures associated with SSTGLO.433

As such, Atlantic SST trends are suggested to have influenced the observed atmospheric434

circulation trends in the SH extratropics.435

2) Atlantic teleconnections to the SH extratropics are driven via changes to the zonal trop-436

ical circulation, corresponding perturbations to the local Hadley cell, and the subsequent437

initiation of atmospheric Rossby waves.438
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Further AGCM experiments (ATLPERT ) were used to diagnose the atmospheric dynam-439

ics controlling Atlantic-Antarctic teleconnections. As summarized schematically in Figure440

11, increased tropical Atlantic SST establishes marked changes to the zonal Walker cir-441

culation, expressed as anomalous upward motion (Fig. 6a), enhanced precipitation (Fig.442

6b), and upper level divergence (Fig. 6c) across the tropical Atlantic, changes which443

may be further enhanced by the introduction of an SST gradient between the Pacific444

and Atlantic. By continuity, the upper-level divergent winds induce anomalous poleward445

flow (Fig. 6c), which intensifies the local Hadley circulation (Fig. 7), and enhances446

convergence at the descending branch (Fig. 6c). This, in turn, favors the initiation of447

Rossby waves at the convergent boundary (Fig. 8), which subsequently propagate and448

strengthen in time (Figs. 9 and 10) with implications for the Antarctic climate. Thus,449

consistent with previous studies (e.g. Dréevillon et al. 2003; Rasmusson and Mo 1993;450

Tyrrell et al. 1996), the Hadley circulation (itself modified through an anomalous zonal451

circulation) provides a direct link between the tropics and extratropics, and consequently,452

a mechanism by which Rossby waves can be established far from the tropical heat source453

in the Atlantic.454

3) Enhanced Rossby wave activity forced by Atlantic SST trends may have influenced climatic455

change in the SH extratropics.456

Spring-time Z500 trends simulated by SSTATL represent the time-averaged impact of in-457

creased and/or strengthened Rossby waves (Figs. 12 and 13) associated with higher SST458

in the Atlantic Ocean (Fig. 1b). The similarities between the Z500 structures of SSTATL,459

SSTGLO and reanalyses (Figs. 2 and 3) therefore suggests that observed Z500 trends may460

also be related, at least in part, to Atlantic SST trends. Owing to changes in regional461

atmospheric circulation, Atlantic teleconnections also greatly impact the Antarctic cli-462

mate. In particular, the cyclonic wind trends simulated over the high-latitude South463

Pacific promote warm air advection over the Antarctic Peninsula, driving a pattern of464

positive temperature trends similar to observations (Fig. 14). Teleconnections associated465
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with Atlantic SST variability may thus represent a significant mechanism driving climatic466

change in the SH extratropics.467

These results add to the growing body of evidence which suggests that tropical trends are468

key factors forcing climatic change over the SH high-latitudes (e.g. Ding et al. 2011; Okumura469

et al. 2012; Schneider et al. 2012a; Li et al. 2014). In particular, we emphasize the importance470

of (the little-explored) Atlantic teleconnections in driving spring-time Z500, and thereby SAT,471

trends over the South Pacific and West Antarctic, building upon similar conclusions made472

by Okumura et al. (2012) and Li et al. (2014). In doing so, these results contrast with473

previous studies that largely attribute spring-time trends to the Pacific. Schneider et al.474

(2012a), for instance, relate geopotential height trends to higher SSTs in the tropical/sub-475

tropical Pacific Ocean, and a resulting increase in the Rossby wave train associated with476

the PSA teleconnection patterns. However, our model simulations produce Z500 trends of477

opposite sign to observations when forced with Pacific SST variability (SSTPAC ; Fig. 3b).478

While contrasting methodologies make it difficult to discern the cause of such differences, it479

is clear that further work is needed to clarify the relationships between trends in tropical480

SST and extratropical Z500; for example, the relative role of the Atlantic and Pacific remains481

uncertain, as do the impacts of inter-basin interactions and the function of atmosphere-ocean482

coupling. Moreover, while simulations performed using CAM4 reproduce the main findings483

of this investigation (see Li et al. 2014), future work is needed to validate the robustness484

of these results across independent AGCMs, particularly given that the climatic impacts of485

Atlantic SST variability can be highly model dependent (e.g. Hodson et al. 2010).486

Regardless, this study demonstrates that Atlantic SST trends need to be considered487

when diagnosing the mechanisms forcing climatic change in the SH extratropics. As such,488

understanding multi-decadal SST variability (linked namely to the Atlantic Multi-decadal489

Oscillation (AMO; Deser et al. 2010)), and future projections of Atlantic SST under in-490

creased greenhouse gas concentrations, could offer improved scope for prediction of longer-491

term trends in Antarctica. Nevertheless, it is important to note that other factors will492
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continue to affect the SH extratropical climate in conjunction with the SST-forced changes493

described here. For example, both coupled atmosphere-ocean-sea ice feedbacks (unresolved494

in these AGCM experiments) and natural variability may have contributed to the observed495

trends over 1979-2009, and will likely continue to do so under an evolving climate.496
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Ding, Q., E. J. Steig, D. S. Battisti, and M. Küttel, 2011: Winter warming in West Antarctica535

caused by central tropical Pacific warming. Nature Geoscience, 4, 398–403, doi:10.1038/536

ngeo1129.537
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List of Figures657

1 Spring-time (September-November) trends in a) ERA-Interim 950-hPa wind658

(vectors), HadISST sea ice concentration (shading), and Antarctic station sur-659

face air temperature (colored dots), and b) HadISST sea surface temperature,660

all calculated over 1979-2009. Black lines in b) delineate the approximate661

ocean boundaries used for subsequent model experiments (SSTIND, SSTPAC ,662

SSTATL, and SSTGLO - see Methods), with arrows signifying a straight south-663

ward extension to the Antarctic continent. A-B Seas in a) refers to the664

Amundsen-Bellingshausen Seas. 30665

2 Spring-time (September-November) Z500 trends from ERA-Interim (shading)666

and the SSTGLO model simulations (contours) calculated over 1979-2009.667

Solid (dashed) contours denote positive (negative) trends, and are drawn at668

intervals of 7m. Hatching indicates where ERA-Interim and SSTGLO agree on669

the sign of the trend. 31670

3 Spring-time (September-November) Z500 trends for the various SST-forced671

atmospheric model experiments calculated over 1979-2009 (see text for ex-672

planation of forcing). Positive (negative) trends are denoted by solid-red673

(dashed-blue) contours, and are drawn at intervals of 7m; the zero-contour674

has been omitted. Hatching indicates where 9 of 12 ensemble members agree675

on the sign of the trend. 32676

4 Spring-time (September-November) convective precipitation trends from a)677

SSTGLO, b) the sum of SSTPAC , SSTIND and SSTATL, and c) the difference678

between a) and b). 33679

5 Sea surface temperature perturbation used for the ATLPERT experiments (see680

text for details). Shading corresponds to the total spring-time (September-681

November) SST trends observed in the tropical Atlantic over 1979-2009, with682

tapering at latitudes >30°N/S. 34683
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6 60-day average a) vertical velocity (shading) and U/W wind (vectors) anoma-684

lies averaged over 5°N-5°S, b) convective precipitation (shading) and 950-hPa685

wind (vectors), and c) 200-hPa divergence (shading) and divergent wind (vec-686

tors) anomalies from the ATLPERT experiments. In panel a) red (blue) shad-687

ing denotes downward (upward) flow, and to accentuate vertical motion, W688

vector anomalies have been scaled by a factor of 300. 35689

7 60-day average zonal-mean (180°W - 180°E) meridional streamfunction anoma-690

lies from the ATLPERT experiments (shading). Contours denote the clima-691

tological streamfunctions from the daily control simulations, and are drawn692

at intervals of 2 x 1010 kg s−1. Solid (dashed) contours denote anti-clockwise693

(clockwise) flow. 36694

8 60-day average a) Rossby Wave Source, b) vortex stretching, and c) vorticity695

advection anomalies at 200-hPa from the ATLPERT experiments. See text for696

details of terms. 37697

9 Z500 anomalies from the ATLPERT experiments averaged over days a) 1-3, b)698

4-6, and c) 7-12. Note the contrasting color scales. 38699

10 Time-longitude Hovmöller of Z500 anomalies averaged over 30-60°S from the700

ATLPERT experiments. 39701

11 Schematic diagram outlining how tropical Atlantic SST variability telecon-702

nects to the Southern Hemisphere extratropics. 40703

12 60-day average Z500 anomalies from the ATLPERT experiments (shading), and704

spring-time (September-November) Z500 trends from the SSTATL experiments705

calculated over 1979-2009 (contours). Solid (dashed) contours denote positive706

(negative) trends, and are drawn at intervals of 7m; the zero-contour has been707

omitted. 41708
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13 Spring-time (September-November) trends in a) vertical velocity (shading)709

and U/W wind (vectors) averaged over 5°N-5°S, b) convective precipitation710

(shading) and 950-hPa wind (vectors), c) 200-hPa divergence (shading) and711

divergent wind (vectors), and d) Rossby Wave Source from the SSTATL ex-712

periments, all calculated over 1979-2009. The right hand panels (e-h) show713

the equivalent trends from the SSTGLO experiments. 42714

14 Spring-time (September-November) trends in Antarctic station surface air715

temperature (colored dots), and modeled surface wind (vectors) and air tem-716

perature (shading) from the SSTATL experiments, all calculated over 1979-717

2009. Note the contrasting color axes for the observed and modeled temper-718

ature trends. 43719
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Fig. 1. Spring-time (September-November) trends in a) ERA-Interim 950-hPa wind (vec-
tors), HadISST sea ice concentration (shading), and Antarctic station surface air tempera-
ture (colored dots), and b) HadISST sea surface temperature, all calculated over 1979-2009.
Black lines in b) delineate the approximate ocean boundaries used for subsequent model
experiments (SSTIND, SSTPAC , SSTATL, and SSTGLO - see Methods), with arrows signify-
ing a straight southward extension to the Antarctic continent. A-B Seas in a) refers to the
Amundsen-Bellingshausen Seas.
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Fig. 2. Spring-time (September-November) Z500 trends from ERA-Interim (shading) and the
SSTGLO model simulations (contours) calculated over 1979-2009. Solid (dashed) contours
denote positive (negative) trends, and are drawn at intervals of 7m. Hatching indicates
where ERA-Interim and SSTGLO agree on the sign of the trend.
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b) SSTPAC

c) SSTATL d) SSTIND
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Fig. 3. Spring-time (September-November) Z500 trends for the various SST-forced atmo-
spheric model experiments calculated over 1979-2009 (see text for explanation of forcing).
Positive (negative) trends are denoted by solid-red (dashed-blue) contours, and are drawn
at intervals of 7m; the zero-contour has been omitted. Hatching indicates where 9 of 12
ensemble members agree on the sign of the trend.
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Fig. 4. Spring-time (September-November) convective precipitation trends from a) SSTGLO,
b) the sum of SSTPAC , SSTIND and SSTATL, and c) the difference between a) and b).
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Fig. 5. Sea surface temperature perturbation used for the ATLPERT experiments (see text
for details). Shading corresponds to the total spring-time (September-November) SST trends
observed in the tropical Atlantic over 1979-2009, with tapering at latitudes >30°N/S.
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Fig. 6. 60-day average a) vertical velocity (shading) and U/W wind (vectors) anomalies av-
eraged over 5°N-5°S, b) convective precipitation (shading) and 950-hPa wind (vectors), and
c) 200-hPa divergence (shading) and divergent wind (vectors) anomalies from the ATLPERT
experiments. In panel a) red (blue) shading denotes downward (upward) flow, and to accen-
tuate vertical motion, W vector anomalies have been scaled by a factor of 300.
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Fig. 7. 60-day average zonal-mean (180°W - 180°E) meridional streamfunction anomalies
from the ATLPERT experiments (shading). Contours denote the climatological streamfunc-
tions from the daily control simulations, and are drawn at intervals of 2 x 1010 kg s−1. Solid
(dashed) contours denote anti-clockwise (clockwise) flow.
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Fig. 8. 60-day average a) Rossby Wave Source, b) vortex stretching, and c) vorticity ad-
vection anomalies at 200-hPa from the ATLPERT experiments. See text for details of terms.
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Fig. 9. Z500 anomalies from the ATLPERT experiments averaged over days a) 1-3, b) 4-6,
and c) 7-12. Note the contrasting color scales.
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Fig. 10. Time-longitude Hovmöller of Z500 anomalies averaged over 30-60°S from the
ATLPERT experiments.
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Fig. 11. Schematic diagram outlining how tropical Atlantic SST variability teleconnects to
the Southern Hemisphere extratropics.
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Fig. 12. 60-day average Z500 anomalies from the ATLPERT experiments (shading), and
spring-time (September-November) Z500 trends from the SSTATL experiments calculated
over 1979-2009 (contours). Solid (dashed) contours denote positive (negative) trends, and
are drawn at intervals of 7m; the zero-contour has been omitted.
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Fig. 13. Spring-time (September-November) trends in a) vertical velocity (shading) and
U/W wind (vectors) averaged over 5°N-5°S, b) convective precipitation (shading) and 950-
hPa wind (vectors), c) 200-hPa divergence (shading) and divergent wind (vectors), and d)
Rossby Wave Source from the SSTATL experiments, all calculated over 1979-2009. The right
hand panels (e-h) show the equivalent trends from the SSTGLO experiments.
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Fig. 14. Spring-time (September-November) trends in Antarctic station surface air tem-
perature (colored dots), and modeled surface wind (vectors) and air temperature (shading)
from the SSTATL experiments, all calculated over 1979-2009. Note the contrasting color axes
for the observed and modeled temperature trends.
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