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ABSTRACT

Significant summer warming over the eastern Antarctic Peninsula in the last 50 years has been attributed to

a strengthening of the circumpolar westerlies, widely believed to be anthropogenic in origin. On the western

side of the peninsula, significant warming has occurred mainly in austral winter and has been attributed to the

reduction of sea ice. The authors show that austral fall is the only season in which spatially extensive warming

has occurred on theAntarctic Peninsula. This is accompanied by a significant reduction of sea ice cover off the

west coast. In winter and spring, warming is mainly observed on the west side of the peninsula. The most

important large-scale forcing of the significant widespread warming trend in fall is the extratropical Rossby

wave train associated with tropical Pacific sea surface temperature anomalies. Winter and spring warming on

the western peninsula reflects the persistence of sea ice anomalies arising from the tropically forced atmo-

spheric circulation changes in austral fall.

1. Introduction

Surface temperature changes in Antarctica over the

last 50 years exhibit strong seasonality and spatial com-

plexity, with significant increases of annual mean tem-

perature on the Antarctic Peninsula (AP) and West

Antarctica but little change across East Antarctica

(Comiso 2000; Marshall et al. 2002; Turner et al. 2005;

Chapman and Walsh 2007; Monaghan and Bromwich

2008; Monaghan et al. 2008; Steig et al. 2009; Schneider

et al. 2012a; Orsi et al. 2012; Fogt et al. 2012; Bromwich

et al. 2013; Steig and Orsi 2013). In the peninsula re-

gion, the warming on the west side is greatest in austral

winter, while on the east side the warming is greatest in

summer. In some locations on the western AP, the

annual-mean warming trend reaches 0.58Cdecade21,

which is substantially larger than global mean warming

and ranks among the fastest warming rates on the planet

(Vaughan et al. 2003). Significant changes to ecosystems

in this area are among the known impacts of this warming

(Trivelpiece et al. 2011). On the eastern side of the AP,

successive loss of ice shelves has occurred in response to

summer surface warming (Van den Broeke 2005).

The summer warming over the eastern AP in recent

decades has been attributed to a trend of atmospheric

circulation toward the positive phase of the southern

annular mode (SAM) (Thompson and Solomon 2002;

Gillett et al. 2006; Marshall et al. 2006; Marshall 2007),

the dominant pattern of Southern Hemisphere (SH)

circulation variability (Thompson and Wallace 2000).

There is evidence that the observed trend in the SAM

index during austral summer is the result of anthropogenic

increases in greenhouse gas concentrations and depletion

of stratospheric ozone (Thompson and Solomon 2002;

Gillett and Thompson 2003; Marshall et al. 2004; Shindell

and Schmidt 2004;Miller et al. 2006; Arblaster andMeehl

2006; Fogt et al. 2009; Thompson et al. 2011). The positive

SAM trend may induce warming on the east side of the

peninsula through a feedback between increased west-

erlies and local topography (van Lipzig et al. 2008; Orr

et al. 2008). Thus, the recent warming trend on the east-

ern AP reflects the impact of anthropogenic forcing on

the SH high-latitude circulation. These arguments do not

account for the warming on the west AP during winter,

which is commonly attributed to the decreasing trend of

sea ice in the Bellingshausen Sea off the west coast of the

peninsula (Jacobs and Comiso 1997). It has been sug-

gested that sea ice variability in the Bellingshausen Sea is

sensitive to the SAM and El Ni~no–Southern Oscillation
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(ENSO) variability (Liu et al. 2004; Stammerjohn et al.

2008), but the cause of the long-term sea ice reduction

trend remains an open question (Vaughan et al. 2003;

Sigmond and Fyfe 2010; Holland and Kwok 2012).

An important link between tropical SST anomalies

and circulation variability in the high latitudes of the SH

has been recognized for decades (Karoly 1989; Liu et al.

2002; Grassi et al. 2005; Fogt et al. 2009). In particular,

SST variability in the tropical Pacific is strongly linked to

the circulation variability adjacent to the AP and con-

tinental West Antarctica, through the generation of a

large-scale atmospheric wave train (Marshall and King

1998; Yuan and Martinson 2000; Renwick 2002; Yuan

2004; Fogt and Bromwich 2006; Lachlan-Cope and

Connolley 2006; Ding et al. 2011; Fogt et al. 2011; Steig

et al. 2012; Schneider et al. 2012a,b; Ding et al. 2012;

Okumura et al. 2012; Bromwich et al. 2013). This moti-

vates examination of the role of tropical SST variability in

influencing the observed trend of AP temperatures and

sea ice conditions.

2. Methods

a. Data

We use data from the eight long weather stations on

the AP to examine peninsula-wide temperature vari-

ability (Fig. 1).We restrict the analysis to themost recent

31 years (1979–2009), during which atmospheric re-

analysis data for the SH polar region are most reliable

(Bromwich et al. 2007; Bracegirdle and Marshall

2012). Monthly near-surface temperature from eight

stations in theAP regionwas obtained from theAntarctic

Reference Antarctic Data for Environmental Research

(READER) project (Turner et al. 2005). These eight

stations were chosen because they have monthly data for

at least 95% of the 31-yr period examined. The locations

of these eight stations are roughly uniformly distributed

along the coast of the AP (Fig. 1). A cross-correlation

calculation between temperature from any pair of the

eight stations shows that in summer, temperature on

the west side of the peninsula (Faraday/Vernadsky and

Rothera, Antarctica) is largely independent from tem-

perature variability on the east side (see Table S1 in the

supplemental material). In the other three seasons,

however, temperatures at all AP stations vary together.

We construct a time series of AP temperature (APT)

by averagingmonthly temperature from all eight stations.

APT is highly correlated with temperature at each in-

dividual station in all seasons except summer (Fig. 2).

Correlation of APT with surface temperature in the

European Centre for Medium-RangeWeather Forecasts

(ECMWF) Interim Re-Analysis (ERA-Interim; Dee

et al. 2011) shows that APT is representative of the tem-

perature variability across most of the AP in fall [March–

May (MAM)], winter [June–August (JJA)], and spring

[September–November (SON)] (Fig. 3), and thus pro-

vides a meaningful measure of peninsula-wide tempera-

ture change in those seasons. To separately consider the

temperature variability on each side of the peninsula, the

FIG. 1. Locations of the eight weather stations used for this study.

Bellingshausen and Marsh are two different stations but with al-

most the same longitude/latitude. Faraday station is now operated

by the Ukrainian Antarctic Program and is referred to as Faraday/

Vernadsky.

FIG. 2. Correlation of seasonal mean temperature at AP weather

stations with the APT time series (mean of eight stations) in the

corresponding season. The sequence of stations on the abscissa is

based on the longitude of each site (from the westernmost to the

easternmost). All correlations shown are significant at 95% confi-

dence level (60.35), except one for Faraday during DJF.
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mean of temperatures from Faraday/Vernadsky and

Rothera, which are located on the west coast of penin-

sula, are defined as the W-APT. The mean of tempera-

tures from the remaining six stations, which are located

on the east side, are defined as the E-APT.

Atmospheric circulation and surface temperature data

are from the 1979–2009 ERA-Interim (Dee et al. 2011).

Sea surface temperature data are from the Extended

Reconstructed SST, version 3 (ERSSTv3), dataset (Smith

et al. 2008) and sea ice data are from the Hadley Centre

Sea Ice and Sea Surface Temperature dataset (HadISST;

Rayner et al. 2003). The spatial field of surface tem-

perature is also derived from thermal infrared channels

of the Advanced Very High Resolution Radiometer

(AVHRR) satellite (Comiso 2000) and Modern-Era

Retrospective Analysis for Research and Applications

(MERRA; Rienecker et al. 2011), which are largely

independent of the ERA-Interim datasets. It should

be noted that because the reliable data for the SH

polar region is short, the term ‘‘trend’’ used in the fol-

lowing refer to any low-frequency variability distinct

from the interannual variability; it does not necessarily

imply a long-term trend, but may simply reflect decadal

variability.

b. Method

To examine the tropical connection of the AP tem-

perature, we use maximum covariance analysis (MCA;

Bretherton et al. 1992) to capture the dominant coupled

modes between surface temperature on the AP and

tropical SST. The MCA is achieved by singular value

decomposition of the temporal covariance matrix, using

equal area (square root of cosine of latitude) weighting.

The pairs of singular vectors describe the spatial patterns

FIG. 3. Correlation of seasonal mean APT with ERA-Interim surface air temperature in the

corresponding season: (a) DJF, (b) MAM, (c) JJA, and (d) SON. Only significant correlation

(above 95% confidence level: 60.35) are displayed.
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of each field. The corresponding squared singular value

represents the squared covariance fraction and indicates

the relative importance of that pair of vectors in rela-

tionship to the total covariance in the two fields. The ex-

pansion coefficients obtained by projecting the singular

vectors onto the original data fields depicts the temporal

variation of the spatial patterns. We also use this method

to capture the dominant coupled modes between the sea

ice cover in the AP and tropical SST.

c. Model

The general circulation modeling results presented

in this study are based on two experiments with the

ECHAM4.6 atmospheric general circulation model

(Roeckner et al. 1996), at horizontal resolution of T42

(;2.88 latitude 3 2.88 longitude) with 19 vertical levels.

In all experiments we couple the ECHAM4.6 to a slab

ocean (Manabe and Stouffer 1980). In the slab model,

the ocean is represented by a horizontal grid of points

that are slabs of water of uniform specified depth (50m).

The ocean temperature at each grid point is affected only

by heat exchange across the air–sea interfaces. There is

no direct communication between adjacent ocean grid

points, nor is there any representation of the deep ocean.

In addition, a set of specified surface flux adjustments are

developed and added to the slab model’s temperature

tendency equation at each time step in order to maintain

a seasonal cycle of ocean temperatures that is as close as

possible to present-day conditions.

3. Interannual variability of the AP temperature

Examination of geopotential height fields shows that

when temperature varies coherently across the AP, as

measured by the APT time series, this variability is asso-

ciated with a prominent wave train structure, with anom-

alous low and high 200-hPa geopotential height (Z200)

to the west and east of the AP, respectively (Fig. 4).

This local dipolelike circulation pattern has been called

the Antarctic dipole (Liu et al. 2002), a leading inter-

annually varying signal of circulation in the AP region.

The wave train pattern associated with the Antarctic

dipole appears in all seasons except summer. The vertical

structure of the geopotential height anomalies follows the

FIG. 4. Regression of seasonal mean APT times series against climate variables: (top) tropical SST (contour in-

terval of 0.18C) and (bottom) SH geopotential height (contour interval of 10m) and wind (vector, m s21) at 200 hPa

for (a) DJF, (b) MAM, (c) JJA, and (d) SON. Shading denotes regions in which correlation of APT with (top) SST or

(bottom) Z200 is significant at or above the 95% confidence level. The (bottom) wind vectors, if either component is

significantly related to the APT (above 95% confidence level), are displayed.
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classic pattern of a tropically forced Rossby wave train,

baroclinic in the tropics, but barotropic elsewhere (Gill

1980). Consistent with this interpretation, the APT time

series is significantly correlatedwith SST variability in the

tropical and subtropical Pacific (Fig. 4). Locally, the

northwesterly flow sandwiched between the low and high

geopotential height anomalies favors strong heat trans-

port from midlatitudes to the AP region. Temperature

changes on the AP are thus intimately related to the

large-scale northwesterly winds in fall (MAM) through

spring (SON), which are in turn driven by the tropically

forced Rossby wave train. In contrast, during austral

summer the relationship between the APT (or W-APT

and E-APT) and large-scale SH circulation is weak.

The seasonal character of the statistical relationships

among geopotential height, SST anomalies, and AP

temperatures may be understood in terms of the under-

lying dynamics that give rise to tropically forced Rossby

wave trains. Although the pattern and location of the

tropical SST anomaly associated with APT varies by

season, in all three seasons during which theRossby wave

patterns appears (MAM, JJA, and SON), there is a strong

meridional gradient of potential vorticity associated with

the upper level subtropical jet to the east of Australia.

FIG. 5. SeasonalmeanAPT for (a) DJF, (b)MAM, (c) JJA, and (d) SON. Note that the upward trend (gray line) in

DJF andMAM is significant at the 95% and 90% confidence level, respectively, by the Mann–Kendall test (Kendall

1955) and the trend-to-noise ratio test (Wilks 1995). The trends in JJA and SON are not significant.

FIG. 6. (left) Linear trend (8Cdecade21) of 31 yr (1979–2009) seasonalmean surface temperature at each station for

each season. (right) Epochal difference (1994–2009 minus 1979–93) of seasonal mean surface temperature at each

station. In the top panel, the significant trends (above the 95% confidence level) are denoted by an asterisk.
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This gradient acts as an amplifier to enhanced tropical

forcing (Renwick and Revell 1999; Lachlan-Cope and

Connolley 2006; Ding et al. 2012), which can be associ-

ated with a variety of SST anomaly patterns in the tropics

and subtropics. In contrast, in summer [December–

February (DJF)] the subtropical jet is normally weak or

absent, and the connection between the AP and trop-

ical SST variability is reduced.

4. Trend of the AP temperature

Trends in AP temperature, like the interannual vari-

ability, exhibit seasonality in bothmagnitude and spatial

coherence. There is significant warming observed in

summer and fall, but not in winter or spring (Fig. 5).

Although the mean fall warming, as measured by the

APT time series, is only marginally significant (93%

confidence level), it occurs at all stations, and it is sig-

nificant at 95% confidence at three of the eight stations

(Fig. 6). In contrast, the summerwarming,which has been

attributed to the SAM trend (Thompson and Solomon

2002; Gillett et al. 2006; Marshall et al. 2006; Marshall

2007), mainly reflects the warming from the east side of

the AP. In winter (JJA) and spring (SON), warming is

seen primarily at just two stations (Faraday/Vernadsky

and Rothera) on the west side (Fig. 6). It is thus only

during the fall season that widespread warming of the

entire peninsula is observed in the last few decades. This

inference from the weather station data is supported by

surface temperature data from satellite thermal infrared

sensors, and by ERA-Interim and MERRA. The com-

mon feature of all three datasets indicates that the entire

FIG. 7. Epochal difference (later period2 early period) of seasonalmean surface air temperature in (top)AVHRR

(land only), (middle) ERA-Interim, and (bottom) MERRA from DJF to SON. For AVHRR, the early period is

1982–93 and the later period is 1994–2006. The gray area indicates a region of no records. For ERA-Interim and

MERRA, the early period is 1979–93 and the later period is 1994–2009.
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AP region has warmed significantly in fall, but not in the

other three seasons (Fig. 7). The warming of Faraday/

Vernadsky and Rothera in JJA and SON appears to rep-

resent only a local signal, rather than a peninsula-wide

trend. Another interesting feature inMAM is that a very

narrow cooling band is offshore of the east coast of the

AP and this cooling band can also be seen in the other

three seasons. But, to the first order, the entire AP re-

gion is only greatly warmed in MAM.

a. Tropical connection of the AP warming in fall

The peninsula-wide warming trend in fall can be re-

lated directly to tropically forced changes in the SH

circulation over the last three decades. In particular, the

SH circulation trend in fall is characterized by a wave

train pattern in the Pacific sector (Fig. 8a), similar to that

seen in the interannual variability from the tropical cen-

tral Pacific to the AP (Fig. 4b). An increasing anomalous

low circulation over the Amundsen Sea signifies an in-

creasing trend of northwesterly flow and stronger heat

transport from the midlatitudes to the AP. The de-

creasing trend of 200-hPa geopotential height over the

Amundsen Sea is only significant at 80% confidence level

as a result of a very high interannual variability there

(Connolley 1997; Ding et al. 2012). Tropical Pacific SST

in MAM experienced a significant change in the last

31 years (Fig. 8b), with significant warming in the

western Pacific extending northeast and southeast into

the subtropics.

Our inference that the spatially coherent trend in AP

temperature in austral fall is associated with a trend in

tropical SST is further supported byMCA.We useMCA

to capture the dominant coupled modes between surface

temperature on the AP (ERA-Interim; 608–758S, 79.58–
52.58W) and tropical SST (308N–308S). The resulting SST
pattern (SSTmode 1) is similar to the simple SST trend in

the last three decades shown in Fig. 8b, and is closely

associated with a pattern of increasing surface tempera-

ture across the entire AP (AP mode 1; Fig. 9). This

leading coupled pattern explains 70%of the covariability.

The time series associated with these two modes are sig-

nificantly correlated (correlation 5 0.67) and both show

a coherent upward trend in the last 31 years (Fig. 9c). The

leading mode of AP temperature is very similar to the

pattern of the APwarming trend inMAM (Fig. 7) and its

time series is highly correlated with the APT time series

(correlation 5 0.9), and its increasing trend is significant

at 99% confidence level.

Correlation of the time series of both the SST or AP

temperature modes from the MCA with geopotential

heights shows a wave train pattern that closely resembles

the actual circulation trend in the last 31 years (Fig. 9d),

indicating that this circulation pattern plays a key role in

linking the tropics with peninsula-wide warming on both

interannual and longer time scales. These results do not

depend on whether the data are detrended prior to con-

ducting theMCAcalculation. Thus, the same physics that

relates AP temperature to tropical SST on interannual

FIG. 8. Linear trend of austral fall tropical SST and SH circulation from 1979 to 2009.

(a) Trend of SH 200-hPa geopotential height (color shading) and winds (vectors, displayed if

either component is .0.5m s21 decade21) from ERA-Interim and (b) tropical SST from

ERSSTv3. The significant trends in Z200 and SST (above the 95% confidence level) are en-

closed by the red contours.
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time scales also appears to account for the significant

trend of AP temperature in austral fall. Additional MCA

analysis for pre-1979 period (1958–78) between the AP

surface temperature from the 40-yr ECMWF Re-

Analysis (ERA-40; Uppala et al. 2005) and tropical SST

from ERSSTv3 still show a very similar coupled pattern

in austral fall, suggesting a stable covarying relationship

between the tropical SST and AP temperature in the last

50 years.

Temperature variation on the AP is closely tied to

local sea ice conditions (Marshall et al. 2002; Jacobs and

Comiso 1997; Turner et al. 2005). The APT times series

is closely associated with sea ice conditions in the ad-

jacent ocean on the interannual time scale throughout

the year (Fig. 10), and the greatest decrease of sea ice

cover off the west coast occurs in fall (Turner et al. 2009)

(Fig. 11). In winter and spring, the sea ice decrease is

largely restricted to the coast of the northwest and

northeast peninsula. A similar MCA analysis between

tropical SST (308N–308S) and sea ice in the peninsula

region (HADISST; 608–758S, 79.58–52.58W) suggests

that the same tropical SST trend that is related to AP

temperature change in MAM also favors declining sea

ice along thewest coast of the peninsula region, especially

over the Bellingshausen Sea (Fig. 12), where the largest

decreasing trend of sea ice is seen in the last 31 years

(Fig. 11). The tropically forced circulation change is as-

sociated with onshore wind over the Bellingshausen Sea,

FIG. 9. Principal modes of covarying tropical SST and AP surface temperature in austral fall.

MCA results for MAM 1979–2009 tropical (308S–308N) SST and surface air temperature in the

AP. (a)Mode 1 tropical SST (shading interval 0.18C) and (b)mode 1 surface temperature in the

AP (shading interval 0.28C). (c) Mode 1 expansion coefficient of the SST (blue) and surface air

temperature in the AP (red). (d) Regression of the MCA mode 1 SST times series against

ERA-Interim geopotential height (contour interval of 10m) and winds (vector, m s21) at

200 hPa. Amplitudes in (a) and (b) are scaled by one std dev of the corresponding time series in

(c). In (d), shading denotes regions in which correlation of MCA mode 1 SST time series with

Z200 is significant at or above the 95%confidence level. Thewind vectors are displayed if either

component is significantly related to the MCA mode 1 SST times series (above the 95%

confidence level).
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which provides favorable dynamical conditions for the

movement of sea ice toward the coast (decreasing sea ice

concentration) as well as favorable conditions for the

melting of the sea ice by warm air advection (Harangozo

2000; Stammerjohn et al. 2008).

b. Model evidence of tropical connection of the AP
warming in fall

To further examine the inferred causal relationship

between tropical SST forcing and temperature variability

FIG. 10. Correlation of seasonal mean APT with sea ice concentration in the corresponding season for (a) DJF,

(b)MAM, (c) JJA, and (d) SON.Only significant correlations (above the 98%confidence level:60.40) are displayed.

FIG. 11. (top) Epochal difference (1994–2009 minus 1979–93) of seasonal mean sea ice concentration in HadISST from DJF to SON.

(bottom) Linear trend (fractional change per decade) of seasonal mean sea ice concentration in HadISST from DJF to SON since 1979–

2009. In the bottom panel, the significant trends (above the 95% confidence level) are enclosed by red dashed contours.
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in the AP during austral fall, we use an atmospheric

general circulation model (GCM) forced by observed

SSTs changes during the 1979–2009 period in the tropics

only; in the extratropics, the atmosphere is coupled to

a slab ocean. Thus, the high-latitude circulation change in

this experiment is by construction resulting from the trop-

ical forcing. Ten members run with different atmospheric

initial conditions are used to obtain a reliable response.

This experiment produces a very similar circulation trend

pattern in the SH high latitude in fall, with a tropically

forced northwesterly flow impinging on the west coast of

the AP (Fig. 13), consistent with observations. The sim-

ulated MAM 200-hPa geopotential height variability in

the Amundsen Sea, which is the key system to influence

surface temperature in the AP, show a strong connection

(correlation520.72) with the observed SST trend in the

tropics (Fig. 13c). The simulated warming rate on the AP

is 0.48Cdecade21, in good agreement with observations.

While the warming over the tip of peninsula seen in the

observations is not captured, this area is actually mis-

represented as an oceanic grid at the T42model resolution

used. Given the very reasonable simulation of high-

latitude circulation trend and widespread warming across

the AP associated with the observed SST variability, these

model results add further evidence that tropical SST

forcing has played a dominant role in warming the AP.

FIG. 12. MCA results for MAM 1979–2009 tropical (308S–308N) SST and sea ice concen-

tration in the AP region. (a) Mode 1 tropical SST (shading interval 0.18C), (b) mode 1 sea ice

concentration, (c) mode 1 expansion coefficient of the SST (blue) and sea ice concentration

(red), (d) regression of the MCA mode 1 SST times series against ERA-Interim geopotential

height (contour interval of 10m) and winds (vector, m s21) at 200 hPa. Amplitudes in (a) and

(b) are scaled by one std dev of the corresponding time series in (c). In (d), shading denotes

regions in which correlation ofMCAmode 1 SST time series with Z200 is significant at or above

the 95% confidence level. The wind vectors are displayed if either component is significantly

related to the MCA mode 1 SST times series (above the 95% confidence level). This leading

coupled pattern explains 80% of the covariability. The time series associated with these two

modes are significantly correlated (r 5 0.73) and both show a coherent significant (above the

95% confidence level) upward trend in the last 31 years.
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c. Winter and spring warming in the western AP

During austral winter and spring, the circulation trend

over theAP is governed by strong easterly and southerly

wind anomalies (Fig. 14), which cannot efficiently warm

the region. This is the possible reason why the warming

trends are significantly less widespread in these seasons

(Figs. 6 and 7). However, a significant warming trend is

still observed on west coast of the AP, especially over

Faraday/Vernadsky and Rothera station (Fig. 6), which

may be forced by a reduction of sea ice adjacent to the

station (Jacobs and Comiso 1997). Although the sea ice

reduction along the west coast of the AP in these two

seasons cannot be readily explained by the large-scale

circulation change, it is possible that the significant sea

ice decline in fall persists into the subsequent winter and

spring (Harangozo 2000; Stammerjohn et al. 2008). To

test this idea, the mode 1 expansion coefficient of sea ice

obtained from MCA analysis between MAM tropical

SST and sea ice concentration in the peninsula region

(Fig. 12) are used to capture tropical forcing-related sea

ice variability in the AP region in fall. This time series

characterizes well the total sea ice variability along the

west coast in fall (Fig. 15a). The lag correlation between

this time series with sea ice in the following two seasons

suggests that the regional sea ice anomalies in fall persist

to JJA and SON along the west coast of the peninsula,

but with a slow eastward advection, resulting in sea ice

reduction adjacent to Faraday/Vernadsky and Rothera

(Fig. 15). The seasonally drifting pattern of regional sea

ice anomalies is very similar to the trend pattern in

winter and spring (Fig. 11). The time series of MAM

sea ice variability also shows a significant correlation

with JJA and SON station temperature over Faraday/

Vernadsky and Rothera (Table 1). Thus, the sea ice de-

cline in winter and spring that accounts for the warming

trend in Faraday/Vernadsky and Rothera in those sea-

sons (Jacobs and Comiso 1997) appears to be related to

the sea ice trend in fall.

5. Discussion

Examination of the seasonal temperature variability

across the peninsula shows that during all seasons except

summer, the most important large-scale forcing of tem-

perature variability on the AP is the extratropical Rossby

wave train associated with tropical Pacific sea surface

temperature anomalies. In the most recent three de-

cades, austral fall is the only season in which a significant,

spatially extensive warming trend occurs on the AP. This

warming trend is associatedwith a significant reduction of

FIG. 13. Linear trend in MAM of (a) SH geopotential height (contour, 5mdecade21) and

winds at 200 hPa (vectors, displayed if either component is .0.5m s21 decade21) and (b) sur-

face temperature (8Cdecade21) in Antarctica from 31-yr simulation of ECHAM run forced by

observed SST (1979–2009) in the tropics. In the extratropics, the atmosphere is coupled to

a slab ocean model. (c) Simulated MAM Z200 anomalies averaged over the Amundsen Sea

(74.08–57.08S, 125.08–85.08W), denoted as a black box in (a) from 1979 to 2009 (red curve, sign is

reversed for the simplicity of the comparison) and observed mode 1 expansion coefficient of

tropical SST inMCAanalysis (blue curve fromFig. 9c). The correlation between the two curves

is 0.72. In (a), the significant trends of simulated Z200 (above the 95% confidence level) are

denoted by color shading. In (b), the significant trends of simulated surface temperature (above

95% confidence level) are enclosed by the red contours.
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sea ice off the west coast. Both appear to be primarily a

response to a tropically forced atmospheric Rossby wave

train. Because the sea ice reduction along the west coast

in austral fall can persist for one to two seasons but drifts

westward, the warming trends in winter and spring at

Faraday/Vernadsky and Rothera on the western APmay

also be related to the tropical forcing occurring in austral

fall.

Our results have significant implications for under-

standing the role of anthropogenic forcing in driving

recent temperature trends on the AP. Although the

summertime warming of the eastern AP is widely at-

tributed to anthropogenic radiative forcing of the SAM

(Thompson and Solomon 2002; Gillett et al. 2006;

Marshall et al. 2006; Marshall 2007), the same arguments

do not apply to the widespread warming of the AP in fall,

nor to the significant warming of the west coast in winter

and spring (Marshall et al. 2004). We note that although

regression of APT with upper-level circulation bears

some resemblance to the SAMpattern inMAM(Fig. 4b),

and correlation between the SAM index and the APT

suggests a relationship at interannual time scales, this is

not the case for the trend (Fig. 8a). Previous work on the

recent trend in the SAM index has largely focused on

summer during which the SAM trend has been statisti-

cally significant. In other three seasons, the trend in the

FIG. 14. Linear trend of SH sea level pressure (shading, hPa decade21) and winds at 10m

(vectors, displayed if either component is.0.2m s21 decade21) for the 1979–2009 period from

ERA-Interim during austral (a) winter (JJA) and (b) spring (SON). The significant trends of

SLP (above the 95% confidence level) are enclosed by the red contours.

FIG. 15. (a) Spatial pattern of simultaneous correlation between MAM mode 1 expansion coefficient of sea ice concentration in the

peninsula region (red curve in Fig. 12c) andMAM sea ice anomalies. (b) The 3-month lag correlation between the sameMAM expansion

coefficient of sea ice and JJA sea ice anomalies. (c) The 6-month lag correlation between the sameMAM expansion coefficient of sea ice

and SON sea ice anomalies. Only significant correlations (above the 98% confidence level: 60.40) are displayed.
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SAM is weaker, and the link with ozone or greenhouse

gas forcing is much more equivocal (Marshall et al. 2004;

Fogt et al. 2009; Sigmond and Fyfe 2010). Furthermore,

the SAM component over the Pacific sector is strongly

related to tropical forcing (Ding et al. 2012). Thus, the

statistical connection between the SAM and APT does

not contradict the idea that APT variability is strongly

related to tropical dynamics.

We emphasize that the ECHAM4.6model used in this

paper, when run with a slab ocean and observed ozone

and CO2 forcing, captures the main features of observed

geopotential height changes (i.e., the SAM trend) inDJF,

as has been found with other models (Thompson and

Solomon 2002; Gillett and Thompson 2003; Marshall

et al. 2004; Shindell and Schmidt 2004; Miller et al. 2006;

Arblaster and Meehl 2006; Fogt et al. 2009; Thompson

et al. 2011). In the other seasons, a direct response to

radiative forcing is clearly inadequate to explain the

observed circulation patterns in the peninsula region

(Fig. 16). While a nonannular circulation pattern similar

TABLE 1. Correlation of JJA and SON temperatures at Faraday/Vernadsky and Rothera with time series of MAM sea ice variability in

the AP region obtained from MCA analysis between MAM tropical SST and sea ice concentration in the peninsula region (red curve of

Fig. 12c). The correlation for detrended data is given in parentheses. The correlation significant at the 95% confidence is about60.35 for

31 years of data.

JJA SON

Faraday/Vernadsky Rothera Faraday/Vernadsky Rothera

MAM sea ice 0.73 (0.67) 0.60 (0.64) 0.56 (0.35) 0.48 (0.33)

FIG. 16. Linear trend of SH Z200 (contour, 5m decade21) in each season from (left) 31-yr ECHAM4.6 model

response and (right) 1979–2009 period of ERA-Interim observations. The model is forced by observed 31-yr (1979–

2009) CO2 and ozone forcing. In the lower boundary, the atmosphere is coupled to a slab oceanmodel. Tenmembers

run with different atmospheric initial condition are used to obtain a reliable response. The mean of the 10-member

ensemble is shown here. The significant trends of simulated and observed Z200 (above 95% confidence level) are

denoted by color shading.
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to the observed trend inMAMhas been produced in one

atmospheric model in response to ozone forcing (Turner

et al. 2009), our results suggest that the response should

be quite sensitive to the SST field. Tropical Pacific SSTs

are a key forcing of nonannular features in the SH cir-

culation (Ding et al. 2012), and as we have shown here,

the observed circulation changes and AP temperatures

covary strongly with observed tropical SST. This does

not rule out an anthropogenic forcing of AP tempera-

ture, because it is possible that the tropical SST changes

are themselves a response to radiative forcing. How-

ever, at least some modeling results suggest that the

recent SST change in the tropical Pacific is mainly

attributable to natural variability (Yeh et al. 2012).

How the tropical Pacific response to the anthropo-

genic forcing is a subject of considerable uncertainty: the

atmospheric dynamics favor an El Ni~no–like response,

while the oceanic dynamic favor a La Ni~na–like response

(Vecchi et al. 2008; Collins et al. 2010). Furthermore, it is

clear that there is strong natural SST variability in the

tropical Pacific on decadal time scales (Meyers et al. 1999;

Di Lorenzo et al. 2010). Thus, future projections of how

tropical Pacific low-frequency SST variability will change

in response to both continued anthropogenic radiative

forcing and natural interdecadal variability represent a

significant source of uncertainty of projections of tem-

perature change in the AP.
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