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Summary: The South Shetland Islands are located at the northern tip of  the Antarctic Peninsula (AP) which is among the 
fastest warming regions on Earth. Surface air temperature increases (~3 K in 50 years) are concurrent with retreating glacier 
fronts, an increase in melt areas, ice surface lowering and rapid break-up and disintegration of  ice shelves. We have com-
piled a unique meteorological dataset for the King George Island (KGI)/Isla 25 de Mayo, the largest of  the South Shetland 
Islands. It comprises high-temporal resolution and spatially distributed observations of  surface air temperature, wind direc-
tions and wind velocities, glacier ice temperatures in profile with a fully equipped automatic weather station as well as snow 
accumulation and ablation measurements on the Warszawa Icefield, since November 2010 and ongoing. In combination 
with long-term synoptic datasets (40 and 10 years, respectively) and atmospheric circulation indices datasets, we have looked 
at changes in the climatological drivers of  the glacial melt processes, and the sensitivity of  the inland ice cap with regard 
to winter melting periods and pressure anomalies. The analysis has revealed a positive trend of  5 K over four decades in 
minimum surface air temperatures for winter months, clearly exceeding the published annual mean statistics, associated to a 
negative trend in mean monthly winter sea level pressure. This concurs with a positive trend in the Southern Annular Mode 
(SAM) index, which gives a measure for the strength and extension of  the Antarctic vortex. We connect this trend with a 
higher frequency of  low-pressure systems hitting the South Shetland Islands during austral winter, bringing warm and moist 
air masses from lower latitudes. A revision of  spatial and seasonal changes in adiabatic air temperature lapse rates reveals 
the high sensitivity of  the upper ice cap to free atmospheric flow and synoptic changes. Observed surface air temperature 
lapse rates show a high variability during winter months (standard deviations up to ±1.0 K/100 m), and a distinct spatial 
variability reflecting the impact of  synoptic weather patterns especially during winter glacial mass accumulation periods. The 
increased mesocyclonic activity during the winter time in the study area results in intensified advection of  warm, moist air 
with high temperatures and rain, and leads to melt conditions on the ice cap, fixating surface air temperatures to the melting 
point. This paper assesses the impact of  long-term change in large-scale atmospheric circulation and variability and climatic 
changes on the atmospheric surface layer and glacier mass accumulation of  the upper ice cap during winter season for the 
Warszawa Icefield on KGI. Supplementary data are available at http://dx.doi.org/10.1594/PANGAEA.848704

Zusammenfassung: Die Südshetland-Inseln befinden sich an der nördlichen Spitze der Antarktischen Halbinsel, welche 
weltweit zu den Regionen zählt, die am stärksten von der globalen Erwärmung betroffen sind. Beträchtliche Änderungen 
in der Umwelt sind die Konsequenz dieser Erwärmung. Außergewöhnliche Änderungsraten in der bodennahen Lufttem-
peratur (~3 K in 50 Jahren) gehen einher mit dem Rückzug von Gletscherfronten, der Zunahme von Gletscherschmelze, 
einem Absenken der Eisoberflächen und der Desintegration von Eisschelfen. Wir haben für die King George Insel/Isla 25 
de Mayo (KGI), der größten der Südshetland Inseln, einen einzigartigen Datensatz zusammen getragen. Dieser beinhaltet 
zeitlich hochaufgelöste und räumliche Messungen von oberflächennaher Lufttemperatur, Windrichtungen und -geschwin-
digkeiten, Profile von Eistemperaturen mit einer voll ausgestatteten automatischen Wetterstation sowie Messungen von 
Schnee Akkumulation und Ablation auf  dem Warschauer Eisfeld von November 2010 an und andauernd. In Verbindung 
mit langzeitlichen synoptischen Datensätzen (40 Jahre von 6-stündlichen Messungen) und Datensätzen von atmosphä-
rischen Zirkulations-Indizes, untersuchen wir die klimatologischen Treiber für die Gletscherschmelze-Prozesse und die 
Vulnerabilität des Inland-Eisschildes mit Schwerpunkt auf  den winterlichen Schmelzperioden und Luftdruck-Anomalien. 
Die Analyse zeigt einen positiven Trend von 5 K über 4 Dekaden in den Tagesminima der Lufttemperatur für die Wintermo-
nate, welche die publizierten Trends der annualen Mittelwerte klar übersteigt, in Verbindung mit einem negativen Trend im 
monatlichen Mittel des barometrischen Luftdrucks auf  Meeresniveau. Diese Änderungen gehen einher mit einem positiven 
Trend des Southern Annular Mode (SAM) Index, welcher ein Maß für die Stärke und die Ausdehnung des Antarktischen 
Vortex ist. Wir verbinden diese Beobachtungen mit einer höheren Frequenz von Tiefdruckgebieten, die im Süd-Winter auf  
die Südshetland-Inseln treffen und warme, feuchte Luftmassen aus den niedrigeren Breiten bringen. Durch seine Exposi-
tion ist die Eiskappe von KGI besonders empfindlich gegenüber Änderungen in der winterlichen Akkumulationsperiode 
von Gletschermassen. Eine Überprüfung der saisonalen und räumlichen Variabilität der Lufttemperaturgradienten zeigen 
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eine höhere Sensitivität des oberen Gletschers gegenüber Zirkulation der freien Atmosphäre und synoptischen Einflüssen 
insbesondere während der winterlichen Akkumulationsperiode von Gletschermassen. Oberflächennahe Lufttemperaturgra-
dienten zeigen eine hohe Streuung in Wintermonaten (Standardabweichungen bis zu ±1.0 K/100 m) und eine ausgeprägte 
räumliche Variabilität, welche den Einfluss der synoptischen Wetterphänomene widerspiegelt. Die verstärkte zyklonische 
Aktivität im Forschungsgebiet in der Winterzeit resultiert in der Advektion feuchter, warmer Luft mit Regen und erhöhten 
Temperaturen in die Region, so dass sich regelmäßig winterliche Phasen mit Schmelzbedingungen einstellen. In dieser Pu-
blikation untersuchen wir den Einfluss von großskaligen und klimatischen Änderungen auf  die bodennahe atmosphärische 
Grenzschicht und in Gletschermassen-Akkumulation des höher gelegenen Eisschildes während der Wintermonate. Die hier 
publizierten Daten sind verfügbar unter http://dx.doi.org/10.1594/PANGAEA.848704
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1 Introduction

The Antarctic Peninsula (AP) has a rugged 
mountain range with a height of up to 2000 m that 
acts as an orographic barrier to the strong and pre-
vailing westerly winds. It extends furthest north 
from the central plateau of the Antarctic continent 
and reaches into the belt of cyclones that encircles 
Antarctica completely. The AP differs from the rest 
of the continent by having summer melt seasons that 
lead to isolated snow- and ice-free areas, which are 
inhabited by a diverse biota and provides breeding 
ground for sea mammals and birds.

Over the past decades, the AP has experienced 
dramatic warming rates. VaUgHan et al. (2003) and 
Cook et al. (2005) report rates of about 2.5 K for the 
last 50 years, which exceeds several times the global 
mean warming trend (0.6 K over the past century). 
This region has thus become a focal point of interna-
tional scientific research. The cryosphere responds to 
the higher air temperatures with longer summer melt 
periods, higher melt rates and an increase in melt ar-
eas (raU and BraUn 2002; VaUgHan 2006). HoCk et 
al. (2009) estimated the contribution to sea level rise 
from mountain glaciers and ice shelves surrounding 
Antarctica to 0.22 ±0.6 mm/a, with a 22 % contribu-
tion from the AP. Uncertainties in glacier surface mass 
balance and mass losses are large (PritCHard and 
VaUgHan 2007; rignot 2008), but particularly, the es-
timates for the northern tip of the AP show high spa-
tial variability and considerable uncertainty (tUrner 

et al. 1997; SkVarCa et al. 1999; arigony-neto et al. 
2009). Van den Broeke (2000) observed increases in 
wind speed and cloudiness, while others report higher 
precipitation rates (tUrner et al. 2004) for the west 
AP. All these facts are indicators of increased stormi-
ness in the region.

The annual course of predominant synoptic 
weather patterns over KGI is characterized by a 

higher occurrence of low-pressure systems dur-
ing the austral summer months, whereas the win-
ter months are dominated by the influence of high 
pressure systems that originated over the Antarctic 
plateau. A very important index in this geographical 
context is the Southern Annular Mode (SAM), also 
known as the Antarctic Oscillation. Atmospheric 
circulation in the Southern Hemisphere (SH) is gov-
erned by a semiannual oscillation in the strength and 
extension of the circumpolar low-pressure trough 
during spring and autumn (Van loon 1967). The 
SAM-index is defined by gong and Wang (1999) as 
the normalized difference in mean sea level pressure 
(SLP) between 40° and 65°S, whereas MarSHall 

(2003) defines the SAM-index as the monthly mean 
difference between the mean SLP anomaly at 12 sta-
tions evenly distributed close to 45°S and to 65°S. 
It describes the north-south shift and strength of 
the westerly wind belt that encircles Antarctica and 
explains a substantial part of the total variability 
observed in the extratropical circulation of the SH 
(tHoMPSon and SoloMon 2002). In a satellite-based 
study for 24 months between July 1991 and January 
1995, lUBin et al. (2008) found that the occurrence 
of mesocyclones at the AP is correlated with the 
SAM-index and a tendency for positive temperature 
anomalies in the presence of mesocyclones. In brief, 
the SAM reflects the atmospheric circulation and the 
cyclonic activity in the area of the northern AP in a 

wider sense. 
tHoMPSon and SoloMon (2002) show that re-

cent trends in the high-latitude SH tropospheric 
circulation and surface temperatures are consistent 
with high index polarity of the SAM, and that the 
observed high latitude changes are characterized 
by changes in atmospheric circulation. They relate 
the observed stratospheric ozone depletion over 
Antarctica with strong stratospheric anomalies in 
radiation budget, temperature and pressure fields, 
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and the “downward propagation” of the SH circula-
tion anomalies into the troposphere. The variability 
in SAM accounts for approx. 90 % of the observed 
cooling at the South Pole and in Eastern Antarctica 
(SHindell and SCHMidt 2004), but for only about 
50 % of the observed changes in the AP (tHoMPSon 

and SoloMon 2002). The observed and modelled 
climatic changes in the troposphere related to SAM 
occur predominantly during the austral summer and 
fall, December to May. gillett et al. (2006) associ-
ate a positive SAM-index with a significant warming 
of the AP in the past five decades, and a significant 
increase in temperature and precipitation over the 
land masses in the study area. A positive trend in 
the SAM index implicates a strengthening of the cir-
cumpolar vortex together with an intensification of 
the westerlies around Antarctica (MarSHall 2003). 
It thus provides an indication of the frequency or oc-
currence of low-pressure systems hitting KGI, which 
are the most important drivers of precipitation vari-
ability at the northern tip of the AP. 

Another prominent driver for climatic change is 
CO2 (SoloMon et al. 2009). Barrand et al. (2013) 
found a correlation of melt index and SAM, the 
El Niño Southern Oscillation and the Southern 
Oscillation Index (tedeSCo and MonagHan 2009; 
torineSi et al. 2003; trUSel et al. 2012) to be sig-
nificant but superimposed by the non-linear re-
sponse of sea ice in the Bellingshausen sea to the 
warming of the ocean and the atmosphere (tUrner 

2004). Clearly, the increase in surface air tempera-
tures at the AP is substantially higher than in the rest 
of Antarctica and the global mean (Barrand et al. 
2013; iPCC 2013), and is accompanied by an increase 
in precipitation (tUrner et al. 1997; Van den Broeke 

et al. 2006) and thus snow accumulation (tHoMaS et 
al. 2003). At the same time, ocean temperatures have 
been rising (MereditH and king 2005), leading to a 
decrease in sea ice extent (SMitH and StaMMerjoHn 

2001). Barrand et al. (2013) found that melt area 
in the AP derived from QSCAT data (remote sens-
ing scatterometer) to be strongly correlated with 
October-January averaged SAM-index. We observe 
consistently higher trends and inter-annual variabil-
ity during winter months. All literature is focused 
on the ongoing changes during austral summer. The 
repeat occurrence of pronounced periods of winter 
melt is the scope of this paper as is the statistical 
analysis of uncertainties and errors. 

The specific objectives of this paper are: (i) to 
identify ongoing trends and their relationship with 
current changes in climate and synoptic circulation 
for the KGI area, and (ii) to assess spatial and tem-

poral variability of the meteorological drivers in the 
atmospheric surface layer, with special focus on the 
austral winter atmospheric surface layer to (iii) draw 
conclusions on the implications for the glacier mass 
balance.

2 Study area

KGI is the largest island of the South Shetland 
Islands, located approx. 120 km from the northwest-
ern coast of the AP. Most of its 1250 km2 are covered 
by a temperate ice cap and the non-glaciated areas 
are composed of nunataks, outcrops, beaches and 
small stream basins that jointly represent less than 
10 % of the total surface (BraUn and HoCk 2004). 
The northern coast and the north-facing slopes are 
relatively regular and gentle, respectively, but on the 
contrary, southern coast and south-facing slopes are 
quite irregular and abrupt, respectively (Sala et al. 
2014).

According to rüCkaMP et al. (2011), the highest 
elevation reaches 720 m a.s.l. in the central ice dome. 

Nevertheless, secondary peaks of about 500–600 m 
a.s.l. are frequent throughout the island. The under-
lying geological structure divides its ice cap into sev-
eral independent glacial systems (BraUn and HoCk 

2004). The draining glaciers have their terminus on 
land or are tidewater glaciers; the latter usually do 
not have floating snouts. Nevertheless, regardless 
of their terminus characteristics, most of them have 
had significant retreats in the last few decades, which 
have been studied by Park et al. (1998), SiMõeS et al. 
(1999), BraUn and goSSMann (2002) and rüCkaMP 

et al. (2011), among others. The Warszawa Icefield 
(WI) covers the southwestern peninsula of KGI and 

includes two big tidewater glaciers: the Polar Club 
Glacier and the Fourcade Glacier. The latter drains 
into Potter Cove (see Photo 1). Our data was mainly 
obtained on these two glaciers or in the neighboring 
areas (Fig. 1).

According to Wen et al. (1998) and to Ferron 

et al. (2001), the near sea level annual average tem-
perature was -2.4 °C and -2.8 °C, respectively during 
the last decades on KGI. Like the rest of the South 
Shetland Islands, KGI is under maritime climate con-
ditions. As a consequence, days with positive tem-
peratures are not absent in winter and are frequent 
in summer. The occurrence of positive temperatures 
all year round is well-registered as thick and multi-
ple ice lenses even in high elevations of the ice cap. 
Moderate temperatures during the different seasons 
of the year are closely associated with the advection 
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of humid and relatively warm marine air masses. 
The South Shetland Islands, in contrast to the high 
interior of the West and East Antarctic plateau, are 
frequently influenced by advection processes that 
bring warm and moist air masses formed at lower 
latitudes over the surrounding oceans. Warm advec-
tion towards this region is strongly linked with the 
circumpolar trough of low pressure that is present 
throughout the year (PariSH and BroMWiCH 2007).

3 Instruments and datasets

3.1 Long-term climate dataset of  meteorological 
observations at Bellingshausen Station

The Russian Bellingshausen Station is located 
on Fildes Peninsula of KGI at S 62° 12’, W 58° 58’ 
at about 14 m a.s.l. The Bellingshausen climate data-
set includes 6-hourly measurements of barometric 
pressure at station level, barometric pressure at sea 
level, surface air temperature, dew point tempera-
ture, relative humidity, total cloud and low cloud, 
surface wind direction, surface wind speed, precipi-
tation, etc. This time series started in March 1968 
and was available until March 2010 (MartianoV and 

rakUSa-SUSzSzeWSki 1989; aari 2014). 
It was screened for typing errors, and a qual-

ity control analysis was performed marking data as 
outliers if the distance to the expectation value was 
more than the six-fold standard deviation.

Figure 2 displays the long-term monthly aver-
ages of surface air temperature at Bellingshausen 
Station, with a 95 % confidence interval with stand-
ard errors. The statistics show that air temperatures 
above the melting point are not unusual even out-

side of the austral summer (December to February). 
This analysis is based on the 6-hourly time series for 
the period March 1968−March 2010. Figure 2 also 
shows that the long-term monthly averages during 
summer months are slightly above the melting point. 
However, the variability is significantly greater in 
winter than in summer months. The lowest value of 
the long-term monthly averages is in July with -5 °C. 
At Bellingshausen Station, the surface air tempera-
ture descended well below the standard errors and 
the minimum can be nearly as low as -30 °C many 
times during the 40 year time series. But, on the oth-
er side, positive air temperatures are not unusual at 
any month of the year. Furthermore, the above-zero 
temperatures are within the standard errors of the 
long-term statistics even during the winter months. 
June has an exceptionally high standard error on the 
positive side, meaning a significantly high variability 
in comparison to other winter months, and also indi-
cating a frequent occurrence of periods with positive 
air temperatures accompanied with the consequent 
melt periods. The extreme values are more centered 
and evenly distributed on both sides of the monthly 
averages from October to March, indicating that 
surface air temperature variability is considerably 
lower during the warmer half of the year.

3.2 SAM-index data derived from NCEP/NCAR 
Reanalysis 1 dataset

The monthly SAM-index is defined as the differ-
ence in the normalized monthly zonal-mean baro-
metric sea level pressure (SLP) between 40°S and 
70°S (nan and li 2003). The AAO-index as defined 
by gong and Wang (1999), is the difference in the 

Photo 1: Panoramic view of  Potter Cove, King George Island. (Photo: D. López 2012)
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normalized zonal-mean SLP between 40°S and 65°S. 
The SAM-index is a modified AAO-index that uses a 
slightly different zonal-mean SLP difference, which 
produces an index that is statistically more robust.

The NCEP/NCAR Reanalysis 1 Project (NNR) 
performs data assimilation and reanalysis on the ba-
sis of multiple sources of datasets from 1948 up to 
the present (kalnay et al. 1996). The outputs from 
the model have different temporal resolutions ori-
ented to different user needs. Long-term monthly 
means were derived from data of the time period 
1981–2010. MarSHall (2003) states that the NNR 
model performance is especially problematic during 
winter at southern high latitudes, which is probably 
attributed to sea ice or seasonally different errors 
in Antarctic surface energy balance. He defines the 
SAM-index as an observation-based monthly mean 
difference between the mean SLP anomaly at 12 sta-
tions evenly distributed close to 45°S and to 65°S. 

The trend analysis of the SAM-index time series 
from both datasets (Fig. 3) shows a clear positive lin-
ear trend towards higher positive values, reflecting a 
weaker and lesser extension of the Antarctic vortex. 
Figure 3 shows the average annual SAM-index for 
the time period 1958–2012, as well as the seasonal 
variability, defined as the difference between annual 
maximum and annual minimum of the SAM-index 

after subtracting the linear trend from the dataset. 
The observed linear trend in the annual SAM Index 
over 50 years is equal to “ANN” = 2.03 ± 0.25 (stand-
ard error) and is of the same order of magnitude and 
range as the observed “seasonality”. The trend in the 
SAM index dataset, as derived by MarSHall (2009), 
shows a linear trend of “ANN” = 1.05 ± 0.23. Both 
SAM index curves are clearly correlated, showing a 
positive offset of the NNR towards Marshall’s SAM 
index that explains the difference in the linear re-
gression analysis.

Subtracting the linear trend, the general course 
of annual SAM index can be considered the same 
for both datasets. A positive SAM-index means a 
southward contraction of the belt of strong westerly 
winds that defines the Antarctic vortex, which re-
sults in advection of warm moist air in combination 
with high wind speeds and low pressure along the 
northwest of the AP. A negative SAM-index reflects 
an expansion of the Antarctic vortex, thus resulting 
in a higher impact of the Antarctic high pressure sys-
tem in the study area at the northern tip of the AP. 
However, the anomalously strong westerlies instead 
lead to increased warm advection from the Southern 
Ocean. The trend towards higher positive values in 
the SAM index is clearly demonstrated in the long-
term dataset (1958–2012).

Fig. 1: Map of  the study area. Measurements were carried out between November 2011 and March 2013. Background- 
image: SPOT-4 on 18 November 2010, © ESA TPM, 2010. Ice fronts were calculated by Rückkamp et al. (2011).
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Fig. 3: SAM-index and its seasonal variability, i.e., the difference between maximum and minimum SAM-index 
of  each year, period 1958–2012 from two datasets a) solid dots are the time series from Marshall (2009): the 
annually averaged SAM index (red), and the intra-annual seasonal difference (black). The open squares denote 
the data derived from the NNR datasets (Nan and Li 2003; Kalnay et al. 1996): annually averaged SAM index 
(blue), and intra-annual seasonal difference (grey)

Fig. 2: Monthly statistics of  surface air temperature from 6-hourly climate data time series (square: marks the 1st 
and 3rd quartile, cross bar: shows the median; error bars: standard deviation around mean, circles: outliers) from 
Bellingshausen Station, KGI, during the period March 1968–March 2010 (maRtianov and Rakusa-suszszewski 
1989; aaRi 2011)
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3.3 Long-term climate dataset of  meteorologi-
cal observations at the Argentinean Carlini 
Station

Carlini Station (formerly Jubany Station, 
National Meteorological Service of  Argentina 
(SMN)) is located at S 62° 14’, W 58° 40’ at 15 m 
a.s.l. We analyzed a climate dataset from this sta-
tion that contains a 3-hourly time series. This time 
series is from 01-01-2001 until 01-01-2013 and 

encompasses measurements of surface air tem-
perature, wind direction and velocity, barometric 
sea level pressure and cloudiness (SMn 2013). The 
dataset was screened and flagged using time series 
statistics analysis; outliers were identified using a 
six-fold standard deviation approach.

Melt days (MD) were counted as days with day-
time air temperatures above 0 °C. Positive degree 
days (PDD) contain the information on cumula-
tive surface air temperature on melt days, i.e., air 
temperatures above 0 °C. Remarkable is that dur-
ing summer, at least one month, often two months, 
has 30 days with melt conditions. Simple analysis 
of PDD and MD show that average surface air tem-
perature for melt days is approx. 3 °C at Carlini and 
approx. 2.5 °C at the glacier station, though a maxi-
mum summer value for MD of approx. 10 days is 
significantly lower than for the observations at the 
station (Fig. 4).

3.4 Automatic Weather Stations and Tempera-
ture Data Logger

In November 2010, we installed an Automatic 
Weather Station (AWS) at S 62° 14’ 09.8”, W 58° 
36’ 48.7” at 230 m a.s.l. on the approximate divide 
of Fourcade and Polar Club glaciers, which are 
both part of the Warszawa Icefield (see Photo 2). 
The AWS is equipped with wind anemometers and 
vanes (Alpine Wind Monitor), and air temperature 
and relative humidity sensors (HMP155A) at two 
heights, five depths of snow and ice temperature 
measurements (107 Thermistor Probes) installed 
at depths of 10 m, 5 m, 1 m, and two snow temper-
ature sensors installed at the end of the summer. 
The AWS includes an NR01, a four-component 
radiation sensor for up- and down-welling long- 
and shortwave radiation f luxes, two narrow field 
infrared temperature sensors IR120 facing north-
west and southeast at an angle of 40° to measure 
surface temperatures, and a SR50A Sonic Ranging 
Sensor installed at an initial height of 2m to meas-
ure surface elevation changes. For data acquisition 
and storage, a CR3000 Micrologger with extended 
temperature testing with a 2 GB Compact Flash 
Card was used. The meteorological sensors were 
installed on a 3 m tripod that was fixed at poles 
drilled into the ice. To ensure good quality of ra-
diation measurements, all radiation sensors were 

Fig. 4: Positive Degree Days (PDD) and Melt Days (MD) calculated from 3-hourly observations by the National Meteoro-
logical Service of  Argentina (SMN 2013) at Carlini Station (formerly Jubany Station), KGI. Also plotted are the PDD and MD 
derived from IMCOAST measurements (black) at AWS (2010-2013)
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mounted on a 3 m boom that extended from the 
tripod and was fixed to additional 3 m poles drilled 
into the ice. Levelling and adjustment of sensors 
were carried out at the beginning and ending of 
each summer campaign. In particular, at the end 
of the ablation season, the whole system needed to 
be lowered about 2 to 3 m due to ablation at the 
station site. Power supply was realized with solar 
panels and a battery stack. The measurement rate 
was set to every 10 seconds with an averaging in-
terval of 10 minutes. In addition to the automated 
measurements, a mass balance stake was installed 
at the AWS site. It was measured at the beginning 
and ending of each summer field campaign in 
November 2010, February–March 2011, January–
March 2012 and during austral winters, starting in 
2012 up to May 2015 every 10 to 14 days depend-
ing on weather conditions. 

In the summer field campaign January–March 
2012, an additional Automatic Weather Station de-
noted ZAWS (see Fig. 1) was installed in the accu-
mulation zone of the WI at S 62° 12’ 5.7”, W 58° 
34’ 58.4” and 434 m a.s.l. The ZAWS measured wind 
speed and direction, air temperature, relative humid-
ity and downward shortwave radiation (by means 
of Li190SB) for a period of two weeks. All sensors 
and AWS equipment were purchased from Campbell 
Scientific, Logan, Utah USA. Three additional air 
temperature sensors (UTL, Geotest AG, Switzerland) 
including their respective data loggers were installed 
relatively close to the AWS site, at different points 
of the studied glaciers (S 62° 14’ 32”, W 58° 35’ 54”, 

144 m a.s.l.; S 62° 13’ 51” W 58° 38’ 05”, 65 m a.s.l.; 
S 62° 13’ 58”, W 58° 38’ 28”, 36 m a.s.l.), with the 
aim to assess the air temperature spatial variability 
and its adiabatic lapse rates. All temperature sensors 
were shielded and accuracy is given as ±0.1 °C. The 
measurements of surface air temperature in the near 
surface layer above ablation zone of the Fourcade 
Glacier shows that summertime air temperatures are 
around 0 °C.

The ice temperature at a depth of 10 m is -1 
to -3 °C throughout the year. At 1 m in depth, the 
ice temperature shows higher variability, probably 
partly due to air or melt water contact (Fig. 5). 
After February 2012, the sensor was melted out 
and showed the surface air temperature and f luc-
tuations. Positive (above 0 °C) air temperature 
measurements are not unusual during winter time 
(Fig. 5 above). The data gaps due to power outages 
during winter do of course add uncertainty to this 
observation. The power outages during winter 
2012, especially in June and July, can be attributed 
to stormy and overcast conditions with precipita-
tion in form of rain. 

The wind direction measurements were cor-
rected for the deviation of the magnetic to true 
geographic north, with a correction value of 
10.7±0.5 degree east derived from calculations 
of the IGRF12 and WMM2015 model from the 
NOAA web page (http://www.ngdc.noaa.gov/ge-
omag/declination.shtml).

Figure 6 (left) shows the wind rose for 
Bellingshausen data (1978–2010), described in 

Photo 2: Automatic Weather Station (AWS) during the accumulation period on the Fourcade Glacier. (Photo: D. López 2012)

http://www.ngdc.noaa.gov/geomag/declination.shtml
http://www.ngdc.noaa.gov/geomag/declination.shtml
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section 3.1, and (right) the wind rose from the 
IMCOAST AWS station (Nov 2010 to Feb 2013). 
A pronounced wind system can be seen for both 
stations, as well as the impact of the topographic 

channeling effect. Figure 6 (left) shows of course 
the long-term wind statistics, whereas the wind 
rose in figure 6 (right) shows data from two sea-
sons. The datasets do not overlap in time, but due 

Fig. 5: Meteorological measurements of  surface air temperature (2 m), barometric pressure and ice temperatures 
(black: 30 cm and grey: 10 m depth) at the IMCOAST Automatic Weather Station (AWS) on the Fourcade Glacier, 
KGI at S 62° 14’ 09.8”, W 58° 36’ 48.7” at 230 m a.s.l.
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to the distinct wind system, the 2.5 year statistics 
are considered representative with an acceptable 
error. The dominant wind directions differ to 
about 30 to 45 degrees, and are associated with the 
topography-induced changes to synoptic condi-
tions. W to N wind directions are associated with 
the synoptic low pressure systems moving from W 
to E in front of the western AP and bringing warm 
and moist air to KGI. E to SE wind directions are 
associated with cold and dry air winds that are in-
tensified by the katabatic wind system that devel-
ops above the inland ice cap of KGI. 

Figure 7 shows the prevailing wind direc-
tions for each season as measured at the AWS on 
the Fourcade Glacier. The wind rose is divided 
into four for the distribution of wind speed and 
direction for each season: spring (September to 
November), summer (December to February), au-
tumn (March to May) and winter ( June to August). 
A pronounced seasonal cycle can be seen in the 
four wind roses. Dominant wind directions dur-
ing spring and summer are W to NW associated 
with the synoptic weather patterns, i.e., low pres-
sure systems, bringing warm and moist air from 
the lower latitudes and E wind directions associ-
ated with the prevailing impact of a high pressure 
system situated on the Eastern side of the AP su-
perimposed by the katabatic wind system. During 
winter, a higher occurrence of storm events are 
observed, as well as from NW, i.e., storms bring-
ing rain and positive air temperatures (during 
June/July 2012). 

4 Results

4.1 Long-term climatological time series analysis

A significant warming of annual mean surface air 
temperature of +2 °C for summer months and +2.4 
°C for winter months has occurred in the western AP 
during the last five decades, as well as an increase of 
+1.8 °C in the average sea surface temperature over 
the same period; which has been reported for instance 
by rüCkaMP et al. (2011). The study area is of special 
interest because the surface temperatures are very 
close to the melting point during summer and winter 
months. As a consequence, melt events of different 
spatial and temporal extension can occur year-round. 

The trend analysis using weighted linear regres-
sion (Fig. 8) shows that minimum temperatures are 
strongly affected by ongoing change processes. For 
May and June, an increase in the monthly mean daily 
minimum air temperature of 4.65±0.9 ºC/(40 a), and 
3.84±0.8 ºC/(40 a) was respectively observed. This 
relates to a trend in daily mean air temperature per 
decade of 1.16±0.2 ºC decade-1 (May) and 0.96±0.2 

ºC decade-1 ( June). In August the temperature in-
crease exceeds 5.5±1.0 ºC/(40 a), i.e., 1.37±0.3 ºC 
decade-1. The linear trend per decade and season in 
daily mean air temperature is 0.35 °C decade-1 (MAM) 
and 0.4 °C decade-1 (JJA). zazUlie et al. (2010) re-
port comparable but slightly lower values for a linear 
trend in daily surface air temperature per decade for 
the Orcadas of 0.29 °C decade-1 (MAM) and 0.35 °C 
decade-1 (JJA) for the period 1957–2007, and that the 

Fig. 6: Meteorological measurements of  wind direction and velocity at (left) the Russian Station Bellingshausen (1978–2012) 
and (right) the IMCOAST Automatic Weather Station (AWS) on the Fourcade Glacier (2010–2013), KGI. Wind velocity 
counts were clustered into wind direction bins of  30 degree
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warming of the cold extremes during austral autumn 
and winter substantially exceeds that of the average 
temperatures. 

In the monthly average air temperature, the 
change is greatest during the autumn and early win-
ter months, with a calculated increase over 40 years 
of 2.4±1.0 °C/(40 a) and as much as 2.6±0.9 °C/
(40 a) for May and August, respectively. With re-

gard the monthly mean of daily maximum air tem-
perature, no distinctive behavior can be seen except 
for a slight cooling trend during winter months 
and a slight warming trend of 0.7±1.0 ºC/(40 a) in 
December. The most substantial trends observed 
during winter months suggest that daily extreme 
temperatures with very low values are becoming 
less frequent. The delayed onset of the austral win-

Fig. 7: Meteorological measurements of  wind direction and velocity at the IMCOAST Automatic Weather 
Station (AWS) per season: SON: September-November, DJF: December to February, MAM: March to May, 
JJA: June to August, on the Fourcade Glacier, King George Island at S 62° 14’ 09.8”, W 58° 36’ 48.7” at 230 
m a.s.l.; wind direction bins =30 degree
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ter reported throughout the literature can be asso-
ciated with the warming trend clearly observed for 
the autumn and winter months (April to June and 
August). During the summer months, the warm-
ing trend is not very well-defined; the linear regres-
sion analysis even shows a slight cooling trend for 

December. Regarding the barometric surface pres-
sure, the regression analysis (Fig. 9) yields a nega-
tive trend for austral winter months, although the 
long-term averages show a pronounced seasonal 
cycle with higher surface pressures during austral 
winter months.

Fig. 8: Trend analysis of  monthly averaged (solid dots), monthly minimum (open triangles) and 
monthly maximum (stars) of  surface air temperature at Bellingshausen Station, KGI, during the period 
September 1968–March 2010 (maRtianov and Rakusa-suszszewski 1989; aaRi 2011)

Fig. 9: Trend analysis (black solid dots, right axis) of  monthly averaged barometric pressure with stand-
ard deviation (black) at Bellingshausen Station, KGI, period Sep 1968–Mar 2010 (maRtianov and Rakusa-
suszszewski 1989; aaRi 2011). Grey bars are monthly mean values of  barometric pressure averaged over 40 
years (open circles, left axis) with standard deviation (red)
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This suggests a higher exposure to low-pressure 
systems indicating a change, which is confirmed 
with the trend analysis of the SAM-index time series, 
(Fig. 3) towards higher positive values, reflecting a 
weaker and lesser extension of the Antarctic vortex 
especially during winter months. For the months 
October to January, a negative trend in barometric 
pressure is observed, suggesting a higher occurrence 
of synoptic lows. 

The analysis of covariance maximization 
(Fig. 10) shows a maximum covariance between sur-
face air temperature in the Bellingshausen dataset 
and the SAM-index time series at a time lag =0. This 
last value also supports the existence of a clear cor-
relation between the two time series. A clear correla-
tion between the two variables in the range <15 days 
shows the predominance of the synoptic systems. 
Further dominant scales are at about three, six and 
seven months. At a scale of about nine months, the 
two data time series become anti-correlated. These 
scales reflect the seasonal change.

4.2 Spatial variability of  surface wind, surface air 
temperature and lapse rate

Because the study area is located right at the edge 
of the Antarctic vortex, it may remain within or just 
outside the vortex depending on the seasonal and 
inter-annual variability. Generally, during austral win-

ters, the vortex becomes stronger and its extent ex-
pands, allowing it to reach lower latitudes. In this way, 
the South Shetland Islands remain under the influ-
ence of the Antarctic high pressure system, receiving 
cold and dry air masses from the Antarctic plateau. 
During the austral summer months, KGI is at the edge 
or simply outside of the Antarctic vortex. As a conse-
quence, during this season, the predominant wind di-
rections are from W to NW, bringing warm and moist 
air masses from mid latitude oceanic surfaces.

A wind rose showing the statistics of wind di-
rection measurements is given in figure 7. Wind 
direction and intensity are the 10-min averages of 
0.1 Hz measurements at the AWS during the period 
November 2010 to March 2013. The 10-min averages 
were clustered into 30° wind direction bins. Highest 
frequency occurrence of the 10-min values is in the 
bins from 255–315°, which is associated with tran-
sient low-pressure systems. 

Most counts of the highest wind velocity 10-min 
averages, i.e., wind speeds in the range 15 -25.5 m/s, 
are found in the neighboring 255–285° bin with 
their predominant occurrence during the summer 
season. The katabatic wind signal and the influence 
of the Antarctic high pressure system can be seen in 
the secondary wind signal with the highest count fre-
quency in the 85–105° bin indicating a strong chan-
neling effect of the ice cap topography showing the 
superimposition of katabatic winds.

The analysis performed on the datasets from 
the AWS, the additional automatic weather station 
placed on the accumulation zone (ZAWS) and the 
UTL temperature data loggers distributed on the gla-
cier surface, showed that the surface air temperature 
lapse rate is highly variable and also luv- and lee-side 
effects of the predominant winds can be deducted 
from the data (Fig. 11). The adiabatic lapse rate Γ is 
defined as the differential of surface temperature T 
to elevation z: 

- =Γ
dT
dz ≈

ΔT
Δz

With regard to the two main wind directions, 
spatial variability of surface air temperature is ex-
pected to differ significantly according to the domi-
nating synoptic systems. Easterly winds bring cold 
and dry air from the northern-most tip of the AP 
and Sea Weddell region, with slight foehn and top-
ographic channeling effect due to the Warszawa 
Icefield that needs to be transversed and the geom-
etry of the Potter Cove (see Photo 1). The wester-
lies bringing moist and warm air are associated with 
positive adiabatic lapse rates.

cov(SAMI, AirT)

local maxima: 0, 127, 168, 220 days
null: 26, 274 days

0 100 200 300

Lag/(day)

C
o

v
a

ri
a

n
c

e
 (

S
A

M
-I

,
A

ir
T

)

1.0

0.5

0.0

Fig. 10: Covariance maximization between the daily time se-
ries of  the SAM-index and surface air temperature (AirT) 
from Bellingshausen Station, KGI, (maRtianov and Raku-
sa-suszszewski 1989; aaRi 2011)
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The adiabatic temperature lapse rate as defined 
by the US standard atmosphere is Γ= 0.65 K/100 m 
and describes a reduction of 0.65 K per 100 m in-
crease in height in the lower troposphere (noaa 

1976). The difference in the calculated surface air 
temperature lapse rate between the upper transect 
in the accumulation zone and the lower transect in 
the ablation zone of the Fourcade Glacier shows 
a substantial decrease for summer months, in es-
pecially for January. Significantly lower lapse rates 
can be found for the upper glacier. In the austral 
winter, a lapse rate of Γ > 1 K/100 m ( June 2012) is 
observed, whereas during the austral summer, lapse 
rates can drop below 0.5K/100m ( January 2013). 

Figure 12 shows the calculated lapse rate Γ be-
tween the AWS (230 m a.s.l.) and the meteorological 
observations taken by the National Meteorological 
Service of Argentina (SMN 2013) at Carlini Station 
(15 m a.s.l.). During the austral summer months, the 
calculated surface air temperature lapse rate shows 
a nearly constant value of 1 K/100 m with standard 
deviations of σ < 0.4 K/100 m. During the win-
ter months, though, it shows a significant decrease 
of the calculated temperature lapse rate as well as 
an increase of its standard deviation. In especially 
during the winter month June 2011, the drop to a 
negative lapse rate coincides with a significant in-
crease of barometric surface pressure, which shows 

the influence of the Antarctic high pressure system. 
Under very stable conditions, the air temperature 
increases upwards, meaning a winter temperature 
inversion, a common atmospheric boundary layer 
condition for snow and ice surfaces (SingH et al. 
2011). In June 2012, the value for the calculated 
lapse rate stays positive, but with a significant in-
crease in the standard deviation and coincides with 
a significantly low value for the monthly averaged 
value for barometric pressure, indicating cyclonic 
activity. 

The difference in surface air temperature be-
tween the AWS and Carlini Station (SMN) can 
be as much as 10 °C. According to findings of 
BraitHWaite (1981) and HoCk (2003), the PDD 
is strongly related to glacier melt. Using the moist 
adiabatic lapse rate of free air, Γ = 0.65 K/100 m 
(gloVer 1999; tHoMaS et al. 2003; BaSSFord 

et al. 2006a,b; de WoUl et al. 2006; raPer and 

BraitHWaite 2006), to model the PDD values for 
the AWS location from SMN data yields a linear re-
gression between modelled and observed values:

PDDAWS, modelled = 2.73 × PDDAWS, observed + 4.21 , R2=0.84, 

which shows a clear overestimation of the PDD 
at the AWS site using the standard adiabatic lapse 
rate Γ. 

Fig. 11: Monthly mean air temperature lapse rates Γ with standard deviations between a) the AWS (230.5 
m) in the glacier ablation zone and the ZAWS and UTL temperature sensor (434.5 m) in the accumula-
tion zone at the upper part of  the glacier (solid dots); b) the AWS and a UTL temperature sensor (97.7 
m) installed on the southeast-facing slope of  the glacier for the time period January 2012–January 2013
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The analysis of surface air temperature lapse rate 
from the AWS to the upper part of the glacier (Fig. 
11) gives a partially contrary behavior with higher 
lapse rate values during austral winters and the peak 
value for the month June 2012. The analysis also 
shows significantly higher standard deviations for 
months June to August. To assess the spatial vari-
ability influenced by exposure of the glacier surface 
to either the southeast (Antarctic high pressure sys-
tem) or the northwest (cyclonic activity), an addi-
tional UTL temperature sensor was installed on the 
south-facing slope of the Polar Club Glacier, facing 
the Bransfield Strait and therefore in full exposure 
to eastern winds from the Weddell Sea region.

Unfortunately, the measurements stopped after 
February 2012 and could not be re-initiated before 
September 2012, so that no data is available for 
the winter months. Estimates of temperature lapse 
rates for January 2012 and 2013 show a clear differ-
ence of > 0.25 K/100 m to the lapse rate calculated 
for the Potter Cove slope. There is also a contrary 
behavior of the two curves for January to February 
2012, whereas for the months September 2012 to 
January 2013, the pattern of the two curves are sim-
ilar though there is a clear difference in the average 
monthly values. 

The lapse rate calculations show higher vari-
ability for surface air temperatures close to 0 °C. 
Plotting the lapse rate Γ versus wind direction 

shows that negative values of the lapse rate occur 
mostly for the 75–105º bin and are otherwise quite 
randomly distributed. Unfortunately wind direction 
measurements at the top of the Warszawa Icefield, 
namely at the ZAWS station, are not available due 
to sensor malfunction. The lapse rate calculations 
show a higher variability for lower wind speeds, in 
especially for wind speeds lower than 5 m/s. This 
can of course, be associated with ventilation prob-
lems of the temperature sensors, but may also indi-
cate a well-mixed atmospheric surface layer of the 
upper and the lower part of the glacier. There seems 
to be a wind channeling effect at the lower part of 
the glaciers (Fourcade and Polar Club) and wind di-
rections do not relate at times (see summer meas-
urements). In particular during the winter time, the 
air temperature lapse rate shows high variability and 
takes on values as high as 4.3 °C and as low as -3.3 
°C, indicating either strong stable stratification of 
the atmospheric surface layer and/or a decoupling 
of the atmospheric surface layer above the higher 
from the lower part of the Fourcade and Polar Club 
glaciers. These facts can be interpreted as the higher 
part of the ice cap being directly exposed to synoptic 
weather patterns whereas the lower part experiences 
sheltering effects provided by the Potter Cove. The 
scattering of temperature lapse rate values is sub-
stantially higher during the winter months June–
September. The absolute value of mean monthly 

Fig. 12: Monthly mean surface air temperature lapse rate Γ (lra) with standard deviation 
and barometric pressure (BP_mbar_avg) between the AWS and the Carlini Station for the 
period November 2010–July 2012 (SMN 2013, and data for the time period until July 2012 
from personal communication).
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average of temperature lapse rate is lowest in June 
for the winter months. Interestingly, the lapse rate 
recorded during the austral winter month June in 
2011 and 2012 show two different synoptic bounda-
ry conditions. The high average barometric pressure 
in June 2011 shows the impact of the Antarctic high 
pressure system on the research area, together with 
strong stable stratification and cold air pool in the 
sheltered Potter Cove. The low barometric pressure 
in June 2012 implicates cyclonic activity, and the 
scientific overwinterer at Carlini station reported a 
dominant storm system with winds from NW over a 
two-week period (loPez, personal communication).

The surface air temperature observations and 
temperature lapse rates estimates are crucial to most 
glacier melt models and thus for glacier mass bal-
ance estimates. The above analysis shows that ob-
servations from the ice cap are obligatory for mod-
eling efforts of glacier mass balances and melt rates 
for the AP.

4.3 Winter melt rates and glacier mass balance

Snow accumulation and ablation was measured 
using a mass balance stake at the AWS site on the 
Fourcade glacier. Figure 13 displays the observed 
snow accumulation and ablation (below), the calcu-
lated melt rates (middle), and the surface air tempera-
ture measurements (above) at the AWS site. Although 
the running mean in the air temperature observa-
tions is below zero for winter time, the actual 10-min 
averages show regularly values above the melting 
point. In austral summer 2011/2012, the mass bal-
ance stake had to be exchanged, and unfortunately, 
in subsequent data analysis, the two time series could 
not be joined.

The mass balance stake time series show the 
length of the stake in cm relative to the initial 
height above the snow surface. Winter melt rates 
are derived from mass balance stake and snow den-
sity measurements and are shown in m water equiv-

Fig. 13: Air temperature (above) and mass balance stake measurements (below) and cal-
culated melt rates (middle) at the AWS location in the ablation zone of  the glacier for the 
observation time period Nov 2010 to May 2015
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alent per day (=m w.e./d). Winter melt periods with 
positive melt rates are highlighted in the graph by 
grey shading. It becomes obvious that melt periods 
occur in all observed austral winters for the period 
2012–2015. The austral winter 2013 was the coldest 
year with the lowest running mean of air tempera-
ture measurements and several melt periods. The 
winter 2014 shows the highest snow accumulation 
but also then a two-week period with melt condi-
tions could be recorded. An important process 
seems to be not only snow melt due to positive air 
temperatures but also snow erosion by precipitation 
in form of rain, which explains a part of the very 
high observed melt rates in the austral summer of 
nearly 50 cm w.e./d. The glacier summer balance bs 

is defined as:

where D is the snow depth, Hs and Hw are the 
stake measurements, and ρ is the density of firn or 
ice measured conjointly with the mass balance stakes 
(CUFFey and PatterSon 2010). The indices i=s,w 

stand for summer and winter respectively. 
Table 1 shows the results of summer balance cal-

culations for the time period 2010–2015. Since the 
mass balance stake time series of the two consecu-
tive stakes could not be joined, the summer balance 
of the austral summer 2011/2012 is missing. The re-
sults show persistently negative values of bs clearly 
showing that the location of the AWS is within the 
ablation zone of the glacier. Falk et al. (2015) de-
rive a firn line position from radar remote sensing of 
220m elevation, which is slightly lower than the AWS 
position at 230 m elevation. The summer balance of 
2013/2014 shows a very low absolute value attributed 
to the cold summer with snow accumulation periods 
during January and February 2014. 

5 Discussion and conclusions

5.1 Long-term climatic change

The iPCC (2013) predicts increasing surface air 
temperatures for the AP, exceeding any rate pre-
dicted for the rest of Antarctica and the global mean 
values. This is accompanied by rising ocean tem-
peratures (MereditH and king 2005), increasing 
amounts of precipitation along the West AP (tUrner 
et al. 1997; Van den Broeke et al. 2006) and snow 
accumulation (tHoMaS et al. 2003), and a decrease 
in seasonal sea ice extent (SMitH and StaMMerjoHn 

2001). tHoMPSon and SoloMon (2002) relate the de-

pletion of stratospheric ozone to the strong anoma-
lies in radiation budget, temperature and pressure 
fields. They show a “downward propagation” of the 
stratospheric anomalies into the troposphere to the 
Southern Hemisphere atmospheric circulation and a 
positive high-index polarity of the SAM. This results 
in anomalous strong westerlies and increased advec-
tion of warm and moist air from the Southern Ocean 
to the northern tip of the AP (gillet et al. 2006). 

The long-term air temperature time series at 
Bellingshausen shows the highest variability in the 
monthly statistics of 40 year averages of surface air 
temperatures during the austral winter month June. 
During this month, positive values of nearly 10 °C 
lie within the 40 year standard deviation (Fig. 2). 
The highest monthly trends in air temperature rise 
can be observed in the monthly minimum and av-
erage values for the months May, June, and August 
(Fig. 8). Although tHoMPSon and SoloMon (2002) 
report the greatest correlation of observed changes 
for December to May, according to SHindell and 

SCHMidt (2004), the variability in SAM accounts for 
90 % of the change observed in Eastern Antarctica, 
but for only about 50 % of the observed changes in 
the AP (tHoMPSon and SoloMon 2002). Changes in 
summer months’ atmospheric surface layer regime 
are documented in recent literature (e.g., Barrand 

et al. 2013), and as the main ablation period length is 
most important for melt estimates, but changes and 
trends during the winter time as reported here are 
significantly higher. The SAM index shows a clear 
linear trend over the time period 1948 to 2012. The 
variability of the high index polarity in the SAM in-
dex is of the same range as the annual seasonal vari-
ability, indicating that the long-term change is of the 
same order of magnitude as the annual seasonal cycle 
(Fig. 3). Our analysis of recent and long-term data-
sets shows an extended autumn and an increasing 
occurrence of melt periods especially for the winter 

Tab. 1: Glacier summer balance estimates from mass bal-
ance stake measurements at the AWS site on the Fourcade 
glacier, KGI (time period: 2010–2015)

Year of  

austral summer
Summer balance 

[m w.e.]

2010/2011 -1.34

2011/2012 –

2012/2013 -2.01

2013/2014 -0.97

2014/2015 -1.96

bs = ρwDw - ρs(Dw-(Hs-Hw))



358 Vol. 69 · No. 4

month June accompanied by advective synoptic pat-
terns bringing warm and moist air from the lower 
latitudes. A covariance analysis between surface air 
temperature and SAM (Fig. 10) index shows a high 
positive correlation for time periods below 20 days 
representing the length scale of predominant synop-
tic weather patterns. The local maxima at 4 and 7 
months are related to seasonal cycle and length of 
the ablation period. At a lag of 9 months, the two 
time series become anti-correlated indicating the 
seasonal interconnection between the years. 

The impact of the ongoing changes in SH atmos-
pheric circulation on the atmospheric surface layer 
above the inland ice cap of KGI with regard to spa-
tial variability and seasonal patterns are discussed in 
the following section.

5.2 Air temperature lapse rates in the atmospher-
ic surface layer above the glacier 

Due to its maritime position and exposition, KGI 
is very susceptible to climate change and predomi-
nant synoptic systems. The distinct wind regimes 
lead to a significant spatial variability in the mete-
orological parameters describing the atmospheric 
surface boundary layer, one of the most prominent 
being the adiabatic temperature lapse rate Γ. BraUn 
and HoCk (2004) observe temperature lapse rates 
on the icefield near Bellingshausen Dome on KGI 
during cold conditions associated with easterly and 
southerly flows, low melt rates and high lapse rates 
of nearly 1 K/100 m, whereas during situations of 
northwest advection of warm, moist air, the melt 
rates increase concurrent with low and at times posi-
tive lapse rates (time period 1997/1998). They give 
an average lapse rate of 0.58 K/100 m for elevations 
between 84−255 m a.s.l. and 0.66 K/100 m for eleva-
tions between 84−619 m a.s.l. Wen et al. (1994) re-
port a lapse rate of 0.79 K/100 m for austral summer 
and 0.66 K/100m for winter for elevations below 
255 m a.s.l. (time period 1991–1992). Calculating the 
adiabatic temperature lapse rate Γ between 25 and 
230 m a.s.l. from the SMN and AWS datasets (Index 
SMN) shows an extreme outlier for the winter month 
June 2011: 

with an opposite sign than in 2012: 

Γ ±June 11, SMN = -1.02 1.12 K/100m

Γ ±June 12, SMN = 0.65 1.65 K/100m

The monthly mean barometric pressure displays 
the distinct predominent weather systems. During 
June 2011, KGI proved to be under strong influence 
of the Antarctic high pressure system (Fig. 12). June 
2012 on the other hand, shows a very low average 
value, indicating that boundary layer conditions are 
dominated by cyclonic activities with advection of 
warm, moist air and an extended melt period (see 
Fig. 13). The lapse rate analysis for the austral winter 
month June 2013 is available for the upper ice cap 
between 230 and 435 m a.s.l. and yields to:

The monthly mean lapse rate shows a high inter-
annual variability and strong dependence on domi-
nating synoptic conditions as well as atmospheric 
boundary layer conditions. Melt conditions lead to 
a fixation of the calculated lapse rate at the melting 
point temperature, inducing a high spatial variability. 
The exposure to synoptic weather patterns on the 
upper glacier and a decoupling of the atmospheric 
surface layer above the upper glacier to the lower 
coastal areas, contribute to the spatial variability. 
The surface air temperature lapse rate of the upper 
transect on the Fourcade Glacier for the austral sum-
mer months December to February (2012 to 2013; 
Fig. 11) averages to

and for the lower transect of the glacier to

showing a significant decrease in lapse rate with 
elevation. Figure 12 also demonstrates the temporal 
variability and distinct seasonal cycle with signifi-
cantly higher standard deviations for winter months, 
with the maximum lapse rate observed in June 2011.

This shows the distinct exposure and higher 
sensitivity of the upper Warszawa Icefield to syn-
optic weather patterns and free atmosphere condi-
tions. gardener et al. (2009) state that the air tem-
perature lapse rate varies on diurnal and seasonal 
time scales due to changes in sensible heat flux be-
tween the free atmosphere and the underlying sur-
face. Near surface lapse rates above melting glaciers 
are often observed to be lower due to the fixation 
of melting point temperatures (greUell and BöHM 

1998), and SHaWn et al. (2007) find systematically 
lower than free atmosphere lapse rates measured 
over Arctic glaciers. BraUn and HoCk (2004) draw 

Γ ±June, up = 1.05 0.62 K/100m

Γ ±summer, up = 0.67 0.4 K/100m

Γ ±summer, low = 0.88 0.35 K/100m
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the conclusion that only employment of actual tem-
perature lapse rates can account for the variability 
in the variable and thus in the accurate ablation es-
timates for the KGI ice cap. gardener et al. (2009) 
conclude under warming climate scenarios, lower 
lapse rates can be expected. 

A quantity strongly related to glacier melt is the 
positive degree-day (PDD). Calculating the PDD 
for the AWS site on the Fourcade Glacier from SMN 
temperature data with standard moist adiabatic 
temperature lapse rate of free atmosphere of 0.65 
K/100m leads to an overestimation of the PDD by 
a factor of 2.7. BraUn and HoCk (2004) emphasize 
the sensitivity of the applied glacier melt model to 
the applied air temperature lapse rate and name the 
accurate lapse rate estimation a prerequisite for ac-
curacy of glacier melt model.

5.3 Implications for glacier melt estimates

The analysis carried out in this paper shows 
that the consequences of the climate change on the 
study area (KGI) during the past decades include 
a significant warming of the atmospheric surface 
layer, increased occurrence of mesocyclones during 
winter time in the area and changes in the spatio-
temporal patterns of the lower tropospheric tem-
perature lapse rate. The detected higher frequency 
of low-pressure systems hitting KGI during the 
winter months reveals that the South Shetland 
Islands are under a progressive increase of melt pe-
riods. This fact is in accordance with the findings 
of liU et al. (2005) and liU and Wang (2006) for 
the north of the AP (melt duration > 90 days per 
year). Our data show that aside from the prolonged 
melt period in the austral autumn, significant melt 
periods also occur during the austral winter with 
melt rates of as much as 25 cm w.e. per month dur-
ing the austral winter 2013 (see Fig. 13). Moreover, 
storm events from cyclonic activity along the win-
ter months enhance the ablation of the snowpack 
by erosion through precipitation in form of rain. 
The high spatial variability of surface air tempera-
ture across the ice cap of KGI is connected to the 
high exposure to synoptic influences. This stresses 
the importance of considering the spatial variabil-
ity of surface air temperature fields when estimat-
ing the glacier surface mass and energy balance of 
the inland ice cap of the KGI, and in general for 
the northern Antarctic Peninsula. For KGI, BraUn 
and HoCk (2004) give an hourly course for glacier 
melt rates over a 6-week period in austral summer 

1997/1998. The daily maximum hourly value can 
be up to 4.2 cm w.e./d, comparable to summer 
melt rates shown in figure 13. The calculated sum-
mer mass balance bs for the AWS location on the 
Fourcade Glacier for 2010 – 2015 shows persistent 
negative values for the past years. 

The equilibrium line altitude (ELA), i.e., the 
altitude where ablation equals accumulation is an 
important glaciological parameter in the context 
of climate change. In agreement with different au-
thors (e.g., MarSHall et al. 1995), the late-summer 
firn line can be regarded as an approximation of the 
ELA. BraUn (2001) gives 250 m for the ELA posi-
tion for Fildes Peninsula on KGI, whereas Bintanja 

(1995) published an ELA position of 150 m for the 
early 90s. The distinctly negative mass balance es-
timates for the AWS location on the Fourcade gla-
cier (Tab. 1) clearly show that the ELA is explicitly 
higher than at an altitude of 230 m. 

Only a few studies on glacier melt and mass 
balance have been carried out for single years or 
very short time periods on the AP. For example, 
SCHneider (1999) computed surface energy bal-
ance components on glaciers in the inner Marguerite 
Bay, CaSaSSa (1989) for Anver Island, Wager and 

jaMieSon (1983) and MorriS (1999) for Alexander 
Island. SkVarCa et al. (2004) presented the first plu-
riannual glacier mass balance record for “Glaciar 
Bahía del Diablo” at Vega Island, showing that 
there is a very strong correlation between annual net 
mass balance and mean summer air temperatures. 
However, MorriS and MUlVaney (2004) showed 
that even only integrating very few recent datasets 
leads to a correction of their previous estimates for 
the contribution of the AP ice melt to global sea level 
rise upwards by a factor of almost 2 to 0.007 ±0.02 
mm a-1 K-1. The latest estimate for the entire AP 
glacier melt contribution to sea level rise is given by 
VaUgHan (2006) with 0.008-0.055 mm a-1K-1. It has 
to be considered that these melt estimates are based 
on very few in-situ observations and/or almost ex-
clusively on datasets recorded at coastal stations. 
BraUn and HoCk (2004) showed that for distributed 
melt modeling on KGI, the consideration of actual 
often smaller hypsometric air temperature lapse rates 
are important to reproduce observed ablation rates. 
As a consequence, the proposed melt estimates given 
by VaUgHan (2006) might be too small as the study 
is based on station data along the coast and applied a 
fixed average temperature lapse rate. 

Uncertainties in glacier surface mass balance 
and mass losses are large (e.g., PritCHard and 

VaUgHan 2007; rignot et al. 2008) and show high 
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spatial variability particularly for the northern part 
of Antarctica (tUrner et al. 1997; Van de Berg et 
al. 2006; arigony-neto et al. 2009; Barrand et 
al. 2013). There are long-term time series of tem-
perature measurements mainly only from coastal 
stations. The climatological assessments of the at-
mospheric surface layer that was carried out in this 
paper show that differences in temperature meas-
urements of an AWS on the inland ice cap to the 
regular temperature measurements at the coastal 
Carlini Station are highly variable, especially dur-
ing austral winters. It was also determined that 
there are pronounced melt periods driven by high 
air temperatures and precipitation in form of rain in 
the winter season. 
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