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Current climate in the Antarctic Peninsula (AP) region can be interpreted as a continued warming, still
exceeding climatic norms but without significant rise on the Antarctic Peninsula stations. Assessments of
trends in the near-air temperatures are made by applying homogeneity procedure and series of monthly SAT
normalizing by amplitudes. The most intensive increase in surface air temperature at the end of XX -
beginning XXI century recorded at Vernadsky and Rothera stations at the west coast of the Antarctic
Peninsula. Most of inhomogeneities are observed in coldest decade, 1950s; current period is characterized by
smoothening in the near-surface temperatures (SAT) ranges especially in comparison to 1950s because of
changes in atmospheric circulation. Normalized SAT series is comparable between winter and summer
seasons at west coast of AP, including Vernadsky and Rothera stations. Spatial and temporal characteristics
of near surface temperatures are described, with significant seasonal and topography-dependant variability.
Significant differences exist between stations at the west coast and those lying at Weddell Sea coast,
especially in summer. By the Vernadsky data, summer warming is mainly responsible for the recession of
glaciation. Modern regional warming is associated with growing influence of El Nifio-Southern Oscillation,
especially after well-known climatic shift in the 1970s due to increased surface temperature of the equatorial
Pacific. On the background the overall warming trend some intradecadal SAT fluctuations are registered
being associated with El Nifio. On the basis of the recent SAT variability at other stations and multi-years’
change in climate indexes it is concluded that no further warming can be expected in the near future.
Keywords: Antarctic Peninsula, climate change, warming, air temperature, inhomogeneity, correlation

Jlesiki ocodmmBoCTi 6araTopivHOi 3MiHN TeMIIepaTypH NOBITPsi HA AHTAPKTHYHOMY IiBOCTPOBI
Tumodees B.€.

Pedepar. [Torounuii cran KiimMary B 1IbOMY PaliOHI MOXKHA iHTEPIIPETYBATH SIK TPUBAIOUE NOTEIUIHHS, MPU SIKOMY
TeMIIepaTypa MOBITPsI 11e NEPEBHIILYE KIIIMATH4IHI HOPMH, aJie CYTTEBO HE IiIBUIIYETHCS HA CTAHLISX AHTapKTHYHOIO
miBocTpoBa. PeykuM Temmeparypu TOBITPSL XapaKTepU3YEThCsl 3IVIADKYBAHHAM KOJIMBaHb TEMIIEPAaTYpU IOBITS,
0c00IMBO MOPIBHSHO 3 1950-Mu pp., yepe3 3MiHK B arMochepHil IUpKyIsil. AHani3 GaraTopiuHOl TeHIeHIIT 3MiH Y
TEMIIEpaTypi MOBITPS MPOBEACHO 3 OLIHKOI CTAaTUCTMYHOI OJHOPIAHOCTI PAMNIB MICSYHOI TEMIEpaTypH IOBITpS, a
TaKOX HOPMOBAHMX XapakreprcTyk. HaiiOuibIl iHTEHCHBHE M IBUILIEHHS TeMIIEPaTypy IPU3EMHOIO MOBITPS B KiHLI]
XX — Ha noyatky XXI cTONITTS BiZl3HA4eHO Ha CTaHIIsIX Akanemik BepHascekuii i Pozepa Ha 3aximHoMy y30epesoki
AHTapKTHYHOro miBocTpoBa. OLIHKM GaraTOpiYHUX 3MiH HOPMOBAHMX PSAZB TEMIIEPATYpPU HOBITPS CIIBCTAaBHI MDK
3MMOBHM 1 JIITHIM CE30HAMH Ha 3aXiZTHOMY y30epexcki AHTAPKTHYHOTO IIBOCTPOBA, B TOMY YMCII CTaHLIN AKaneMik
Bepnancekunii 1 Pozepa. OmucaHo NpocTOpoBO-4acoBi XapaKTEPUCTHKM OaraTopiuyHOi TEHJCHLI TeMIeparypH
TOBITPS, 31 3HAYHOIO CE30HHON MIHJIMBICTIO 1 3aJIeKHICTIO Bif Tororpadil. IcHyroTh 3Ha4Hi BIIMIHHOCTI MDK
CTaHIIISIMU 3aX1THOTO y30epexoKs 1 THMH, 1110 PO3TAIIOBaHi Ha y30epestoki Mopsi Y elyieria, 0COOIMBO B JITHIN CE30H.
3a naHuMu cTaHIil BepHanckkwii, JTiTHE TOTEIUTIHHES B OCHOBHOMY BiZIIIOBIJIA€ 32 TPHCKOPEHHS TAHESHHS MICIIEBOrO
sneneHiHHs. CydacHe peTiOHaJIbHE TMOTEIUNHHSA IoB3aHe 31 3pocTatoumM BivmBoM Enb-Hinwio-IliBnenne
KOJIMBaHHsI, 0OCOOJIMBO MiC/IS KIMATHYHOro 3pymieHHs 1970 p. y 3BY3Ky 3 MiIBUILEHHAM TEMIIEpaTypH MOBEPXHI
ekBaropianbHid 4acTuHi Tuxoro okeany. Ha T 3arajgpHOI TEHZAEHIUI NOTEIUTHHS NEsKI BHYTPIAECATHIIITHI
KOJIMBaHHI TEMIIEpaTypH HOBITPs MoB's13aHi 3 siBuiieM Eib-Hinbiio. Ha ocHOBI HenaBHBOT MiHJIIMBOCTI TeMIIepaTypy
TIOBITPSl HA CTAHIISIX PErioHy Ta OaraTOpIYHMX 3MiH KIIMAaTHYHHX IiHZIEKCIB MOKHA 3POOWTH BHICHOBOK, IO B
HaOMmmKI0oMy MaiiOyTHbOMY MOZAJIBILIOrO HOTEIUTIHHS B PETiOHI HE OUiKyeThCH.
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Hexoropbie 0cO0eHHOCTH MHOIOJETHEr0 HW3MEHEHHMsl TeMIIepaTypbl BO3AyXa HAa AHTapKTHYeCKOM
NOJIyOCTpOBe.

B.E. Tumodeen

Pedepar. HeiHemHee cocTosiHMe KMMara B 3TOM paiioHE MOXKHO MHTEPIPETHPOBATh KAK IPOJOJIKAOIIEECs
NOTEIUIEHHE, [IPY KOTOPOM TEMIIEpaTypa BO3/lyXa elle IPEBbIIACT KIMMAaTUYeCKHE HOPMBI, HO CYLLIECTBEHHO HE
IOBBIIIACTCS HA CTAHLMAX AHTapKTHYECKOro IOJIyoCTpoBa. PexxuM TeMieparypsl BO3oyXa XapaKTepusyercs
CIUIa)KMBAaHMEM KOJIeOaHMI TeMIlepaTyphl BO3IyXa, 0COOSHHO B cpaBHEHHH C 1950-MU IT., M3-3a M3MEHEHHH B
aTMochepHOil IIMPKYISIMY. AHATIU3 MHOTOJIETHEW TEHJICHIIMK M3MEHEHUH B TEMIIepaType Bo3IyXa IPOBECH C
OLIEHKOM CTaTUCTUYECKOH OJHOPOAHOCTU PSIOB MECSYHOM TeMIepaTypbl BO3yXa, a TaKke HOPMHPOBAHHBIX
XapakTeprcTuk. Hawmbonee MHTEHCHBHOE IOBBIIICHHE TEMIIEpaTyphl MMPU3EMHOr0 BO3AyXxa B KoHIE XX —
Havasie XXI Beka OTMeueHO Ha cTaHiusax AxaneMuk Bepranckuit n Posepa Ha 3anagHoM nobepeskbe AHTapK-
THYECKOro MoiyocTpoBa. OLEHKUM MHOTOJETHUX W3MEHEHUI HOPMHPOBAHHBIX PAIOB TEMIlEpaTypbl BO3IyXa
COIOCTaBUMBI MEXXTy 3UMHUM U JIETHUM CE30HaMH{ Ha 3alaHOM Ho0epexbe AHTapKTHYECKOro MOJIyOCTPOBa, B
TOM yuciie craHiuil Axanemuk Bepranckuil u Pozepa. OnmcaHbl IPOCTPaHCTBEHHbIE U BPEMEHHBIEC XapakTe-
PHUCTUKHM MHOTOJIETHEN TEHIECHLUH TEMIICpaTypbl BO3/lyXa, CO 3HAYMTEIbHBIM CE30HHBIM Pa3IM4MEeM U 3aBUCH-
MOCTBIO OT Tororpaduu. CylecTBYIOT 3HAYUTENBHBIE PA3INYMsl MEXKITy CTAHIMSAMH 3aIlaJJHOTO MOOepexbs 1
TEMH, YTO PacIIOIOKEHb! Ha obepekbe Mope Yaena, ocooeHHo B JieTHee BpeMst. [1o naHHbIM craniym Bep-
HAJICKUH, JIeTHee MTOTEIUICHUE B OCHOBHOM OTBETCTBEHHO 33 YCKOPEHHUE TastHUsI MECTHOrO oieieHeHus. HuiHen-
Hee pErHOHAIBHOE IOTEIUICHHE CBSI3aHO C pacTyIluM BimsHHEM Oib-Hunbo-HOxHOE KonebaHMe, 0cOOEHHO
10CJIe KITMMaTHIeCcKol NoABMKKY 1970 . B CBS3M C MOBBIICHUEM TEMIIEPATYPhl [IOBEPXHOCTH 3KBATOPUATIBLHON
yactu Tuxoro okeana. Ha ¢one oOmieil TeHIeHINH MTOTEIUICHHST HEKOTOPBIE BHYTPUIECATHICTHIE KOJeOaH s
TeMIepaTypbl Bo3yXa CBs3aHbl C sABleHHeM Onb-Hunbo. Ha ocHOBe HelaBHEM M3MEHUYMBOCTH TeMIEPaTyphl
BO3/lyXa Ha CTAaHLMSX PErdoHa X MHOIOJETHUX M3MEHEHUH KIMMATHYECKUX HHIEKCOB CZENaH BBIBOJ, YTO B
OmKaiiiem OyayIieM JaTbHEHUIIero MOTEINICHNS B PErMOHE HE OKHIAeTCsL.

1. Introduction

Antarctic Peninsula (AP) is a region of a specific interest within Antarctica, which lies
between cold Antarctic continent and warmer oceans, and showed one of the greatest rates of
warming to the end of 20" century. Near-surface air temperature (SAT) growth during the recent
decades in the region of AP and surrounding Subantarctic Islands exceeded global warming rates
and caused numerous impacts to glaciation, sea-ice and regional live environment etc. (Vaughan,
2003, Smith at el., 2007) Much of observed retreat of ice-shelves has been related to lower-
tropospheric warming and southward progression of a critical thermal boundary for ice shelf
stability (Vaughan et al., 2003, Ingolfsson et al., 2008), the role of the atmospheric circulation is
discussed in (Kononova, 2007).

Also the recent warming in AP region is closely corresponds in time to warming in different
remote regions, including Alaska, AP’s northern geographical counterpart, most of Europe
including most parts of Russia, up to Central Siberia and high Arctic, Ukraine and south west
Europe (Hinzmann et al., 2003, Rogers et al., 1995).

Centennial course of near-surface air temperatures (SAT) at Orcadas station, South Orkneys
Islands is generally agreed with time frames of global changes, showing two-phase warming
during the XX century, as well as agreed with variability of well-known PDO index (Tymofeyev,
2002) Climate in the Antarctic Peninsula (AP) region from mid-20 century has been characterized
by several climate transitions, including outstanding warming episode in 1980s and 1990s, with
highest rates in Southern Hemisphere.

The largest annual warming trend is found on the western coast of the Antarctic Peninsula, at
Faraday/Vernadsky station (fig.1); the greatest seasonal warming is registered in winter, when the
role of the sea-ice is the most important (Turner et al., 2005). On the other hand regional warming
in the AP region contrasts to weak cooling in continental Antarctica (Turner et al., 2004, and
2009). Recent studies have suggested that significant variability has detected in the climate system
the AP during latest decade (Martazinova et al., 2010).
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Fig. 1. Antarctic Peninsula and research stations with signs of multi-years’ trends (1951—
2010) in individual seasons (Summer, Autumn, Winter, Spring), 1 — Rothera, 2 — Vernadsky, 3 —
Bellinsghausen, 4 — Orcadas, 5 — Esperanza; 6 — Belgrano, 7 — Halley, 8 — Punta-Arenas.

Atmospheric circulation is another important climate-making agent; indications of significant
change during the recent episode of climate variability also have shown e.g., intensification of
cyclonicity in the Southern ocean (Connoley, 1997), as well as shifts in blocking activity and
storm-tracks in the Southern Hemisphere ( Fyfe, 2003, Turner et al., 2002, Gruza et al., 2007).

Important conclusions were made on dependence of regional climates on El-Nifio Southern
Oscillation (ENSO) conditions (Turner, 2004), with alternative pressure anomalies in austral
extratropics in years with different ENSO events. Much attention was paid to regional climate
impacts of strengthening of the Southern Annular Mode (SAM) as hemispheric index of zonal air
transport, or westerlies (van den Broeke et al., 2003, Marshall et al., 2011), however circulation
mechanisms of recent climate change at AP region are still not completely studied. Our research
showed intensification of cyclogenesis in the Bellingshausen Sea and eastward displacement of
wedge of high pressure close to Antarctic Peninsula as a possible mechanism of winter warming
(Martazinova et al., 2010). Other climatically important agent is the ozone hole that develops from
September till early austral summer. It is recognized that strengthening of the westerlies within the
circumpolar vortex was the dynamic background of the ozone hole, and on the other hand there are
evidences of ENSO-SAM feedbacks, as well as ENSO - sea-ice dynamics and upper-tropospheric
circulation (Turner et al., 2009).

This paper is devoted to detailing a multi-year changes in air temperature in the Antarctic
Peninsula, re-assessing multi-years’ trends in the region with significant interannual oscillations in
SAT and specification of controlling factors. First, region of the Ukrainian Antarctic base
Academic Vernadsky is in the focus of the research, as well as other stations in the Antarctic
Peninsula.
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2. The data used and a brief description of the local topography

We used the data of mean monthly SAT at the stations with the longest monthly timeseries
based on synoptic hours’ measurements, Figure 1: Orcadas from 1904 (geographic coordinates
60.7°S, 44.7°W), Academic Vernadsky. (Faraday, UK before 1996, 65.4°S, 64.4°E),
Bellingshausen (62,2°S, 58.9°W), for the period 1951-2010, Esperanza (63.4°S, 57° W), 1952—
2010, Marambio, for the period for the period 1971-2010, and Rothera (67.5°S, 68.1°W (1975—
2009), Belgrano, Halley (1957-2010) from database READER created by British Antarctic Survey
(http://www.antarctica. ac.uk / met / READER /)._A timeseries of monthly and annual mean air
temperature station at Bellingshausen (1968—-2009) was complemented by the data of Deception
base, 1951-1967, and timeseries at Rothera were complemented by the data of Adelaide Island,
with the corresponding amendments, as recommended in the READER project. Missing data at
selected years at Orcadas and Marambio stations were restored by linear approximation using
spatial correlations with neighboring stations; correlations table are given below. Problem of
climatological homogeneity is also discussed below.

Southern oscillation Index is taken from NOAA source
http://www.esrl.noaa.gov/psd/data/climateindices/

Geographical environment of the study area is characterized by significant roughness of the
surface, presence of mountainous terrain, numerous islands and deeply rugged coastline, as well as
different types of glaciation and sea-ice. This causes frequent weather modifications and formation of
the local climates. Bellingshausen and Orcadas are located at larger islands in ocean away from the
mountain ranges and ice-shelves, so weather modifications here are restricted on the smaller scale,
although larger-scale factors and sea-ice migrations are important. Vernadsky station is located at
small island 8 km off the west coast of the Antarctic Peninsula, with maximum mountain range
elevation 2000 m, and with frequent fochn winds. Esperanza is located at the northern tip of the
Antarctic Peninsula, near the well-known oasis Hope Bay (the prevailing height of no more than
400-600 m), and proximity to Larsen ice-shelf and western Weddell Sea with abundant sea-ice,
much more concentrated that in west coast. Synoptic conditions are also differed: warmer air is
advected to the west AP coast from the Pacific; Weddell Sea’ sea-ice is a source of colder air in
comparison to west AP coast, with prevailing meridionality; resulting in colder climate.

3. Methods. Homogeneity of timeseries

Traditionally, to test homogeneity of timeseries we use Student's t-test, provided that the
timeseries correspond to a normal distribution. There are alternatives to t-test for unequal
variances in timeseries, which is typical for the regional stations in AP region. Furthermore, the
size of the sample in some cases differs significantly, so a simplified formula of two-sample t-test

has been applied:
b |M’1 - M’g|

2 2
s ]
N e

b

where M;, M, — averages, o), 6, — standard deviation, N;, N, — length of the two timeseries.
Number of degrees of freedom is calculated as f=N; + N, - 2.

The resulting value is compared to its critical value depending on the level of significance (90
or 95% significance level) and degrees of freedom. If t <t... The null hypothesis H, of belonging to
the same general population is not rejected.

Many indications have been made about large interannual variability of SAT in the AP
region, which can reduce the significance of the linear trend approximation (Turner, 2005). Also,
when SAT variability is differed between seasons or months, comparison of warming rates can be
difficult.
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Further study in the SAT time series involves the construction of a new series of mean
monthly values of SAT, normalized to its amplitude accordingly to the formula:

)(i—Xmin
X'(f) = 2= A
Xmax—Xmin

Where X’(t) — transformed time series, X; — the member of a raw timeseries, Xyin, Xmax — the
minimum and maximum SAT at a given month, , X, - Xinax — the SAT amplitude.

A new timeseries X’(t) ranges from 0 to 1, making easier comparison of the trends
coefficients in different months (seasons) or between different stations.

Homogeneity of timeseries. As mentioned before data of near-surface air temperatures at
Antarctic Peninsula stations show great interannual variability, making estimation of trend
significance difficult. It is well-known Academic Vernadsky station showed one of the greatest
rates of warming (van den Broeke, 2003, Turner 2004, Martazinova et al., 2010), Table 1. We paid
more attention to check Vernadsky data as it is longest uninterrupted in the Antarctic Peninsula
made at unchanged observation site and frequently used as a reference timeseries.

Student t-test has been applied to identify homogeneity. The largest number of
inhomogeneitites is identified during austral autumn and winter months, and the most noticeable —
in April and May, in the first decade of observations, 1951-1960. Most of the inhomogeneites
have been observed in consecutive months — from March to June 1953, June 1958 and April, May
and July 1959 which are coldest years in the region. “Inhomogenoues years” being concentrated in
one part of the timeseries could change the slope of the trend line. After exclusion of
inhomogeneous values trends remain positive for all months; however its significance decreases
from 5 to 10% in April and May.

After applying Homogeneity test for April timeseries a trend coefficient decreased from 0.34 to
0.60, and standard error of the coefficient has been lowered, improving the accuracy of the
approximation from 0,18 °C to 0,14 °C, Table 1. Thus, exclusion of inhomogeneites does not change
a positive trends in SAT implying that low-tropospheric warming is statistically significant in this
region. Additionally, we are interested not only in a formal statistical procedure for testing the
homogeneity of the timeseries, as to find a cause of the inhomogeneities. Zonal MSLP atmospheric
pressure gradient has been calculated between 60 and 70 °S, in the sector of 270-300°E, i.e.
immediately adjacent to the west coast of the Antarctic Peninsula. In Fig. 2 the gradient is presented
along with the mean monthly SAT and calculated Student's t-test. In the years of inhomogeneity
breaks (1953, 1959) Student's t-statistics exceeds the threshold corresponding to the adoption of the
null hypothesis, and in addition, the zonal gradient is negative, implying easterly wind component.
Hence eastern (south- east) transport was dominated in years with inhomogeneity, being attributed to
strong cold spells from the Antarctic continent or the Weddell Sea sector.

Thus, in a first approximation, we show that it is unique atmospheric circulation that has been
responsible for the frequent inhomogeneity in this region in the 1950s representing statistical sort
of inhomogeneity. Note that in the latest decades with climate warming no inhomogeneous were
identified; only one of the last years showed some colder anomaly, like in 2009, accompanied by
negative MSLP gradient, but not significant as in the first decades of observations.

So in addition to traditional homogeneity tests, we’ve made analysis into the atmospheric
circulation that is important for the region with significant distance between stations. Main
homogeneity has been observed during the colder climate in the mid-20™ century, current warming
period is characterized by greater homogeneity especially during the winter season.

Additionally inhomogeneous outliers were checked against neighboring stations. The closest
for Vernadsky Bellinshgausen and Deception stations are located (northward), and Rothera,
(southward, so simplest method to check data is scatter diagram. For April, and May 1952, 1953,
1958 u 1959 all outliers at Vernadsky are coincided with those at Deception being caused by
strong cold spells. So we conclude that these inhomogeneities have been caused by specific
meteorological and synoptic regime which is unusual for current climate, as such extreme weather
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Table 1

Coefficients of the linear trends (°C/ decade) of the mean monthly air temperature, T ,
minimum Ty, and maximum T, and monthly mean standard deviation &, along with

coefficients of the linear trends, b, Vernadsky Station, 1951-2010

Air temperature Months
index 1 2 3 4 5 6
- 0.27** 0.28%* 0.30%* 0,60%* 0.63* 0.93*
T (0,13%) (0,34%**) (0,37%) (0,76*)
T nax 0,24** 0,11 -0,04 0,25 0,64* 0,16
Tyin 0,65* 0,83* 0,90* 1,30* 2,10% 2,84*
(E b) 1,15 1,84 2,45 2,80 3,12 3.85
’ -0,03 -0, 04 -0,06 -0,08** -0,10* -0,10*
Air temperature Months
index 7 8 9 10 11 12
- 1.03* 0.98%* 0.44* 0.34%* 0.12 0.13
T (0,81%) (0.82%) (0.31%%) (0.16)
Tnax -0,11 -0,27** -0,12 -0,64* -0,10 0,05
Toin 2,80%* 2,30* 1,76* 1,46* 1,20%* 0,62*
(E b) 4,37 3,67 3,18 1,95 1,08 0,62
’ -0,12* -0,14* -0,08** -0,08** -0,10* -0,06

Note. For T in brackets trends coefficients of homogeneous series are given for individual
months where inhomogeneity has been revealed and excluded Level of statistical significance is
represented Along with the trends coefficients, by asterisks: * — coefficient is significant at 95 %
significance level, ** — 90 % significance level.
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Fig. 2. The original timeseries of monthly mean air temperature (°C), Vernadsky Station,
Student's t-criterion, zonal circulation index (hPa/111 km), April.

has not been observed during the recent climate warming. And final step in explaining
inhomogenity is atmospheric circulation analysis, applying specific etalons of the atmospheric
circulation types obtained early (Martazinova et al., 2012). This study is a bit aside from this topic,
however we indicate that the most significant variability in near-surface temperatures is observed
during the autumn and winter seasons being a result of cold air intrusion within Antarctic ridge of
high pressure. Smaller SAT variability during Warmer seasons is attributed to cyclones’ series in
much more smoothed zonal flow that is characteristic for the period of the recent warming.
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4. Details of near-surface warming at Academician Vernadsky and other stations

At Vernadsky Station, the most common feature of warming is the growth in the minimum air
temperature in all seasons, against less pronounced increase or even a negative trend (from June to
November) in the maximum temperature (Table I). The most impressive increase in the minimum
temperature is seen during the winter months, with coefficients of the linear trends greater than
1°C per decade May-July. In conditions of current warming, probability of severe and prolonged
cold spells in winter is significantly decreased, compared to the mid-20 century.

Smallest warming rate is registered in November and December, 0.12 and 0.13°C/decade,
January, central summer month has been warmed at a rate 0.27°C/decade. Trends coefficients in
minimum air temperatures exceed those for maximum ones, however in contrast to winter,
maximum temperatures also increased, in January and February, 0.24, and 0,11°C/decade.

As minimum temperatures have been growing faster than maximum, monthly amplitude of
air temperature is declining. Multi-years’ decrease in monthly SAT oscillation is also accompanied
with decrease in the standard deviation, table 1. Standard deviations in winter months exceed those
for summer months at least by factor of 3. This is mainly caused by increasing contrast between
the oceanic and continental air masses in winter. Additionally, long-term course shows decrease in
standard deviation in all months, with a maximum trend -0,14°C/decade in August.

The increase in the monthly SAT during the summer season, despite the lowest seasonal rate,
is the most important factor for the assessment for the state of regional glaciation, because of
extension of the ablation period (days with an average temperature above zero). Monthly mean
SAT and the minimum SAT at the period of ablation has a statistically significant trend
(coefficient of 0.72°C /decade at 95% level of significance), and the maximum temperature varies
slightly (factor of 0,32 °C / decade). The course of the average temperature of the ablation period
shows several transitions through the freezing level, being mostly negative until the end of the
1960s, and during a short period of 1976—1980, and positive in 1971-1975, as well as during the
era of the recent warming episode since the early 1980s. Since the mid-1990s all three summer
months on the average warmer than the freezing point.

Normalization of the timeseries as described above will allow for a comparison of long-term
course of air temperature between the different months and seasons with significantly differing
amplitudes of SAT. The trends coefficients of the normalized timeseries of mean monthly SAT are
shown in Fig. 3 along with those for original timeseries.

Analysis of trends coefficients in the new normalized timeseries, in contrast to the original,
show a seasonal variation of warming on Vernadsky and Rothera Stations, with peaks in the main
seasons (January-February), and minima in the transition seasons (March, April, October). Thus,
the magnitude of warming in summer and winter seasons in relation to the monthly amplitudes are
comparable. At Bellingshausen station normalized warming is more seasonally-variable and shows
minima in October-January, and has peaks at the end of a cold season (August-September), and in
February-March. Station Orcadas, the most remote from the continents, and Esperanza, located
close to glaciers at the northeast AP coast shows less intensive annual warming than at first two
stations, and the greatest increase in the normalized temperature in the summer months. Minimum
warming rates are observed in Autumn, in general agreement to (Turner, 2004), however trends
shows intra-seasonal differentiation. Orcadas has almost no warming in September, least
significant warming trend is observed in Esperanza in October and July, and in Bellingshausen in
October. Much more variable seasonal variation of warming rates on north-east stations is related
to local topography, as well as to greater degree of meridionality in the lower troposphere (van den
Broeke, 2003). Accordingly to our previous conclusions the persistence of the low-pressure in the
Bellingshausen Sea is mainly responsible for warming at west coast; Esperanza and Orcadas
stations are under influence of tropospheric ridge or rear part of Weddell Sea low (Turner, 2005).
The role of the larger-scale atmospheric circulation to the regional climate change, as well as El
Niflo, is emphasized in (Wenju et al., 2007, Turner et al., 2009).
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Fig. 3. Coefficients of linear trends (°C/decade) of mean monthly near-surface air
temperature, normalized to the amplitude in the given month, Vernadsky and Orcadas, Esperanza,

Bellinsghausen, 1951-2010 (5% confidence interval is shown).

Further consider how accumulated anomalies of the annual mean air temperature at the
stations on the Antarctic Peninsula have been changing, by five-year periods. It is well-known that
this period closely corresponding to the typical El Nifio cycle [Turner, 2004]. Accumulated
anomalies annual mean SAT also occurs discontinuously from 1951, (Fig. 4), with several periods
of increase between 1956-1960 and 1961-1965, 1976—-1980 and 1981-1985, and between 1991—
1995 and 1996— 2000. Thus, five-year period 1996-2000 was the warmest in the region; after
2000, the warming trend has almost stopped at Vernadsky and has slightly changed the sign at the
rest stations.
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Fig. 4. Accumulated anomalies of annual mean SAT (°C) by 5-years periods, Vernadsky,
Bellinshgausen, Esperanza, Orcadas, and total mean, 1951-2010.
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Spatial correlations of SAT. Spatial correlation is expected to improve our understanding of
peculiarities of the regional warming by seasons and also can help to find reference stations for
climatological issues. The best correlation between stations is detected in winter season (table 2). As to
Vernadsky station, the best correlation extends in the quasi-meridional direction, i.e. along AP west
coast with a maximum correlation of 0.92 with Rothera (300 km south). Bellingshausen station, north
off 500 km, also shows statistically significant correlation coefficient, 0.78. Summer months’
correlation coefficients are much smaller, and rarely reach statistically significance. For Vernadsky, the
largest coefficient for summer SAT is detected with Rothera SAT, 0,71. In both seasons, the largest
decrease in spatial correlation from Vernadsky is noted in the north-east direction, i.e. across Peninsula,
between Esperanza and Marambio, down to small negative correlation coefficients in summer.

Table 2
Correlation matrix of monthly mean SAT between stations at Antarctic Peninsula
(right part: numerator — July, denominator — January; left part-numerator — October,
dominator — April), 1971-2010

Station Vernadsky | Bellinshgausen | Esperanza | Orcadas | Rothera | Marambio

Vernadsky 1,0 0,78 0,56 0,60 0,92 0.45
1,0 0,16 -0,08 0,17 0,71 0,03

Bellinshgausen 0,58 1,0 0.85 0,73 0.83 0,76
0,46 1,0 0,10 0,20 0,30 0,29

Esperanza 0,33 0.45 1,00 0,68 0,68 0,93
0,23 0,37 1,00 0,58 0,15 0,63

Orcadas 0.46 0,63 0.48 1,0 0,70 0,60
0,37 0.47 0,38 1,0 0,22 0,51

Rothera 0.82 0,53 0,38 0,34 1,00 0,58
0,76 0,34 0,17 0,27 1,00 0,11

Marambio 0,26 0,36 0.83 0,36 0,37 1,00
0,23 0,25 0,61 0,34 0,25 1,00

Note. For Marambio station period of calculation 1971— 2002 so significance level for
Correlation coefficients is differed than for other stations.

On the other hand, a significant correlation exists between summer SAT at Vernasdky and
Bellingshausen, Bellingshausen and Marambio, however between Vernadsky and Marambio it is
weaker! One can say that Bellingshausen is located in the “boundary correlation” area, so given
reference station not at all times can be used to check inhomogeneity in the region.

Further analysis has been made to check whether correlations remain stable for shorter
periods of time, on decadal timescale, implying major climate transition in mid-1970s. A sliding
correlation of monthly mean SAT between 2 pairs of stations has been calculated for the time
window 11 years, with a shift of 1 year. Correlation coefficient is greatest between SAT at Rothera
and Vernadsky being statistically significant even for shorter periods of time, on decadal
timescale, Fig. 5. Correlation between SAT at Vernadsky and Bellinshgausen is more variable,
being maximum 0.9 in 1951-1970, and then decreasing to 0.6 by the end of the 1980s. Then it
increases again in 1991-2000, and in the recent decade, the correlation goes down again and such
oscillations must be taken into account when processing the data.

Like winter, the best correlation of SAT between Vernadsky and Rozera is in summer,
however it is more variable, and periods with minimum coefficients between these stations
coincides with the periods with maximum correlation between Vernadsky and Bellinsgauzen.
During the period of the recent warming correlation coefficient of Vernadsky monthly SAT with
that at Rothera is statistically significant, and with Bellingshausen is slightly negative (-0.1, -0.2)
and statistically insignificant. It is obvious the influence of external factors (atmospheric
circulation) is mainly contributing to these changes.
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Fig. 5. Correlation coefficients of monthly mean SAT between Vernadsky and Rothera,
Vernadsky and Bellinshgausen stations calculated for the time window 11 years, with a shift of 1
year, for the period 1951-2010, July.

Such correlation oscillations must be taken into account when processing the data for
climatological purposes, including checking inhomogeneity. E. g., Bellinshgausen data cannot be
reference point for Vernadsky in all seasons in current climatic period, Rothera is preferable.
Another conclusion is that spatial correlations are higher in colder climate in AP region; during
current warming only correlation southward Vernadsky remains statistically significant.

Interpretation of Orcadas centennial data. Most research into the effects of ENSO has been
concerned with tropical and mid-latitude areas, where there are long in situ meteorological records
and high-quality atmospheric analyses extending back into the early part of the 20th century or
earlier. Statistically significant relationships between ENSO and climatic parameters are much more
difficult to detect in the Antarctic because of the relatively short length of the in situ meteorological
records, about 60 years at best. The only station with 100y timeseries in the region of interest is
Orcadas. Such a long record increase the possibility of finding statistically significant relationships
between ENSO and other climatic parameters in remote location, to detect teleconnections (Mo and
White, 1985). Additionally, centennial timeseries allow us making analysis on the part of timeseries,
to detect periods of stationarity. Correlation coefficient for the whole centennial timeseries is not
statistically significant, 0.18, but correlations calculated with a running window of 31 years show
growing correlations to the Southern oscillation index, greater than 0.36, being statistically
significant during 1990s — decade of peaking warming in the region, Fig. 6.

So influence of El-Nifio has been growing to the end of the 20™ century. Negative
correlations with SOI in the beginning of the 20rs century shows that first phase of warming have
obviously not been caused by ENSO.

Climate change on centennial time scale is clearly seen in the space of the first and second
components (PCA) of annual mean SAT by the Orcadas more than 100y-long data, Fig. 7. The
most significant shift in climate regime occurred between 1960s and 1970s, when the PCA moved
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Fig. 7. Changing climate regime in the space of the first and second principal components of
the annual mean SAT at Orcadas (°C), decimated after 5 years.

from the negative into the positive quadrant. Period of current warming is different from that in the
early twentieth century, with first component above zero. There is a tendency to returning to the
conditions of the 1980s in the latest Syears, i.e. to the initial period of modern warming. With
some caution it can be concluded that one can expect a period of continued warming in the region
for a closest decade.

5. Discussion

In comparison to previous studies, trends in near-surface air temperatures re-assessed by new
data from regional stations till 2010, as well as spatial correlations are specified by seasons and
time periods. The largest annual warming trends are found on the western coast of the Antarctic
Peninsula, with the greatest seasonal warming in winter, confirming previous works (van den
Broeke, 2003, Turner et al., 2004)

Current period of continued warming is characterized by smaller variability in SAT especially
during the winter season. Smoothing in the SAT ranges implies greater homogeneity in climato-
logical sense and greater confidence to the data (provided measuring technique remains the same).
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Most manifestations of statistical inhomogeneity in the air temperature in the Antarctic
Peninsula are associated with coldest years in the mid-20™ century due to the unique conditions in
the atmospheric circulation. Exception of inhomogeneous values does not change the positive
trend in air temperature, confirming statistically significant warming in the study area.

Warming rate at other stations extended to the ocean is smaller, with weaker variability.
Significantly variable seasonal trends are registered for other stations located in the North-east
Antarctic Peninsula in complex topography. Some seasons showed slight cooling or change in the
trend sign In general this is in agreement with (Turner et al., 2005), but trend coefficients became
smaller at Orcadas and Esperanza, on extended timeseries up to 2010.

By the Vernadsky data, summer warming is mainly responsible for the recession of
glaciation, ice-shelves and island small glaciers, because of expansion of ablation period
(Ingolfsson, 2002). Further changing net balance from accumulation to ablation is expected in the
near future in keeping the current anomalies above the climatic norm.

Spatial correlation of seasonal SAT between regional stations showed seasonal-dependent
difference, reasoning by topography and tropospheric circulation, and found to be variable in time,
showing difference between colder and warmer decades. Significant differences exist between
stations at the west coast and those lying at Weddell Sea coast, especially in summer. This
research helped us to justify search reference stations for climatological applications.

El-Nifio-Southern Oscillation shows greater influence to the regional climate from climate
shift in mid-1970s. It is well-known from the literature that the pressure decrease in the Antarctica
intensifies westerly flow as a consequence of predominance of the warm El Nifio episodes from
mid-1970s to early 21* century, as well as Southern Annular Mode intensification, due to ozone
hole deepening (Wenju et al., 2007,Stammerjohn et al., 2008, Turner et al., 2009, Marshall et al.,
2011).

Analysis of a regional climate change and SAM conditions in Antarctica showed that
Antarctic Peninsula (and Weddell Sea sector) is one of the most sensitive regions, and regional
warming is attributed to the increase in positive SAM (van den Broeke et al., 2003, Marshall,
2011). Turner (2004) showed composite anomalies in MSLP fields for individual ENSO events; he
also found correlation coefficient 0.30 between annual SOI and Vernadsky SAT. We presented
here more significant monthly correlations and correlations calculated by part of timeseries,
showing increase of correlations using time lags.

In the last decade 2001-2010 and some recent years most stations in the region showed a
tendency to deceleration in mean annual air temperatures; some individual months became
somewhat colder than in the previous decade. This is related to transition of ENSO to colder
phase, no further growth in SAM, stabilization of the ozone hole, some new features in the
atmospheric circulation, namely greater time residence in anticyclones in the south-east Pacific.

6. Results

Current climate can be interpreted as a continued warming, still exceeding climatic norms of
near-surface air temperature, but remaining more or less stable at stations in the Antarctic
Peninsula region during the last decade.

The most intensive increase in surface air temperature at the end of XX - beginning XX1
century recorded at the west coast of the Antarctic Peninsula, according to Vernadsky and Rothera
stations data. Warming period is characterized by smoothening in the near-surface air temperatures
ranges especially in comparison to 1950s because of changes in atmospheric circulation. In the last
decade or so most stations in the region showed a tendency to deceleration in mean annual air
temperatures; some individual months became somewhat colder than in the previous decade. The
regional warming is caused by sustained change in one or more climate-making factors; one of
them is atmospheric circulation.
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Multi-years’ growth of near surface temperatures occurred differently by seasons on stations
with various topography at north-east Graham Land. Warming has seasonal features, with mainly
summer warming at Orcadas and Esperanza and year-round warming at Vernadsky,
Bellinshgausen and Rothea (transition seasons are warmed less). Monthly and seasonal amplitude
of SAT was found different between main seasons, so trends of normalized series of SAT is
comparable between winter and summer seasons at west coast of AP, including Vernadsky and
Rothera stations.

Spatial correlation in seasonal SAT between regional stations showed seasonal-dependent
difference. Significant differences exist between stations at the west coast and those lying at
Weddell Sea coast, especially in summer. By the Vernadsky data, summer warming is mainly
responsible for the recession of glaciation, as length of period with SAT above freezing became
longer. A significant difference of winter warming rates between the west and east coast of the
Antarctic Peninsula arise from different topography and the difference in the atmospheric
circulation.

Analysis of climate change on centennial time scale has been carried out by the data of
Orcadas station by means of first principal components of SAT, and juxtaposing with the recent
SAT variability at other stations and multi-years’ change in climate indexes we conclude that no
further warming can be expected in the near future.

Modern regional warming is associated with growing influence of El Nifio-Southern
Oscillation, especially after well-known climatic shift in the 1970s due to increased sea surface
temperature of the equatorial Pacific. On the background the overall warming trend some
intradecadal SAT fluctuations are registered being associated with El Nifio.
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