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Abstract. In order to investigate the climate variability in tion, due to the elevated rate of atmospheric warming during
the northern Antarctic Peninsula region, this paper focuseshe second half of the 20th century. The warming rate of
on the relationship between stable isotope content of pre0.082°C decade! as a mean value for whole Antarctica
cipitation and firn, and main meteorological variables (air (Chapman and Walsh, 2007) is in fact close to the rate for
temperature, relative humidity, sea surface temperature, anthe Southern Hemisphere warming (IPCC, 2007). However,
sea ice extent). Between 2008 and 2010, we collected prethe strong atmospheric warming detected over West Antarc-
cipitation samples and retrieved firn cores from several keytica (0.14°C decade?), especially over the western Antarc-
sites in this region. We conclude that the deuterium excessic Peninsula (WAP) (0.4C decadel), has no counterpartin
oscillation represents a robust indicator of the meteorologi-any other region of the world (Vaughan et al., 2003; Turner
cal variability on a seasonal to sub-seasonal scale. Low abet al., 2005, 2009; Steig et al., 2009). The strongest trends
solute deuterium excess values and the synchronous variavere detected at coastal ground stations (e.g. Vernadsky Sta-
tion of both deuterium excess and air temperature imply thation (formerly Faraday): 0.58C decade?!, 1951-2000), and

the evaporation of moisture occurs in the adjacent Southerspecially during winter seasons in the 1990s. Since then the
Ocean. Thé180-air temperature relationship is complicated temperature trend seems to be at least stabilized or decreased
and significant only at a (multi)seasonal scale. Backward(Turner et al., 2005; Chapman and Walsh, 2007).

trajectory calculations show that air-parcels arriving at the .

region during precipitation events predominantly originate UNtil now the consequences of the present elevated tem-
at the South Pacific Ocean and Bellingshausen Sea. Theg¢rature conditions are not fully understood. The South
investigations will be used as a calibration for ongoing andPacific and Atlantic ocean's surface (0-300m depth) have
future research in the area, suggesting that appropriate 1J&iS€d in temperature by 0.18 and 0.23C, respectively,
cations for future ice core research are located above 600 riP" the period 1955-2003 in response to the elevated air tem-

a.s.l. We selected the Plateau Laclavere, Antarctic Peninsulg€ratures (Levitus et al., 2005). Moreover, the sea surface
as the most promising site for a deeper drilling campaign. €mperature increase at the WAP reached more tfah 1
for the period 1955-1998 during summer season (Meredith

and King, 2005), with coincident retreat of the sea ice ex-

tent since 1958 (Abram et al., 2010). Warmer oceanic wa-
1 Introduction ter triggers the melting of the base of ice shelves (Shepherd

et al., 2004), leading to events like the disintegration of the
It is well known that Antarctica plays a key role in the Wordie ice shelf (Rignot et al., 2005). Thus, these events
earth’s climate regulation. The influence of the Antarctic facilitate an accelerated discharge flow of inland glaciers to
Circumpolar Current on the ocean and atmosphere in théhe ocean (De Angelis and Skvarca, 2003). The retreat of the
Southern Hemisphere demonstrates the strong interconne@e shelves and sea ice act as a feedback mechanism for at-
tion of the climate dynamics (White and Peterson, 1996).mospheric warming and a clear anti-correlation of the seaice
Lately, Antarctica has been in the focus of scientific atten-extent and surface air temperature at WAP exists (Weatherly
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314 F. Fernandoy et al.: Stable water isotopes and firn cores as a proxy for climate reconstruction

etal., 1991; Turner et al., 2005; Bracegirdle et al., 2008). Updynamic differences between the water molecules containing
to 87 % of 244 marine glacier fronts from the whole Antarc- different stable isotopes of oxygen and hydrogen lead to the
tic Peninsula are presently retreating (Cook et al., 2005) andractionation of water molecule$§0/180 and?H/H ratios)

the height line of permanent dry snow has clearly ascendeduring water phase changes (such as evaporation). More-
over the last decades (Rau and Braun, 2002; Tedesco @ver a continuous depletion of the heavy isotopes occurs rel-
al., 2007). The warming of both the atmosphere and theative to the temperature variation and trajectory of air masses
ocean has been producing an increase of humidity, leadingluring condensation (Dansgaard, 1964). Distillation of the
to raised snow accumulation rates in the southern WAP afeavy isotopes from an air mass will follow approximately
shown by Thomas et al. (2008). However, the mass bal-a Rayleigh-type process (Dansgaard, 1964; Gat, 1996). In-
ance of the Antarctic Peninsula is negative with a loss ofcloud condensation of moisture occurs in an approximately
~38.1Gtal, mostly concentrated in the central and north closed system and therefore the isotopic composition at the
regions (~ —286Gta 1) according to Chen et al. (2009). moment of precipitation will depend mainly on the local
Nonetheless, Hall (2009) shows that the ice shelf ground-air temperature (Rozanski et al., 1993; Gat, 1996; Clark
ing line of the Antarctic Peninsula has constantly retreatedand Fritz, 1997). This makes the isotope composition of
since the Last Glacial Maximum and reached its approxi-precipitation suitable to identify air temperature fluctuations
mate present position during the early Holocene time, with(e.g. summer and winter oscillations) and changes in the air
some glacier advances at around 7 ka, 5ka, 2ka and 0.7 kaasses pathways and moisture sources. The secondary iso-
in the Holocene. According to Hall (2009) the present over-topic parameter known as deuterium excefscbsy, was

all glacier retreat in the area of the Antarctic Peninsula isdefined by Dansgaard (1964) in the following relationship:
not unique in recent periods, but is now reaching warm con-d = 8 D — 85180. This parameter refers to the fractionation
ditions similar to those of the mid-Holocene within a short rate difference (or excess) of HBD and 180 during the
period of time (decades). Moreover, the ice shelf disintegra-evaporation of water vapor from the ocean (kinetic evapo-
tion has not been detected even during the warm Holoceneation process). Since the posterior in-cloud condensation
phases. The rapid warming of the WAP most likely orig- is considered to occur in equilibrium conditions (Dansgaard,
inated from the intensification of the westerly circumpolar 1964; Gat, 1996), thé.ycessgenerally does not undergo fur-
trough and increasing transport of heat from the ocean ather modifications during the rain-out process. Therefore,
lower latitudes, which has been related to the positive shift ofdexcesswill depend mainly on the conditions at the evapora-
the Southern Annular Mode (SAM) index (Marshall, 2003) tion moment, i.e. relative humidity:{, sea surface tempera-
since the 1960s (Thompson and Solomon, 2002; Gillett eture (SST) and wind speed at the moisture source. Because of
al., 2006; Marshall et al., 2006). The intensification of SAM these characteristicgegxcessS Useful to identify the moisture
has recently been related to anthropogenic causes like insource conditions and to reconstruct variations of these con-
creased concentration of greenhouse-gases in the atmosphetitions in time, a tool broadly accepted and well-suited for
and stratospheric ozone depletion (Gillett et al., 2008). Littleglacio-geochemical investigations (e.g. Stenni et al., 2010).
is known about when these processes started and their evolldemura et al. (2008) made direct measurements of water
tion through the industrial period. Additionally, the existing vapor above the sea level at southern high latitudes, as one
scarce meteorological data%0 a) is often interrupted and of the first empirical validations of thégycessvariability in
clearly geographically-biased, because most of the stationsesponse to sea surface conditions. They founddiatss

are located at coastal regions. For these reasons, a bettaegatively correlates withh and positively correlates with
and deeper understanding of the climate variability of the 1astSST, however, a strong and random variability is observed
decades to centuries is still urgently needed for the region. close to the Antarctic coast region.

The stable isotope composition of Antarctic ice offers a In this paper we aim to construct a comprehensive iso-
unique proxy to extend the existing meteorological recordstope geochemical and hydrological data set to characterize
well beyond the pre-instrumental times. The interpretationthe present climate and hydrological situation at the northern
of this proxy is not straight forward and requires a detailed Antarctic Peninsula, a basis needed for on-going and future
study of the different parameters affecting the isotope com+esearch in this region. This work is also aimed to contribute
position of precipitation stored in the glaciers. It has beento the objectives of the newly created initiative of the Tropi-
demonstrated that precipitation reflects not only air temper-cal to Polar Connections Institutenfrw.polartropical.ory
ature variations, but also conditions at the ocean surface, at-
mospheric teleconnections and circulation shifts, as well as
other local effects (Ichiyanagi et al., 2002; Uemura et al.,2 Study area
2008; Thomas and Bracegirdle, 2009). Stable isotope (oxy-
gen and hydrogen) content of water molecules in precipita-Our study focuses mainly on the northern Antarctic Penin-
tion are considered as an excellent proxy to trace seasonaula and the South Shetland Islands. Two key regions were
changes in air temperatures, especially in Polar Regionselected for our field work due to their glaciological poten-
(Dansgaard, 1964; van Ommen and Morgan, 1997). Thermotial, relatively easy access, adequate logistical facilities and
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1030 m a.s.l.) reached the first time on the 31 January 2010 with a
Twin-Otter aircraft of the Chilean Air Force. From this location a
firn core of 11m depth was extracted (OH-6).

Fig. 1. Map showing all locations mentioned in this paper, as sta-
tions in Antarctica (yellow dots), ice/firn core retrieve locations (red
points), and ongoing and future research areas (orange dots).

tive temperature trend of 0.028 a1 is observed since the
beginning of the meteorological record (Fig. 2). According
to Blindow et al. (2010) and &kamp et al. (2010), the ice
cap of KGlI displays a polythermal regime, with a lower tem-
perate part and a cold part above 400 m a.s.I. However, the
exact line of transition between temperate and cold regime
is still a matter of discussion. The altitude of the ice cap
[ 1Y ) an s reaches 700 m a.s.l. in the central region of KGI (Blindow
________ - wil et al., 2010). Rckamp et al. (2010) and Wen et al. (1998)
estimate that the MAAT at the highest point of the ice cap
should be around-6 to —6.6°C. This implies that the KGI
ice cap is very sensitive to climate variability. The firn/ice
transition was identified at 35 m depth by radio echo sound-
ing profiles (Blindow et al., 2010) and by density profiles
R A R R RN R RN RN AR RS of ice cores retrieved at the main glacier dome (700 m a.s.l.)
1970 1980 1990 2000 in this island (Sindes et al., 2004). Both studies detected a
Year (AD.) water table above the firn/ice transition. As a consequence
of the climatic conditions of the region, strong melting, melt
water percolation, and refreezing processes are evident, thus
Island, and O’Higgins station (OH, blue line), Antarctic Peninsula. making the drilling process and interpretation of the isotope
For both stations linear regression (dotted lines) are presented, a%lgnal in the temperate part of the ice cap complicated.
well as the annual air temperature trend (equations). The second study region at the API had been much less
explored and the scientific background is scarce. The coastal
region displays similar meteorological conditions as for KGl,
previous work. These two areas are the ice cap covering Kindgnowever, the MAAT at sea level is slightly lower8.8°C)
George Island (KGI), South Shetland Islands, and the refor the period 1963-2008 at the O’Higgins Station, which is
gion south-east of the Chilean Antarctic Station “Bernardolocated 140 km to the south of KGI (Fig. 1). The trend of the
O’Higgins” (later referred to as O’Higgins — OH) at the airtemperature registered at this station is similar to that from
Antarctic Peninsula (API) (Fig. 1). KGlI, with an increase of 0.02Z a1 (Fig. 2). The nearby
KGlis a 1250 kn? island covered by an ice cap with an ex- Laclavere Plateau (1030 m a.s.l.), around 19 km to the south-
tension of more than 1158 Kn{>90 % of KGI) (Sindes et  east of OH (Fig. 1), was reached and explored for the first
al., 1999). The climate regime of the island is characterizedime during the austral summer 2010. The plateau has a flat
by maritime conditions. The surface mean annual air tem-surface of approximately 6 km long and 3 km wide (Fig. 3)
perature (MAAT) recorded at the Russian Station Belling- and divides the warmer and moist west side from the colder
shausen is-2.3°C for the period 1968-2009. A clear posi- and drier east side of API. Therefore, this plateau represents

y =-52.3 +0.025 x

Temperature (°C)

y =-47.7 + 0.022 x
-6 - -6

Fig. 2. Mean annual air temperature (MAAT) of the last 4 to 5
decades from Bellingshausen station (FP, red line), King George
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Fig. 4. Overview of the study area on King George Island (KGI), South Shetland Islands. Precipitation samples and meteorological data were
collected at the Chilean station Frei and the neighbouring Russian station Bellingshausen; expeditions to the KGI glacier were organized
from the Uruguayan station Artigas (green dots). Three firn cores (red dots) were retrieved from this area between the local Bellingshausen
dome (FP-4) and the main dome of KGI (FP-1). The Landsat 7 satellite image is available at the LIMA wiettsitdirha.usgs.goy/

Contour lines shown are from the Antarctic Digital Database (ADBM.add.scar.org:8080/apid

a key location to investigate the recent climate variation of4, OH-5 and OH-6 from API (Fig. 5); coordinates and fur-
the region. Using the same temperature gradients invoked bther details of the firn cores are given in Table 1. At both
Rickamp et al. (2010) and Wen et al. (1998), the MAAT at stations of the precipitation collection network more than
Laclavere should be arourdl0°C, and since the air temper- 300 samples were gathered (Table 2). The firn cores were
ature oscillation recorded at OH is in the ranget#.6°C, retrieved using a mechanical 9 cm diameter drilling device
monthly mean air temperature should stay the whole yeafRufli auger), stored frozen at O’Higgins and at the Chilean
below the freezing point, making this area ideal for glacio- scientific station Escudero (King George Island) and later
logical investigations. transported to the ice core processing facilities of the Al-
In addition to the ice-coring work a network for collect- fred Wegener Institute in Bremerhaven, Germany. There, the
ing precipitation samples was established in cooperation wittcores were sampled with a 5 cm resolution for stable isotope
the Chilean Meteorological Service (DMC) and the Antarctic analyses. A visual logging and description of the cores was
Department of the Chilean Army (DAE). Two stations collect carried out to identify melt layers. Thereafter, firn and re-
precipitation samples and provide the meteorological recordcent precipitation samples were analyzed by Finnigan Delta-
on a daily schedule since 2008 until present. These are 10S mass spectrometers, following the gas equilibration tech-
cated at the Antarctic Chilean Stations Eduardo Frei (FP)ique as described by Meyer et al. (2000), with a precision
and Bernardo O’Higgins (OH), situated on Fildes Peninsula,better than 0.1 %o for oxygen and 0.8 %. for deuterium iso-
KGI, and the API, respectively (Fig. 1). topes. Stable isotope data are later compared to major me-
teorological and synoptic features of the region. For this
purpose different data sets are incorporated to our analy-
3 Methods sis. Meteorological data at daily and monthly resolutions

. . . are available from the Global Summary of the Day (GSOD
During three consecutive summer campaigns (2008_2010)data sets of the National Climatic Dyata Cente?/ ((NCDC)
several firn cores (more than 80m in total) were retrieved ’

. available at: www.ncdc.noaa.ggy and the SCAR Refer-
from KGI .and the'northern part of API. At both localities, ence Antarctic Data for Environmental Research (READER,
an altitudinal profile was completed from sea level up to

1030m a.s.l. A total of 7 firn cores are included in this pa- Zri:ablz%g:)wmvxs/.agég\r/(;tllca.g(;;kilcrge:r/ aRCIi'gr??;ﬁI)u g]r?dr sea
per: FP-1, FP-3 and FP-4 from KGI (Fig. 4), and OH-1, OH- &% & » Tesp Y-

The Cryosphere, 6, 313330, 2012 www.the-cryosphere.net/6/313/2012/
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Fig. 5. Study area in the northern Antarctic Peninsula region. The Chilean station O’Higgins (green dot) is located at the west side of the
Antarctica Peninsula on the Isabel Riquelme Islet facing the Bransfield strait. At this station precipitation samples and meteorological data
were collected. Between the O’Higgins station and the Plateau Laclavere (1030 m a.s.l.) four firn cores (red dots) were retrieved during 2008
and 2010. The Landsat 7 satellite image is available at the LIMA welbgtge/(lima.usgs.goy/ Contour lines shown are from the Antarctic

Digital Database (ADD)Www.add.scar.org:8080/ajid

surface temperature (SST) time series were extracted fromarl.noaa.gov/HYSPLIT.pHp This 3-D model was fed with
the Hadley Centre Sea Ice and Sea Surface Temperature datae global data assimilation system (GDAS) archives from
set (HadlSST,http://hadobs.metoffice.com/hadigst/ The NOAA/NCEP (Kanamitsu, 1989). GDAS offers a global 1
HadISST provides SST and SIF on a globaltad 1° grid to 1° latitude-longitude spatial coverage with a 6-h temporal
in monthly means from 1973 to the present (Rayner et al.resolution and is available from 2004 to the present (for more
2003). SIF fields results from a blend of in situ sea surfacedetails visithttp://ready.arl.noaa.gov/gdasl.phgingle tra-
observations and a special sensor satellite estimates frofgectories were later grouped in 4 major clusters for each sta-
the microwave/imager SSM/I. NCEP/NCAR reanalysis datation, following a statistical treatment that calculates the spa-
(Kalnay et al., 1996) were used to estimate the relative hutial variance of the trajectories.

midity (%) of the region. This reanalysis uses a state-of-the-

art analysis/forecast system to perform atmospheric data as-

similation from 1948 to the present. Datasets are provided* Results and discussion

in a 2.5 to 2.5 latitude-longitude regular grid. HadISST

and NCEP/NCAR fields were resampled to a regional scalet-1 8'%0 and §D

in a Bellingshausen component (West Antarctic Peninsula), ] )
Weddell Sea component (East Antarctic Peninsula) and 40 the next section, oxygen and hydrogen stable water iso-
whole region component (Bellingshausen and Weddell com{0P€s of precipitation and firn core samples are presented,
posite). The fields were resampled bordered by\85to compared and discussed. All results are referred to the V_|-
40° W longitude and 60S to 90 S latitude limits. A field €nna Standard Mean Ocean Water Standard (VSMOW) in
horizontal mean was computed to construct the time se%°: as_‘slgo andsD for oxygen and hydrogen isotopes, re-
ries used. Additionally, for each precipitation event regis- SPectively.

tered at O’Higgins station, a 3-day air parcel backward tra- o

jectory was calculated to identify the moisture mass prove-+-1-1  Precipitation samples
nance. For this purpose, we used the free accessible Hybri
single-particle Lagrangian integrated trajectory (HYSPLIT)
model (Draxler and Hess, 1998, available htp://ready.

ﬁiable 2 shows the results and basic statistics for the precipi-
tation samples collected at FP and OH stations. At both sta-
tions the collection period was 14 months (February 2008 to

www.the-cryosphere.net/6/313/2012/ The Cryosphere, 6, 31326, 2012
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Table 1. Geographical location, mean isotope values and basic statistics of the high resolution (5 cm) stable isotope analyses of all firn cores
retrieved from King George Island (FP) and the northern Antarctic Peninsula (OH).

Core FP-1 FP-3 FP-4 OH-1 OH-4 OH-5 OH-6
Site KGI KGI KGI API API API API
Coordinates 62.193S, 62.13 S, 62.16 S, 63.33 S, 63.36 S, 63.38 S, 63.45 S,
58.67 W 58.7P W 58.89 W 57.88 W 57.80 W 57.62 W 57.76 W
Drilling date 11Jan 2009 6Feb2009 8Feb2009 23Jan2008 19Jan2009 31Jan2009 30Jan 2010
Altitude (m a.s.l.) 620 440 130 220 350 620 1030
Depth (m) 15.56 15.28 1.42 14.96 15.75 10.6 11.02
8180 (%o)
Mean -9.2 -9.7 -7.8 -9.7 -104 -10.2 -12.0
Sdev 1.5 0.9 0.4 0.4 1.2 1.5 2.5
Min -18.2 -13.7 -8.5 -11.3 -14.1 -14.2 -19.8
Max -5.2 —6.8 —6.6 —-8.7 -7.0 7.2 —6.5
5D (%o)
Mean —-70.2 —73.7 —61.4 —75.3 —78.9 —-78.1 —-914
Sdev 12.1 6.9 35 2.9 9.7 12.0 194
Min —-142.8 —105.8 —65.8 —88.9 -108.2 -111.2 —154.9
Max —40.3 —43.9 -50.1 —67.4 —-54.0 -52.1 —-53.2
dexcess(%o)
Mean 3.8 3.8 1.2 2.2 4.0 3.9 4.4
Sdev 2.5 1.9 0.6 0.8 1.5 1.7 2.8
Min -3.3 -2.3 0.2 0.0 0.5 -0.6 —2.6
Max 13.7 11.0 2.6 5.0 8.6 8.2 15.0
n (samples) 308 303 27 256 318 213 124
Samples al (approx.) 87 97 - 81 87 88 95
Accumulation (kg n2a—1) 2250 - - - - - 2350

March 2009). Unfortunately an extended gap in time duringOn a monthly scale, a semi-annual behavior in the number
the collection in winter occurs at FP, as a consequence of loef events is apparent with maxima at the end of summer
gistic difficulties. Therefore, we base our analysis mainly onand during spring, and an extreme peak in June 2008 (16
the samples collected at OH and transfer the conclusions tevents). The semi-annual distribution at OH is coincident
KGI, since meteorological conditions like mean air temper- with long-term meteorological observations at FP (Carrasco
ature (here referred to &) of both localities highly cor- and Gonalez, 2007). These characteristics reflect mainly
relate on a daily to seasonal time scale=(0.89, p < 0.01; the frontal-system origin of the precipitation events for this
February 2008 to March 2010). From the OH meteorolog-area and a constant year-round approach of fronts reaching
ical record, the mean dail¥y;; during the whole sampling this station. The isotope analysis of the precipitation sam-
period (-2.1°C) is around 0.3C lower than the mean daily ples show that mea#'®O value of OH (9.2 %o) is more

air temperature calculated only for days with precipitation depleted than the mean value of FP7(9 %o). It is likely that
eventsTp. In parallel, a lower mean air pressure at seathis marked difference is not completely caused by a latitu-
level is observed during days with precipitation events com-dinal effect (temperature difference) between both stations,
pared to the whole period (MSP=9832mbar is 5mbar  but rather explained by a biased sampling due to the lack
lower than MSLR;;) (Table 3). It should be noted that the of winter samples at FP. This bias is confirmed by calcula-
year 2008 was around € warmer than the average of the tion of the combined spring-summer (SON and DJF) aver-
past 2 decades (1989-2009), but an anomaly in MSLP haage, obtained by subtracting the autumn-winter (MAM and
not been detected. The collected precipitation samples sho@JA) means, which show similat80 values for both OH
almost no seasonal difference in the distribution of the pre-(—8.9 %o) and for FP {8.1 %o) 24 stations, respectively. As
cipitation events during 2008-2009. 33, 35, 36 and 35 pre-mentioned before, usually a correlation between air (conden-
cipitation events were registered during summer (DJF), ausation) temperature antt8O (5 D) composition of precip-
tumn (MAM), winter (JJA) and spring (SON), respectively. itation exists, yet the observed relationship is not easy to

The Cryosphere, 6, 313330, 2012 www.the-cryosphere.net/6/313/2012/
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18 X Lo X Linear regression:
Table 2. Mean§~°0 and$ D values and basic statistics of precip- 4
itation samples collected between February 2008 and March 2009, 6 5%=-8+041T ° °
and geographical coordinates of the corresponding collection sta- (ro= 0.79, rair = 0.65, p < 0.01) & 2
tions: Frei (Fildes Peninsula, King George Island, South Shetland o 0
Islands) and O’Higgins (North Antarctic Peninsula). ] S
Station: Frei (FP)  O’Higgins (OH) L 40 o | . g
Coordinates: 62%2S,58.96 W 63.32S,57.9W g
ma.s.l.: 45 13 OH Station 6 §
-@- 5"°0% (monthly mean) =
5180 %o 12
T, (daily) — -8
Mean —7.9 -9.2 : 1:1:2:1(;0“1;?2%) 10
Sdev 2.6 3.3 14 ’
Min —-15.7 —-19.4 \ \ \ \ \ \
Max -18 -38 01.08 0408 07.08 10.08 01.09  04.09
Date (month.year)
8D (%o)
Mean _62.3 —_705 Fig. 7. Mean monthlys180 values (blue dots) of precipitation
Sdev 20.8 26.4 samples collected at O’Higgins station. Also shown are data of
Min ~126.5 ~150.6 mean monthly air temperature during precipitation days offify (
Max ~10.7 _21.8 green dots), daily record’jr, light grey) and smoothed recofd;,

(30 day smoothing, black line) at this station. A clear seasonal
dexcess(%o) variability of 8180 is observed, linear regression of %0 and
Mean 0.6 27 T correlation is presented in the figure.

Sdev 25 4.2

Min -5.0 —6.6

Max 6.9 22.3 al., 2009). On the other hand, monthly averages calculated
n (samples) 66 139 from daily events, significantly improve tédo/ T correla-

tion coefficient { =0.79, p < 0.01) (Fig. 7). The improve-

ment of thes180,/ T correlation is produced by the smooth-

0— ing of (high) daily T variability, and therefore the seasonal

e oscillation is enhanced. This confirms tl&fO composi-

] ) w oo tion of precipitation, at least on a seasonal scale, indeed cap-
ZE_S | ) 14l 3 g tures theTy; variations of the region, despite of the limited
2 R sl - 'g seasonal temperature fluctuations. The temperature differ-

12 | M - ence between monthlf,; and 7, (Table 3) at a monthly

5% % OH (da”' . scale is around} = Tyjr + 0.5°C. For this reason a correc-
6] ® 0 y) . . K .
T (°C) OH -2 tion has to be applied for th&®0/Ty; relationship. From
the monthly means &'80/T gradient of 0.41%3C~ has

-20 I I I I
01.08 03.08 05.08 07.08

09.08 11.08

Date (month.year)

Fig. 6. Isotopic composition of precipitation samples (blue dots) St
collected at O’Higgins station in a daily schedule during Febru-

ary 2008 and March 2009. The mean daily temperatures (light gre))N
line) for O’Higgins are displayed as well. A high variability of air

01.09 03.09

been calculated, being quite similar to that determined for
the Ukrainian station Vernadsky (formerly Faraday) (Peel et
al., 1988; Thomas and Bracegirdle, 2009). The Vernadsky
ation has an extensive isotopic data base of more than 40 a,
hich started in 1964 and finished in 2005, while the mete-
orological record expands from 1947 to the present. From

temperature and isotope data is observed, especially during the wirthe 8 D/8180 relation (Craig, 1961; Rozanski et al., 1993),

ter season.

understand (Fig. 6).

known as meteoric water line (MWL), more detailed con-
clusions on the origin and evolution of the moisture masses
can be drawn. Slope artD intercept of the Local MWL

The isotope composition of precipi- (LMWL) result from the evaporation setting at the moisture
tation at daily resolution correlates relative poorly with

source and the local condensation conditions. The slope of

(r =0.35, p < 0.01). This is mostly related to the meteoro- the LMWL at OH @ = 7.89) is very close to the Global
logical instability and low temperature oscillation (standard MWL (GMWL; m = 8.13) (Rozanski et al., 1993), indicating

deviation, o = 3.5°C), typical for the maritime influence

that condensation process occurs in equilibrium conditions.

and for the complexity of the isotope fractionation process atAdditionally, no seasonal variations of the condensation con-
coastal regions (Carrasco et al., 2003; Noone, 2008; Sime datitions (seasonal effect) are interpreted from our data. The
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Table 3. Basic statistics of air temperature and air pressure at sea level for Bellingshausen Station at Fildes Peninsula (FP) and O’Higgins
Station (OH), separately calculated for days with precipitatignand SLR) and for the whole collection period4jr, SLPyjr).

Bellingshausen — daily

Bellingshausen — monthly means

Tair Tp  SLPyj SLP, Tair Tp  SLPy SLP,

(°C) (°C) (mbar) (mbar) €) (°C) (mbar) (mbar)
Mean -0.7 0.5 985.7 Mean —0.4 -0.1 988.4 984.9
Sdev 3.1 2.7 11.0 Sdev 23 2.9 4.8 6.8
Min —-12.8 -9.6 951.7 956.1 Min —-5.1 -80 9822 975.6
Max 3.8 3.7 1025.3 1015.2 Max 2.1 2.2 1001.3 1001.1
n (events) 406 62 61 n (events) 12 12 12 12

O’Higgins — daily O’Higgins — monthly means

(°C) (°C) (mbar) (mbar) C) (°C) (mbar) (mbar)
Mean -23 —-2.0 9887 983.2 Mean —2.1 -1.6 989.0 983.3
Sdev 3.6 3.7 11.7 Sdev 2.6 2.8 5.2 6.2
Min —13.8 —14.0 949.2 9492 Min —=7.1 —-7.3 979 9747
Max 3.4 25 1022.4 1011.6 Max 1.3 1.4 999 996.2
n (events) 372 136 135 n (events) 14 14 14 14

similar slopes of both lines, but lower intercept of the LMWL perature in the southern high latitudes. The counting of al-
(1.2 %0) than that of the GMWL (Fig. 8a), indicates slightly ternation of these peaks is the most common method used
difference of evaporation conditions in the moisture sourcefor dating of firn and ice in regions with high accumulation
with respect to the global average. This point will be dis- (Legrand and Mayewski, 1997). However, this is not an easy

cussed in greater detail in the following sections.

4.1.2 Firn cores

The most negative meatt®0 value (12 %o) is found for
core OH-6. The location of core OH-6 corresponds with theclearly dependent on the altitude, with constraingglesfor
highest altitude of the study area (1030 m a.s.1.). On the othethe cores in lower altitudes and increasingresin high lo-
hand, the cores OH-1, OH-4 and OH-5 show only a slightcations. Moreover, the deviation of the isotope composition
difference in theis180 mean, and precipitatioh'®0 mean
values, despite the altitude differences between the coring loifation (o = 3.3), pointing out that at this location, melt is
cations. This implies that an isotopic altitude effect is visible absent or strongly reduced. These observations are also con-
only above 600 m a.s.l. (i.e. between the location of OH-5firmed by the visual inspection of the firn cores OH-1, OH-
and OH-6). Unfortunately no direct comparison within the 4, FP-3 and FP-4, which displays several ice layers caused
cores from FP is possible, since only 2 of the 3 cores arddy melt and refreezing up to several centimeters thick. In
suitable but located too closely to each other, thus no altitudéhe case of these cores retrieved closer to the coast, the in-
effect is visible. Co-isotop&D/s180 diagrams of the cores filtration and refreezing is especially strong with up to 0.5m
allow us to compare the precipitation and firn samples, S|m_th|C|( melt/refreeze sections. In contrast, the core OH-6 does
ilar to the LMWL explained in Sect. 4.1.1. From Fig. 8b, not show any major ice layers. The few ice layers in this

it is observed that all firn cores have a slope close to 8 an@ore are all less than 1cm thick and rather represent wind-
intercepts between 0.4 and 4, and are therefore quite Sin‘Q'&ZGd crusts. An exception was observed at around 0.5m
ilar to the precipitation LMWL (below the GMWL). From depth (snow) where a clear melt-refreeze ice layer is visible
these observations, it can be derived that (1) the fractionatiofvith a thickness of around 2cm. This layer has a clearly
during the condensation process is common for the wholedefined upper surface, and was then covered by snow. De-
region, and (2) that post-depositional effects (e.g. diffusionspite of the fact that the cores above 600 m a.s.I. (FP-1, OH-5
and/or sublimation) do not play an important role for the and especially OH-6) are most likely not (or only rarely) af-
snow/firn isotopic composition of the area. It is widely ac- fected by melt-percolation processes, no clear seasonality in
cepted that annual®0 ands D maxima (minima) occur in
summer (winter) coincident with highest (lowest) air tem- and estimation of accumulation rate is not a straight forward

The Cryosphere, 6, 313330, 2012

task in our study area. As seen in Table 1, all firn cores below
600 m a.s.l. show a strong smoothing of the isotopic signal
that can be visualized from ti#é80 ands D standard devia-
tion values §cored, caused by the summer melt of the surface
snow and firn. Thergresfor both FP and OH locations are

of OH-6 (0 = 2.5) is almost identical to that of OH precip-

the §180 (5 D) record can be seen (Fig. 9). Thus, the dating
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Fig. 8. Co-isotope relationships forta) Precipitation samples collected in O’Higgins showing the Local Meteoric Water Line (LWML)
defined for this location (black lineYp) Firn cores retrieved from King George Island (FP cores) @dirn cores from the Antarctic
Peninsula (OH). For all correlations the equation of the best linear fit is presented, additionally the Global Meteoric Water Line (GMWL) is
shown for all three figures (dashed grey line).

procedure. The explanation for this feature is linked to thecalculated (Fig. 10). A meadeycessvalue of 2.7 %o (Ta-
meteorology of the region, with restricted seasonal temperble 2) suggests that the evaporation of the moisture reaching
ature oscillations. Sime et al. (2009), described that thethis station occurs in conditions of relatively high most
8180 (5 D) signal reflects only between 11 % and 30 % of the probably with origin in the adjacent Southern Ocean. Ac-
MAAT for the James Ross Island area, north-east Antarcticcording to the relationship defined by Uemura et al. (2008):
Peninsula (Fig. 1). The isotope/temperature relation varies/ = —0.61k 4+ 55.7, the evaporation of moisture that arrives
along the Antarctic Peninsula improving to the south-westat OH should occur under conditions 87 % relative hu-
(explaining up to 70 % of local MAAT variation), depending midity, close to the global mean of 85% (Clark and Fritz,
on local daily, synoptic and seasonal atmospheric and metet997) calculated for the GMWL of Craig (1961) and the
orological characteristics. The isotope seasonality signal ofGNIP data base (available ahttp://www-naweb.iaea.org/
our study region is further discussed in the following deu- napc/ih/index.html (Rozanski et al., 1993). The disagree-

terium excess section. ment between global mean values and precipitation at OH
_ (contrastingdexcessbut similar i), indicates that the use of
4.2 Deuterium excess the GMWL for Antarctic coastal regions is not precise, since

) . evaporation and condensation occurs under different con-
Here, we present and discuss the results ?‘; the highyitions than those from tropical and sub-tropical regions.
resolution measurements dcesscalculated from=*0O and  rherefore, we introduce a local MWL, which should bet-
3D values. ter fit for these purposes. Dailfeycessvalues are shown in
Fig. 10, displaying a large variability, especially in winter. A
very similar, but inverse pattern is seen for thg (Fig. 10,
From all 139 samples collected at OH between Febru-ight grey line), therefore suggesting that lo@alr controls
ary 2008 and March 2009 singltscessvalues have been the dexcessvariability. This is a substantial observation of

4.2.1 d excess of precipitation

www.the-cryosphere.net/6/313/2012/ The Cryosphere, 6, 31326, 2012
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(b) FP-1 pth (m) Fig. 11. Monthly dexcessmean (red dots) of precipitation samples
6 N 2 5 e [ -6 from O’Higgins station and daily air temperaturyg, light grey).
IS 1] ] 5] The smoothedy;, (black line) correspond to a 30 day running mean
{ ; function. For visualization purposes thgxcessaxis has been in-
verted.
i treme meteorological conditions, as observed in fast drops
s s s ok of Tair, €.9. on 4 July[p = —14°C), 5 August G = —-9°QC)
i : P T Smened®W| L4 and 23 Augustl, = —12°C) reflected in a strong increase of
S 2 4 6 & 10 12 14 dexcess(22.3 %o, 13.8 %0 and 14.6 %), respectively (Fig. 10),

Depth (m) which is characteristic for input of Antarctic continentally
originated moisture. The increased¥cesshas been related
Fig. 9. High resolution (5cm, light grey lines) and smoothed to changes in the fractionation rates at extreme low temper-
(20 points, blue line)180 signal of fim cores(a) OH-6 and(b) FP- atures and to the kinetic fractionation produced by the ice-
1. OH-6 was retrieved from Laclavere Plateau (Antarctic Peninsu|a)crysta| formation from super-cooled air masses. This effect
in 2010; FP-1 was retrieved from the main dome of King Georgejs mainly visible above 2000m a.s.l. (Jouzel and Merlivat,
Island (South Shetland Islands), in 2009. Note that none of the1984; Masson-Delmotte et al., 2008). Nonetheless, the gen-

cores show defined seasonal cycles, as seen from the year of dep8ial negative correlation of daibexcessvalues andry is rel-
sition. The first day of the year is approximately indicated (dashed_.. . -
atively low (- = —0.42, p < 0.01), due to the instability of

red lines). meteorological conditions. This correlation greatly improves
on a monthly to seasonal scale, as f§t0, mostly because
SRR the extreme and fast changes in temperature are smoothed,
i ,* * revealing a more realistic relationship betwafgcessand
: il ﬂ\n‘ ;‘ i _Tair‘ (anq Tp). The vymter te.mperafcure drop of the precip-
Al WUMW \“!“J‘f“w\ i I L itation site is then I|n.ked W|th an increase dixcess The
ViV m {9 5“‘ ' oH B physical explanation is most likely the decreasé: @ind/or

C)

d excess (%o)

Temperature (°

\“
}w ?"‘FJ“ I — T, (daily) .10 SST at the moisture source. Figure 11 shows a summary of
20 ‘ \1" ! @ dexcess | the monthly mean values @kxcess Tair and Tp. Linear re-
— ﬁ | — T gressions demonstrate that the correlation coefficientsré
03.08 0508 07[.)0;:e (moﬁ-]ofear) 1108 01.09  03.09 high between bothl,ir and 7y, relative todexcessvalues. Re-
' gressions and are given for monthly mean values by the

expressions:

Fig. 10. dexcess(red dots) values of daily precipitation samples col-
lected at O’Higgins stations and daily air temperature record (light

grey lines) from this station. For visualization purposesdfi@ess d=154-054T5 (r=-061 p<00D @)
axis has been inverted.

and

d=173-059T, (r=-072, p<0.01 (2)

this investigation, because: (1) this gives the possibility to

use thedexcessvariability as geochemical proxy for loca@;, The linear regression equations demonstrate that the isotopic
and (2) the synchronous (inverse) variatiorfgf anddexcess ~ cOMposition of precipitation from this region reflects most
implies that the moisture source should be located relativelyof the meteorological variability at seasonal and even sub-
near, since a longer path of moisture masses arriving at OHseasonal scales. Therefore, we conclude that the isotope
will cause a lag oy — dexcessOScillations. Furthermore, composition of precipitation represent a suitable proxy for
the single events reveal théixcessiS @ good indicator of ex-  Tyjr and climate parameters reconstruction.
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Table 4. Correlation matrix of mean monthly isotope values: resample of the high altitude firn cores (OH-6 and FP-1), precipitation (OH)
and major seasonal forcing of meteorological variability identified for this redigip € air temperature, SIF — sea ice fraction, SST — sea
surface temperature, and- relative humidity). Significant p-levep(< 0.05) are marked in red letters.

Tair OH Ty FP SIF SST h

FP-1

8180 0.39 035 —0.03 0.32 0.28 n=42
p=0.01 p=002 p=084 p=004 p=0.08

dexcess —0.66 —-0.73 0.52 —-0.61 -0.71
p=0.00 p=000 p=000 p=000 p=0.00

OH-6

8180 0.06 000 —0.11 002 —015 n=23
p=077 p=100 p=063 p=094 p=049

dexcess —0.59 —-0.61 0.76 —-0.72 —-0.34
p=000 p=000 p=000 p=000 p=0.11

OH

8180 0.70 084 —0.77 0.71 0.64 n=14
p=001 p=000 p=000 p=001 p=0.02

dexcess —0.59 —-0.70 0.49 —-0.32 —-0.78
p=003 p=001 p=009 p=029 p=0.00

15 (a) OH-6 ~ 15 4.2.2 Deuterium excess of firn cores

=}
o
Y

----2009

The dexcessOf most of the firn cores show mean values close
to 4 %o (Table 1), with values around 1.3 %0 above the mean

d excess (%o)

dexcess  oltion |- 0 dexcessvalue for precipitation (OH =2.7 %.), an exception are
—— Smoothed (20pt) the cores OH-1 and FP-4idycessOf 1.2 %0 and 2.2 %o, re-
. ' i i . . o 1 o4 16 spectively). Despite the slight difference between OH station
51 (b) FP-1 Depth (m) — 15 and firn deycessvalues, both are clearly under the GMWL

(dexcess= 10 %o0). At this step, some influence of moisture

of continental provenance cannot be discarded for high al-
titude locations of KGI and API. As demonstrated above,
both high-altitude cores (OH-5, OH-6 and FP-1) do not indi-

2009
++--2008
2007
2006

d excess (%o)

d excess

o4 ' 5 om resolution |~ 0 cate major signs of melting and/or percolation. Furthermore
A ‘ 5‘ ‘ : js"‘°°‘“?‘d (20pt) OH-6 show the highesfexcessvalue of all cores (4.4 %b).
0 2 4 6 8 10 12 14 16 Thus, thedeycessvalues in high altitude locations could re-

Deth (m) flect a slightly different moisture composition as compared

: . . ) . to the coastal area. Moreover, at both areas (OH and KGlI)
Fig. 12. Firn coresdexcesshigh resolution (5 cm samples, red line) .
and smoothed (20 points, red line) signal ¢&) OH-6, retrieved th(?dexceSSOf the cores systemgtlcally decreases tc_)wards low
in January 2010 at the Laclavere Plateau (Antarctic Peninsula),alt'tUdeS',Therefore' t%X_Ces?'d'ﬁerence between firn cores
and(b) FP-1, retrieved in January 2009 at the main dome of King @Nd precipitation values is likely not to be related to post-
George Island (South Shetland Islands). A clear seasonality is visidepositional effect. Additionally, melt and/or infiltration of
ble for both cores, however a decrease of the amplitude is observelPWer dexcess(SUMmMer) precipitation can be discarded as the
for the core FP-1 in depth, showing some post-depositional effectsmain cause of the lower values with decreasing altitude, since
The deposition year of firn for both cores are shown (black dashed/gycess0f OH-1 (220 m a.s.l.) is similar to that of precipita-
lines — approximately the first day of the year). tion at OH station. As previously mentioned, at this station
year-round well distributed precipitation events were sam-
pled and a seasonal bias of isotope composition can for this
reason be rejected. Other local effects like diffusion within
the snow cover or preferential removal of leigcesslayers
cannot be ruled out without direct observations (e.g. wind
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Fig. 13. Seasonality oflexcesspresented by three firn cores: FP-1 (King George Island), OH-1 and OH-6 (Antarctic Peninsula). The cores
were retrieved in different field campaigns during 2008 and 2010, therefore the depth axis is only referential, note as welldhatihe

axis has been inverted for better comparison of the data. Air temperature (dashed black line and diamonds) is from Bellingshausen Station,
Fildes Peninsula (King George Island). The first day of the year is represented by the vertical lines.

drift or sublimation), but these have been considered to be nofer Ty from oxygen and deuterium data. From the gener-
significant for the API region, due to the high precipitation ated age model, it can be preliminarily concluded that both
rates, and therefore not having a great impact on the isotopkcations have high accumulation rates. Wen et al. (1998)
composition (van Lipzig et al., 2004). The comparison of theand Sindes et al. (2004) retrieved ice cores from the main
dexcessStandard deviatiorvgycesg Of firn cores and precipita-  plateau area at KGI during different field seasons. Density
tion demonstrate that closer to the coast firn displays a strongf snow/firn of these cores show a compaction with an ap-
homogenization of the isotope composition, whesgesfor proximately linear tendency in the first 20 m and an increase
OH station gexcess= 2.7) is clearly larger than coastal cores step of 4.5 kg m® per meter, the surface snow density is esti-
OH-1 (excess= 0.8) and FP-4 dexcess= 0.6). Larger val-  mated to be around 490 kgTh Using these density profiles
ues of oexcessare found only at the high altitudes regions combined with our age model of FP-1, accumulation rates
(>600m a.s.l.) of OH and FP (see Table 1). Lowlgfeess Of 2542, 2296 and 1935 kgm a1 are estimated for 2008,
values, as mentioned above, are associated with more hum2007 and 2006, respectively for this location. These rates
conditions at the moisture source. This supports the assumpre similar to the mean accumulation of 2480 kgfra L

tion that the coastal regions are influenced by a stronger mardescribed by Wen et al. (1998), but much higher than ac-
itime regime, which slightly decreases towards the higher al-cumulation rates calculated by Shes et al. (2004) of about
titudes. Similar to the observed seasonal variations of th&s90 kg nt2a~1. However, the snow/firn cover of KGI in-
OH data, thelexcessOf firn cores presents a marked seasonal-cludes several ice layers, which are the product of percola-
ity (Fig. 12), hence allowing the use of thigycessseasonal  tion and refreezing. These may lead to overestimated density
variability as an instrument for dating of the accumulated values, which would therefore correspond to higher accumu-
snow and firn. In Fig. 13, the smootheldycessof cores lation rates. In general, the Antarctic coast exhibits elevated
OH-6, OH-1 and FP-1 are compared to thg from FP. accumulation rates (van den Broeke et al., 2006; Masson-
The smoothing of theleyxcessSignal was done using a spe- Delmotte et al., 2008). Hence, we conclude that &im
cial moving average function (box function), considering a et al. (2004) underestimated the accumulation rates of this
similar number of points before and after the smoothed valudocation.

(21 points,~1 m firn depth). In this case the FP record has

been used because of gaps in the monthly and daily me4.3 Main § and d excess forcing

teorological record of OH station during some periods be-

tween 2005 and 2010. This visual comparison underlies dn the preceding sections the relationship of stable water
correlation betweelT,ir and dexcess Moreover, assuming isotopes andl, has been largely discussed. Nonethe-
that accumulation is approximately constant through all seatess, correlation coefficients for this relationship are in some
sons, resampling to monthly means of the isotope data otases statistically significant although with relatively low sig-
firn cores can be performed. This allows a direct compari-nificance. The relationship betwe@hfO (§D) from firn

son of monthlyZ,ir anddexcessvalues (monthly re-sampled). cores andZ,r is complicated, and probably suitable only
Correlation coefficients for monthly means are given in Ta-to study inter-annual variability; in contrast monthiy20

ble 4. Additionally, thes'80 resampled value is presented means from precipitation events may reproduce well the
for comparison, reaffirming the complexity to directly in- 7y, variability. On the other handexcess(from cores and
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Fig. 14. Seasonal variation of monthly meansdgkcessof cores FP-1 and OH-6 compared to the meteorological variables: relative humidity
(h, green line) T Bellingshausen station (FP, dashed black line) and sea ice fraction (SIF, blue line) for the Bellingshausen Sea. Note that
thedexcessand SIF axes are inverted for visualization purposes.

Table 5. Correlation matrix of monthly isotope means of firn core winter will cause a decrease @kir, and on the other hand

FP-1 and OH-6 (resample values) and precipitation from OH station/air in sSummer will predispose the following season’s sea
for the 12 months common period (March 2008 to March 2009).IC€ genesis. This mechanls.m Is strong at the API region,
Significant p-level p < 0.05) are marked in red for easy recogni- Since most of the local oceanic moisture is transported by the

tion. westerlies and then trapped by the natural barrier of the API
range; therefore directly influencing the isotope composition

FP-1 OH-6 of coastal precipitations. Similar conclusion on the effect of
OH Prec 5180 dexcess 5180 dexcess sea ice over the isotope composition of moisture were drawn

by Noone and Simmonds (2004), recognizing the potential

8180 0.06 —0.74 —0.42 —0.72 n=12 . : .
" of water isotope (particularly théeycesy for paleo-climate

p=0.85 p=0.01 p=0.17 p=001

dexcess 0.14 0.76 ~0.12 0.30 reconstruction. In our study, the local isotope variability is
p=0.66 p=0.00 p=071 p=035 evaluated forTy, SST,h and sea ice cover (expressed as
EP-1 SIF) as the main drivers of the seasonal to sub-seasonal iso-

tope composition of moisture masses (Fig. 14). Table 5 dis-

5% » i.o_o » ;8'22 p ;8:?; p z_gj;’ n=12 plays a correlation matrix fai'80 anddeycessvalues of two

doxcess —0.05 1.00 0.03 0.69 firn cores (OH-6 and FP-1) monthly resample and of monthly
p=088 p=-— p=092 p=001 mean precipitation, compared with the meteorological time

OoH-6 series. High correlation coefficients are found digfcessOf

5 both firn cores withly;; from FP and OH stations (note that

570 —011 0.03 1.00 005 n=12 the OH station shows slighter lower coefficients probably re-

docoss :_8'23 b :%?629 Poos | :Of Z)o lated to the data gaps of the time series). As expected from
p=047 p=001 p =087 p=— our previous observation#80 from firn cores do not cor-

relate well withTy;,. However, SIF, SST and time series
correlate fairly well to thelexcessOf both cores, confirming
the dependency of the isotope composition from the moisture
precipitation) turns out to be suitable to study the regional cli-source conditions. The only exception to this assumption is
matic variability, because it does not directly depend on locakhe firn core OH-6, where thieldeycessCorrelation coefficient
conditions. The synchronicity dfair anddexcessvariation, s jow and not significant. Nevertheless, this is forced by
with absolute lowdexcessvalues, suggest a (humid) nearby two high deycessvalues, because of the low number of ob-
oceanic source of the moisture precipitating at the study reservations £ = 23). High deycessvalues most likely do not
gion. Thedexcessdepends primarily on thé and SST of  represent oceanic moisture and are linked to more continen-
the moisture source, moreovkrand SST seasonal oscilla- ta| influenced moisture. If these two peaks are removed, the
tion are I|nked a.nd inﬂuenced by the sea ice cover. Duringcorreiation improves toe = —0.46 and becomes Significant
winter, the sea ice cover can obstruct the contact betweegt p-level<0.05. Moreover, a spatial correlation analysis of
the water surface and atmosphere, therefore influeriing  4,,..ssand surface air temperature was carried out. To com-
h and SST. Weatherly et al. (1991) proved the interdepenpyte the spatial correlation, a longéscesstime series was

dency ofTair and sea ice cover, acting as inverse feed-backgenerated by compositing FP-1 and OH-6 monthly means,
mechanisms of each other, i.e. an extended sea ice cover in
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Table 6. Seasonal frequencies (in percentage) of the backward tra- 05
jectory clusters calculated from single events at OH station. The
right column indicates the number)(of single events recorded in ~0.55
each season.
-0.6
Cluster
1 2 3 4 n 085
DJF 21.2% 242% 51.5% 3.0% 33 - -0.7
MAM 212% 121% 60.6% 6.1% 33 °
JA  286% 457% 57% 200% 35 2 -0.75
SON 294% 324% 29.4% 88% 34 5
-0.8
this was analyzed against air temperature at surface level at -0.85
each NCEP grid point around the Antarctic Peninsula, Drake
Passage and Valdes Peninsula. Since each grid point was -0.9
a single time series, which allowed us to create a map of
spatial correlation (Fig. 15) with a single correlation coeffi- -0.95
cient to each lat-lon point. The analysis shows a significant
correlation ofdexcesswith the surface air temperature espe- —~80 ~70 ~60 50 -1

cially from the Bellingshausen Sea and Drake Passage area. Longitude ()

Furthermore, it is important to note the higher correlation of

dexcessWith the Atlantic Ocean sector than the Pacific side. Fig- 15. Spatial correlation of the calculateldxcessmonthly mean
OH monthly mears 180 and dexcessOf precipitation correlate cpmposnte from the firn cores FP-1 and OH-6 (red po_lnts) against
very well to Ty from both stations with a very high correla- air temperature (at surface Ieyel) from NCEP reanalysis. The color
tion coefficient with respect to FP station. The relationship":'caIle represents the correlation coefficieit (

between isotope composition and SIF, SST and more
complicated to interpret since the number of valid observa-5
tions is very restricted. In any case again the correlation be-
tweenh e}nddexcessremams strong. On the other hand, S€V- With the objective to further investigate the (physical) source
eral studies show that NCEP/NCAR reanalysis overestimateys moisture masses that arrive to the study area, the air

some of the meteorological parameters (Hines et al., Zooobarcels circulation model Hysplit (Draxler and Hess, 1998)

Smith et al., 2001). From our observation a relative humidity (available at: http://www.arl.noaa.gov/ready/hysplit4.hjmi

for the ngoisture source of about 84 % (cores OH-6 and FP1 ¢ heen used to reconstruct a 3-day backward circulation
1) to 87 % (OH precipitation) was estimated. NCEP/NCAR a1 of every single precipitation event registered at OH sta-

reanalysis for the corresponding locations and time periodg;,, arriving at 1500 m a.s.l. (850 mb approximately). Fig-
estimates a slightly highér=89 % for all cases. The inter- ¢ 164 presents a frequency chart of all paths that arrived
comparison between the two different locations with respectyyring daily precipitation events between February 2008 and

to the precipitation samples in a common time-span (Ta-\1arch 2009 (139 events). This figure shows a wide distribu-
ble 5), i.e. the period of common overlap of the two firn cores o, of the trajectories varying in their origin from the South

and precipitation collection (12 months in total, March 2008 pific in the north to the Bellingshausen Sea in the south,
to March 2009), allows to test the strength of the regional¢om the east (Weddell Sea and South Atlantic) some spo-
isotope signal. Thé'®0 correlation for the firn cores and agic events are seen as well. Most of the trajectories fol-
precipitation shows no coherent pattern, reflecting the highq,, 4 clear pattern following a restricted pathway between
spatial variability of local meteorological (e.@air) condi-  |4titudes 60 and 65 S. Following a statistical treatment,
tions. On the other hand, from this matrix is again confirmedy trajectories were clustered in 4 main paths to identify
that thedexcesssignal correlates for all data sets, with coeffi- 16 regions, from where the events preferentially originated
cients close or higher than 0.7, reaffirming the robustness ofrjg 16p). The statistical treatment consists of clustering the
the monthlydexcesssignal. trajectories with the lower spatial variance. Initially all tra-
jectories are considered independent clusters (as many clus-
ters as trajectories), consecutive passes will group the two
clusters with the absolute lowest spatial variance, repeating
this iteration as many times as trajectories to finally calcu-
late only one cluster and calculating a total spatial variance

Backward trajectory model
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Fig. 16. Backward trajectories analysis (3-day&) Frequency of track of the single trajectories calculation of air parcels arriving at OH
station (1500 m a.s.l. level) during precipitation events. A total of 139 single trajectories were calculatr) badkward trajectories
clustering for precipitation events at OH station. Four main clusters are identified, the percentage of trajectories bundled to each cluster is
stated in parenthesis (cf. Table 6). From a total of 139 trajectories, 4 events are not associated to any of the clusters. The red star shows th
location of O’Higgins Station.

(TSV) at each step. The optimal number of clusters is fi-rope 7. Mean isotopic composition of backward trajectory clus-

nally chosen arbitrarily observing when the TSV approacheders, each cluster containssingle events. Temperaturgy and air
a flat maximum. For further details visit the Hysplit website pressure (SLP correspond to the precipitation day only.

(http://ready.arl.noaa.gov/HY SPLIT.phpAfter running the
cluster analysis an optimal number of 4 clusters was recog- Cluster

n (3180 8§D dexcess Tp SLPp

nized (Fig. 16b). The most common direction (cluster 3) is (%) (%) %) (°C) (mbar)
found at around 55S (47 %), followed by two southern clus-

ters (1 and 2) that together gather almost 40 % of all events 1 27 -102 -78.1 32 -22 9794
originating south of latitude 63 (Bellingshausen Sea). The g ég _12-% _ng.; i-g _g-é g;g-g
seasonal distribution (Table 6) of the clusters reveals a mi- 4 17 —84 —648 25 33 9920

gration pattern with a preferential South Pacific origin (clus-
ter 3) in summer (DJF) and autumn (MAM), and preferen-
tial Bellingshausen Sea direction (cluster 2) in winter (JJA) be concluded: one between latitude$ S0and 60 S (South

and spring (SON). Later the clusters were combined with thePacific), representing the most common one; and a second
stable water isotope information to identify difference in the origin south of the latitude 605 (Bellingshausen-Amundsen
composition of precipitation events under the influence ofSea).

different sources. As seen in Table 7, both northern clusters

(3 and 4) are composed by events with less negatfe 6 Conclusions

(6 D) and tending to lowedexcessvalues. The southern clus-

ters (1 and 2) present lowét80 (5D) and higherdexcess Our results demonstrate that the combination of stable wa-
Both southern clusters are also associated with lower temter isotope analyses with different meteorological data sets
peratures and atmospheric pressures. In contrast, the cluéffer a valuable proxy for paleo-climate reconstruction in
ter 3 is associated with higher temperatures and pressurdéhe north Antarctic Peninsula region. Undoubtedly, this
Cluster 4, the less common, represents especially high pred@sk has been correctly recognized by previous studies as
sures containing all trajectories with an east component oc& complicated one (King and Comiso, 2003; Sime et al.,
curring most frequently in winter. This could reflect some 2009). Nonetheless, isotope analysi$®0 and D) of
influence of continental moisture or katabatic winds; how- Precipitation samples collected in a daily schedule during
ever this is not reflected in the isotopic composition. Finally 14 months (2008 to 2009) from Frei and O'Higgins sta-

meteorological variability of the region. The second order
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