Answer to the Editor:

Dear Dr. Smith, we certainly appreciate your input in this draft again and we are pleased that this
draft is almost suitable for publication.
Regarding your last observations:

Obs 1.

My question is whether you looked at a FFT spectrum, and identified two peaks, each including
a number of frequencies, or if you only used the two lowest-frequency bins in the FFT (i.e. the 1-
cycle-per-record and the two-cycle-per-record bins). If the former, you should state the cutoff
frequency (or wavelength) that you applied. If the latter, something is wrong, because any two
signals reconstructed from only two Fourier components are likely to have good correlation.

Response:

In our case, we did the former. We looked at the FFT spectrum in order to identify the first two
amplitude peaks. By following this procedure, we included a number of frequencies within the
lowest range obtained from the FFT analysis. The cutoff frequencies used for each core were:

3.14 < OH-4 <= 25.16 cm**
4.69 <OH-5<= 37.56 cm™
4.81 <OH-6<= 43.27 cm™*
4.31 <OH-9<=43.10 cm™*
5.26 < OH-10<= 78.95 cm*

This information is now included in Table 4 and the paragraph describing this in section 3.3 was
modified to include this information.

Obs 2.

In either case, the number of degrees of freedom in the filtered signals cannot be larger than the
number of Fourier components included in the spectrum input to the IFFT, so this is an important
number to quote in the text.

Response:

To compute de IFFT the whole spectrum was integrated up to the second peak, so that the interval
was covered by: O<freq<=cut off freq. This means that the peak around 0 is not included and the
second peak developed was effectively included (see Figure below). For example, in OH-9, the
second frequency peak was at 43.1, so to build the new low-frequency signal, all
frequencies/components were included until reaching the cutoff frequency of 43.1, without
considering freq=0. This has been better described in the replacement paragraph, and with the
addition of Table 4.
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We now indicate for each range of frequencies used for the IDFT the number of frequencies
contained in that range.

Response to the editor:

In addition, we proofread the document again and have corrected some minor mistakes in the
text.
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Abstract. Due to recent atmospheric and oceanic warmingAtitarctic Peninsula is one of the most challengiegjons of
Antarctica to understand both local- and regioraies climate signals. Steep topography and a l&deng—term and in
situ meteorological observations complicate therapdlation of existing climate models to the sulgigral scale.
Therefore, new techniques must be developed t@rbettderstand processes operating in the regiotods signals are
traditionally related mainly to atmospheric congfits, but a detailed analysis of individual compdse&an give new insight
into oceanic and atmospheric processes. This pEpEY to use new isotopic records collected fromnsaad firn cores in
conjunction with existing meteorological and oceadatasets to determine changes at the climatie scahe northern
extent of the Antarctic Peninsula. In particuladiscernible effect of sea ice cover on local terapges and the expression
of climatic modes, especially the Southern AnnMade (SAM), is demonstrated. In years with a lasga ice extension in
winter (negative SAM anomaly), an inversion layerthe lower troposphere develops at the coastat.zZbherefore, an
isotope—temperature relationshig-T) valid for all periods cannot be obtained, amstéad, the-T depends on the seasonal
variability of oceanic conditions. Comparativelyarisitional seasons (autumn and spring) have aistent isotope—
temperature gradient of +0.69%0-2CAs shown by firn core analysis, the near—surf@eeperature in the northern-most
portion of the Antarctic Peninsula shows a decreasiend (-0.33°C ) between 2008 and 2014. In addition, the deuterium
excess exces) iS demonstrated to be a reliable indicator ofeeal oceanic conditions, and therefore suitablenfirove a
firn age model based on seasodalessvariability. The annual accumulation rate in thégion is highly variable, ranging
between 1060 kg thy* and 2470 kg m y*from 2008 to 2014. The combination of isotopic ameteorological data in
areas where data exist is key to reconstruct dénzanditions with a high temporal resolution inld&oRegions where no
direct observations exist.
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1 Introduction

West Antarctica, especially the Antarctic Pening(/iR), has received increasing attention from ttiergific community
due to the notable effects of recent warming on atreosphere, cryosphere, biosphere and ocean.nthease of air
temperatures along the West Antarctic Peninsulatd@arrasco, 2013) displays signs of a shiftingate system since the
early 20th century (Thomas et al., 2009). Recentipid warming of both atmosphere and ocean hasedaice shelf
instability in West Antarctica, especially in somegions of the AP (Pritchard et al., 2012). Indigbleading to ice shelf
collapse has triggered accelerated ice-mass flad@tharge from land—based glaciers into the gcasithe ice shelves’
buttressing function is lost. Accelerated rategcefmass loss (Pritchard and Vaughan, 2007; Righat, 2005; Pritchard et
al., 2012), in combination with increased surfaceve melt, has contributed to a negative surfacesrhatance especially in
the northern part of the AP region (Harig and Simyd2015; Seehaus et al., 2015; Dutrieux et al.42@hepherd et al.,
2012).

The glaciers of the AP have lost ice mass at aghépproximately 27 (+2) Gtybetween 2002 and 2014. This mass loss
combined with the mass loss over the West Antaicticsheet (121(+8) GtY, surpassed the mean positive mass balance of
+62 (+4) Gt y* observed in East Antarctica, of which most of plsitive balance relates to the Dronning Maud Laagion
whereas the mass balance of the rest of the EAI& mquilibrium (Harig and Simons, 2015). This desteates how
vulnerable the coastal region of West Antarcticéoisncreased air and sea surface temperaturesn{lich et al., 2013;
Meredith and King, 2005).

Surface snow and ice melt on the AP represents @p% of the total surface melt area (extent) &@#b 6f the melt volume
of-from wheleAntarctica for at least the last three decadesd@lret al., 2012; Kuipers Munneke et al., 2012)giBeal
positive temperatures detected by remote—sensagigues and ice—core data reveal that melt eveus been temporally
more wide—spread since the mid:2fentury (Abram et al., 2013; Trusel et al., 201&}h some severe melt events during
the first decade of the 2icentury (Trusel et al., 2012). Increased surfa@dt mnd glacier calving are likely to have
freshened upper ocean layers and therefore impaabémbical activity in the coastal zone (Meredé@hal., 2016; Dierssen
et al., 2002). The most significant warming treretedted at thé\P coastef-the-AP occurred during the winter season,
especially on the westn side of the Peninsula, where a positive trend®5C decadé for the period 1960-2000 has been
reported at several stations (Turner et al., 2@Brasco, 2013). For example, winter warming ieilly evident in daily
minimum and monthly mean temperature increasedessribed by Falk and Sala (2015) for the metegicéb record of
the Bellingshausen Station at King George Islan@ljkat the northern AP during the last 40 yearsK@il the daily mean
temperature during winter increased at about OdE€de, with a marked warming during August (austral wipiat a rate
of +1.37(+0.3)°C decade Positive temperatures even in winter are morensonly observed, leading to more frequent and
extensive surface melting year-round especiallytiier northern AP, which is dominated by maritimignelte conditions
(Falk and Sala, 2015).
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The mechanisms causing increasing atmosphere agmhdemperatures are still not completely undedstmat can be
linked to perturbations of regular (pre-industpatiod) atmospheric circulation patterns (Pritchetrél., 2012; Dutrieux et
al., 2014). Most heat advection to the southerramcand atmosphere has been related to the polemavement of the
Southern Annular Mode (SAM) and to some extenh&oBl Nifio Southern Oscillation (ENSO) (Gille, 20@8&itrieux et al.,
2014; Fyfe et al., 2007). During the last deca@¥yl has been shifting into a positive phase, impyiower than normal
(atmospheric) pressures at coastal Antarctic regigatitude 65°S) and higher (atmospheric) pressuneer the mid—
latitudes (latitude 40°S) (Marshall, 2003). As aule of lower pressures around Antarctica, theucipolar westerly winds
increase in intensity (Marshall et al., 2006). Asoasequence, air masses transported by intensifisterlies overcome the
topography of the AP more frequently, especiallgimmer, bringing warmer air to the east side efAR (van Lipzig et
al., 2008; Orr et al., 2008). The correlation betaw¢he SAM and surface air temperature is genepalbitive for the AP,
explaining a large part (~50%) of near—surface &napire increase for the last half century (Matsétadl., 2006; Marshall,
2007; Carrasco, 2013; Thompson and Solomon, 2@02gnhanced circulation enables more humidity tarbesported to
and trapped at the west coast of the AP due totbgraphic barrier of the central mountain chaihisThas resulted in the
consistent increase of accumulation across theeeAf during the 20 century, thereby doubling the accumulation rate
from the 19" century in the southern AP region (Thomas e8I08; Goodwin et al., 2015; Dalla Rosa, 2013).

The increase of greenhouse gas concentrations ldsttatospheric depletion of the ozone layer, blotked to
anthropogenic activity, are thought to be the mfaircing factors of the climate shift that has aféet the ocean—
atmosphere—cryosphere system for at least thénddstentury (Fyfe and Saenko, 2005; Sigmond et28l11; Fyfe et al.,
2007).

The lack of long—term meteorological records lingitcurate determination of the onset and regioxtainé of this climate
shift. Therefore, climate models are needed tonektthe scarce climate data both spatially and teailyo One major
challenge is to correctly integrate the steep angjh topography of the AP into climate models. @oilitate this, more
detailed information of surface temperatures, mglgévents, accumulation rates, humidity sourcestesport pathways
are urgently needed. As direct measurements ofetlpesameters are often not available, the recastiiru of the
environmental variability, basically relies on pyodata such as the stable water isotope composifigrecipitation, firn
and ice (e.g.: Thomas and Bracegirdle, 2009; Thaghak, 2009; Abram et al., 2013).

In this study, we focus on a stable water isotopsel, high temporal resolution assessment (seasswltion between
austral autumn 2008 and austral summer 2015) ofaté variables including accumulation rates, tertpees and melt
events on the AP and their relationship with atrhesizc and oceanic conditions i.e. sea surface testyre, humidity and
sea ice extent. We investigate the effects of ttegraphic barrier of the AP on air mass and moéstwansport, with
increasing precipitation rates from the coast tortfountain range on the Peninsula divide at cad Mi@.s.l. (Fernandoy et
al., 2012), where the ice thickness reaches canB&0maximum (Cardenas et al., 2014).
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2 Glaciological setting and previous work

Since 2008 we have undertaken several field campatig the northernmost region of the AP where weehatrieved a
number of firn cores of up to 20 m depth. The pnesevestigation is the first of its kind for théector of the AP. Other
studies have been carried out further south atoddfateau (Dalla Rosa, 2013) and Bruce Platea@od®in et al., 2015%t
aroundapproximatel$00 and 400 kn¥euth—Aestsouthwesf the northern AP. Nonetheless, not much is knalout the
glaciological conditions at the northern tip of tAB and very few ice cores have been retrieved filisiarea despite the
high number of scientific stations in the regiorri¢farain et al., 2004; Simdes et al., 2004; Goodetial., 2015; Fernandoy
et al., 2012; Dalla Rosa, 2013). The AP and Sula#tic islands are principally characterized by mtain glaciers or small
ice caps, which flow into the Bellingshausen andddédl Sea to théVest westand Easteastrespectively (Turner et al.,
2009). Ruckamp et al. (201Q)oted that the ice cap covering King George Islédauth Shetlands (62.6°S, 60.9°W) is
characterized by polythermal conditions and tentgeree at the surface (>-0.5°C), and is therefaesiive to small
changes in climatic conditions. Furthefouth, Zagorodnov et al. (2012) showed that tempesatfrom boreholes reach a
minimum at 173 m depth (-15.8°C) at Bruce Platé#u1(°S, 64.1°W, 1975.5 m a.s.l.). Similar glaciabtadjconditions were
reported on the east side of the AP at James Raamdl (64.2°S, 57.8°W, 1640 m a.s.l.) (Aristaratnak, 2004).
Accumulation rates at the northern AP are direatlpted to the westerly atmospheric circulation aratitime conditions,
with values close to 2000 kghy! on the west side (Goodwin et al., 2015; Potockilet2016) and lower values (~400 kg
m?2 y1) on theEastern easterside (Aristarain et al., 2004); ice thickness frathcoring—sites reported is <500 m to the
bedrock.

3 Methodology

3.1 Field work and sample processing

During five austral summer campaigns (2008—-201042@015), an altitudinal profile was completednirgea level near
O~ Higgins Station (OH) to 1130 m a.s.| at the Laclavelateau (LCL) (Fig. 1). In total, five firn carare included in this
paper: OH-4, OH-5, OH-6, OH-9, OH-10 (Fig. 1); atioates and further details of the firn cores avemyin Table 1. Two

Station (57.90°W, 63.32°S, 13 m a.s.l.) during 2@889 (Fernandoy et al., 2012) and 2014 (Tabld&¢. overwintering
crew at O’Higgins Station collected daily precitita samples from pluviometers installed at the euslogical
observation site. Each daily sample comprisedfilireg a narrow neck HDPE type bottle with a 30 admposite sample of
the precipitation (both liquid and solid) that fell the previous 24 hours. The bottles were tighthsed and stored frozen
year—long to ensure correct storage and to fatlifae subsequent transport to the laboratoryeaettd of each year. From

these samples, approximately 6% (13 samples) wisoarded from the analysis due to improper stoesing leakage
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from the bottles. Improper storage was assessed asstatistical outlier test (modified Thompsom tachnique)hich that

indicated unusual values of stable water isotodyans.

Cores from the O’Higgins Station site (OH-4, OH&1-6 and OH-9) were retrieved between 2008 and 2@itDanalyzed
for their stable water isotope composition and ptafgproperties as described by Fernandoy et 8llZpand Meyer et al.
(2000). Additionally, a density profile of OH-9 wabtained using an X—ray microfocus computer toraprat the ice—core
processing facilities of the Alfred Wegener IngetuHelmholtz Centre for Polar and Marine ReseancBremerhaven,
Germany (Linow et al., 2012). X-ray tomography pdes a very high-resolution (1 mm) density profifethe physical
properties of the ice. The OH-10 core was retriemed015 using an electric drilling device with & £m inner diameter
(Icedrill.ch AG). The retrieved core was first gdrunder controlled temperature conditions (-2G£Ghe Chilean scientific
station Prof. Julio Escudero (King George Island)l ater transported and stored at -20°C in a comiadecold store in
Vifia del Mar, Chile. The core sections were meabared weighted for density—profile construction dinein sub—sampled
to a 5 cm resolution for stable water isotope aiglyA visual log and description of each core wasied out to identify
possible melt layers and their thicknesses. Sulesety the samples were melted overnight at 4°@ nefrigerator at the
Stable Isotope Laboratory of the Universidad NaaioAndrés Bello (UNAB), Vifia del Mar, Chile. To adoany
evaporation, the 5 cm samples were placed in sdzdgd (Whirl-pak) and agitated to homogenize thepdes before
isotopic analysis. Firn and precipitation sampleected from OH in 2014 (Table 1) were analyzethgis liquid water
stable isotope analyzer from Los Gatos ResearcMAL45EP), located at the UNAB facilities. Measumh precision
was higher than 0.1 %o for oxygen and 0.8 %o for logdén isotopes for all analyzed samples. All oxyged hydrogen
stable water isotope data from precipitation and core samples are presented in relation to thendeStandard Mean
Ocean Water Standard (VSMOW) in %o, 8% and D for oxygen and hydrogen isotopes, respectively.

3.2 Database and time series analysis

Stable water isotope data were compared to majeean@ogical parameters from the region (Fig. 2 this purpose, the
following data sets were incorporated into our gsiat daily and monthly near—surface air tempeea{ii), precipitation
(Pp) and sea—level pressure (SLP) measurementsdegcat the Bellingshausen Station (BE) (58.96°/18°S, 15.8 m
a.s.l.) and the OHiggins Station (OH). These datasets were downidddem the Global Summary of the Day (GSOD)
from the National Climatic Data Center (NCDC, aahble at: www.ncdc.noaa.gov) and the SCAR Referémtarctic Data
for Environmental Research (READER, available &pd1/legacy.bas.ac.uk/met/READER/) (Turner et2004).

The temperature record from OH contains severgelatata gaps, and so the available data from 1868015 were
compared with those measured at BE to evaluatpdbsibility of lapsing data from BE to the site daghe data continuity
available (uninterrupted record since 1968). TheaBE OH data are highly correlated (R=0.97, p<Q.84yl so a correction
of -1.4°C was applied to the BE data based on linegnession analysis. Other nearby stations sué&spsranza (63.40°S,
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57.00°W), were not considered because of a sligbthyer correlation (R= 0.96, p<0.01) and the padlsibof a higher
continental influence on the temperature record.

Sea surface temperature (SST) time series weraatett from the Hadley Centre observation datastad$ST3, available
at: http://www.metoffice.gov.uk/hadobs/hadsst3MeTHadSST3 provides SST monthly means on a globalys° grid
from 1850 to present (Kennedy et al., 2011a, b)aMmonthly SSTs were extracted from a quadrantdunby 60—65°S
and 65-55°W. Missing data or outliers were intesped from measurements taken in neighboring quéiran

Relative humidity i) time series were extracted from data obtainedhey calculation of 3 day air parcel backward
trajectories under isobaric conditions using theelfy—accessible Hybrid single-particle Lagrangiategrated trajectory
(HYSPLIT) model (http://ready.arl.noaa.gov/HYSPLphp). This three—dimensional model was run usirggiobal data
assimilation system (GDAS) archives from NOAA/NCHRanamitsu, 1989) at a 1° latitude—longitude spatsolution
with a 1 hour temporal resolution and is availabfeom 2006 to present (for more details Vvisit:
http://ready.arl.noaa.gov/gdasl.php). For studyfregcharacteristics of air parcels approachingARerh time series were
obtained from backward trajectories arriving undebaric conditions (850 hPa) at the OH statioril 88drh datasets were
resampled to a regional scale defined by high—temsijectory paths (Bellingshausen and WeddellsgeEhe resampled
fields were defined by the spatial coverage of y lackward trajectories. The limits of the resutojuadrant extends from
98° W to 34° W longitude and from 47° S to 76° 8tuale. The covered area is representative of tindyssite because it
includes the region affected by westerly winds aed ice front during winter time, both factors tagert a high influence
on approaching air parcels. A field horizontal me&anresampledh values between sea level and 150 m a.s.l. was ut@ehp
for this area to construct thle time series used throughout this study.

Altitudinal temperature profiles were obtained froadiosonde measurements carried out at BE betd@8@8 and 1996
(SCAR Reference Antarctic Data for Environmentas&ech). Lapse rates were calculated from the teahpe difference
between sea level and the 850 hPa level. SAM irihe& series were obtained from the British Antar@urvey (BAS,
available at: http://legacy.bas.ac.uk/met/gjma/kami) (Marshall, 2003). Mean monthly sea ice extambund the AP
(between 1979 and 2014) was obtained from the Seéntlex from the National Sea & Ice Data Cente8IQC, available
at http://nsidc.org). The measurements of sea—xtension incorporated in this study considered atasting point the
coastal location of OH, and the sea—ice front edhiection towards KGI as an end point.

3.3 Stable Isotope time series analysis

Firn and ice core ages are often dated by analythiegeasonality of stable water isotope valueghérfirn cores analyzed
in this study, there was a significant differennettie standard deviation (Sdev > 1.0) of high resmh (5 cm) oxygen
isotopes values between firn cores from lowerwaltis (OH-4, 80 Sdev = 1.2) versus cores from higher altituddd-(@,

180 Sdev = 2.6) (Table 1). However, within each indiixal core, the raw datasets obtained from stald&emisotope
analysis (Section 3.1) produced low oscillationiaace in the isotope—depth profile. Whilst the nueed isotope signals

were noisy, the values do not fluctuate far frorsheaore’s mean. This low variance, added to thé tfeet the patterns

6
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described in the isotope—depth profiles do notespond to seasonal cycles, means that dating esetusing traditional
annual layer counting is complicated. Difficultiéem using conventional dating methodology for #héisn cores led us to
search for other ways to define the time scaleuofsignals.

We first analysed théeycessdata, becauseexcessis related to seasonal oceanic conditions, anckfike displays an annual
signal in this region (Fernandoy et al., 2012). Mththe stable water isotope results did not displaegular pattern, the
dexcessiS Characterized by a noisy, low frequency ostilla We use this low—frequency periodic signatitte the core (see
below).

We calculated theoreticakycessvalues at our site using the relationship betwdeand SST computed by Uemura et al.
(2008): dexcess metes -0.42 *rh + 0.45 * SST + 37.9. The suitability of using thédationship for the AP region was assessed
by comparing thelexcessmeasurements of the daily precipitation samplisrtaat the OH station with the corresponding
theoretical values. For each day that a precipitasiample was collected at OH, 3 day air parcekward trajectories were
calculated using the HYSPLIT model. We identifieelquent air parcel paths and calculated monthlynnvedues ofh and
SST from re—analysis data (GDAS) along these paths.found a very good agreement between the mehsuré our
theoreticaldexcess Values, with a correlation of R=0.86 (p<0.01). Siiigh correlation allows us to directly compare a
syntheticdexcess metedime series and the observatiomlessrecord obtained from each firn core. For the méthm be
successful, the resultant depth—age model shoukihmze the common variability between the two tisegies.

The dexcessSignal obtained from stable isotope analysis of fores is measured with respect to depth (irethe space

domain).To extract the low frequency seasonal signal, s fiomputed the Fast Fourier Transform (FFT) @fdhcess — -

data, which identifies all the frequencies in teeard. For each of the signals, we defined a céifr@fuency for each core h {
using the peak with the second lowest frequencutified in the amplitude spectrum (Table 4). Wentlmeconstructed the
low—frequencydexcess Signal by calculating the Inverse Fast Fouriern$farm (IFFT) from the lowest two identifigj//{

freguency Qeak. o—e a re—+ow-Heguen EHSEgRa—we omputed-the Fa ourie ans of-the
dexeessdata, which identifies all the frequencies in tieeord. The second lowest frequency was the onle the highest

_ ‘ ‘ ) ) ) )
from-the lowesttwo-identified-frequency-peaks

We applied the same procedure to the monthly meéanbe synthetiaexcess meedime series, thus obtaining two low-

frequency signals that should show the same selasanability due to their dependency on the sanagiables (i.e.:
environmental condition of the moisture source @ayi We then chose a linear depth—age model tisaglly matched the
variability in the low—frequency observatiordakcessdata with the variability in the low-frequency $lyatic dexcess meteslata.
A single linear stretching factor was calculatethgghat relationship and applied to the compléte ¢ores datasets. We

used the same depth—age model to put the firn é&@erecords on a time axis for further analysis usianthly means.
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4. Results
4.1 Precipitation samples

Table 2 and Fig. 4 show the stable isotope reshhsijc statistics and annual distribution of thecjpitation samples
collected at the OH station. Combinin® and %O values from all precipitation samples enablesdifinition of a Local
Mean Water Line (LMWL): D = 7.83 * 80 - 0.12. Backward trajectory analysis of precipita events reveals high—
frequency transport across the Bellingshausen 8eagithe 24 hours before the air parcels reacthihéFig. 5).

4.1.1 Isotope—Temperature relationship

The relationship between the stable water isotopmposition of daily precipitation events and dailgar—surface
temperature (daiy) at OH was assessed using linear regression @ alysa sample set of measurements. The sample
population consisted of the months with the largeshber of precipitation samples (namely Decemi@®82 March 2008
and 2009, June 2008 and October 2014). Only selestmths were analyzed to ensure the most compdttef data within

a relatively short timeframe to improve the deiiwatof the calculated relationship. Outliers, givieyn anomalouSlexcess
values (see Section 3.daxcess< -9 %o), were filtered out in order to avoid didiances in the model, as the quality of these
samples was likely compromised during storage eawsport. It should be noted that this relationshilp be compared to
firn core time series in Section 4.2.2, in ordergoonstruct the air surface temperature at LaotaiRéateau.

Additionally, to investigate the relationship atrenthly scale, a correlation was performed for mbnmeans calculated
from daily events (®Omonthiyi Tmonthty) OVer the 24 month long precipitation dataset (Eely — 2008 to March — 2009, and
April — November, 2014) (Table3). Considerable efiihces were identified between the daily and nmigntRO-T
relationships (Table 3; Fig. 4a), which indicatéattthe isotope—temperature relationship is sedlyedapendent. The
seasonality of this relationship was determinedgighe linear regression slop® 6f the daily 1O-T relationship (see
Table 3 for statistical details). The seasonaldineegression betweert®O and Ty based on 208 precipitation events
revealed correlation coefficients (R) higher thaf @nd a statistical significance)(lower than 0.03. To facilitate the
evaluation of seasonal signals, the daily datagsetse categorized by season, such that: australmer summeiDecember-

January-February, DJF) was characterized using rbleee 2008 data; australiiumn autumn(March-April-May, MAM)
was characterized using March 2008 and 2009 dasdra\Vinter winter(June-July-August, JJA) by June 2008 data; and
austral Spring- spring(September-October-November, SON) by October 204#.df MAM and SON are combined
together, considering they are both shoulder seasibe 80-T relationship is defined by the linear regressid®0O= 0.79*
Taaiy-7.76 (R= 0.74p<0.01). For austratSummer, the 80-T relationship can be expressed &80= 1.17* Tyaiy-8.19
(R=0.81, p=0.01); and austral winter a¥0= 0.35* Tgai,-8.66 (R=0.63, p=0.01).
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4.1.2 Deuterium excess — Temperature relationship

Deuterium excesd{xces) Was calculated for each precipitation sample feiable water isotope data obtained at OH (see
Table 2 for descriptive statistics). To evaluate pioximity to the original evaporation source éarch precipitation sample,
we examined both the isotope—temperature relatipreshwell as the near surface temperaturedaaeksrelationship using
linear regression analysis. As for the evaluatibthe isotope—temperature relationship (Section14, Haily dexcessvalues

for December 2008, March 2008 and 2009, June 2@@8Cxctober 2014 were compared with daily mean teatpees,
however, correlation coefficients were not sigrifit (Table 3)Hewever-flor the 2008-09 datasethedeycess T correlation

for monthly averages (calculated from daily eveagsutlined in Section 4.1;\as significant (Table 3; Fig. 4b), and the
associated linear regression was calculated taldh®ss -0.60 * Tmoniyt2.12 (R=-0.77, p<0.01). For the 2014 dataset the
correlation is not significant (R=0.33, p>0.05).

4.1.3 Moisture source of precipitation

-Three day air parcel backward trajectories frontipitation events exhibit a wide distribution, padihy explaining in part
the variability of the isotope—temperature relasioip presented in Sections 4.1.1 and 4.1.2. Motte@pathways originate

in the Southern Pacific Ocean and the Amundsenif8sthausen Seas. The trajectories are primarilwekkrfrom the
Bellingshausen Sea, the Bransfield Straight andDtfede Passage, Tierra del Fuego and South Amersmaithern tip. In
addition, some trajectories (<15%) originate frof’é\ eastern side. Precipitation trajectories shavalanost elliptically
distributed pattern with a N40°W orientation, andsifollow pathways between 60°S and 67°S. Theetation between
monthly mean values @kxcess(from precipitation samples) arttdicess mete§cOnstructed from the meteorological parameters
rh and SST of the high density precipitation pathwdnzl a significant correlation coefficient of R86 (<0.01) (Fig. 6),
demonstrating that oceanic conditions control nobshe precipitation variability.

4.2 Firn core samples from the AP

Table 1 shows the stable isotope results and giiseristatistics for firn cores retrieved at thethern AP. The co—isotopic
relationship D- 180 for each single firn core retrieved from LCL &ated to the global meteoric water line (GMWL) and
the local meteoric water line (LMWL) (Rozanski &t 4993), with a mean slope of s= 7.91 and arréefet of 3.64 (Fig. 7).
These values are very close to those of the LMVithpagh with a slightly higher intercept.

4.2.1 Age model based on stable water isotopes

Stable water isotope results from each firn colewathe derivation of individual depth profiles ob, 180 anddexcessfor
each firn core. Lowest noise values and the cleaessonal patterns were foundliReessprofiles @excess cox (Fig. 3), similar
to findings published by Fernandoy et al. (2018)Skction 4.1.3 it was shown thdicessfrom precipitation samples and
dexcess mete@t S€@ level are significantly correlated, whiclggests a nearby moisture source precipitating i dhea. The
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significant correlation indicates thahoisture source conditions of a coastal and oceandbximal origin will be represented
and preserved in theycess cord€cord and could be used as a chronological marker.dERgss coreSignals were first filtered
for their high frequency oscillation patterns ahért the remnant signals were compared with the figfuency filtered
Jexcess metebnonthly means (See Section 3.3). The comparisbme®® dexcess mete@Nddexcess cord€sulted in a close similarity
between them. Main peak—valley fitting between tsigmals led to a monthly medgicess corsignal represented on a defined
depth—time scale (Fig. 8). The comparison betwée series of monthly meatkycess core@Nd excess meredlata reveals
correlation coefficients of R0.67 £<0.01; degree of freedom (df) > 21, Seable 4) for each individual firn core analyzed
and obtained from 2006 to 2015. Table 4 summaxpelation coefficients, statistical significancesd time intervals for
each firn core. From the firn cores retrieved fro€L, a single time series was constructed and ttwenpared to théexcess
meteotime series in order to analyze the isotopic difprathe whole time interval. A higher correlationefficient of R=0.75
(p<0.01; df= 81) was obtained between the two Sig(tlgess mete@Nddexcess co FOr the overlapping time interval in OH-9
and OH-10 (February 2012 to January 2014), we oahsidered data from OH-9, as these samples cafisigsher snow
layers with density between 350 and approximatéy kg me (at core depth between 0 and 1 m), and firn wehsities
between approximately 410 and 530 kg (at core depth between 1 and 7 m) than the caynelipg interval in OH-10.
This in turn helps to avoid attenuation of the @it signal. Although we only considered OH-9 dfatiathe overlapping
time interval, we studied the changes in the stahdaviation of the isotopic signal’®fO and D) from both firn cores in
the common time span. The standard deviation sleodscrease of 16% after one year of depositioroie ©OH-10 with
respect to the same time interval in OH-9; and2ftw 3 years after deposition, the standard deviati the signal decreases
by 18%.

During visual firn core logging and density measueat, few thin and-scarcelevated density layers were identified. Melt
layers were characterized by regular lateral eitenand thickness 10 mm or higher. A 40 mm thigletawas observed in
the core OH-10 at depth 8.5m, which was the maxinabserved thickness. Melt represented a total of &%he
accumulated water equivalent column of the cores6DBH-9 and OH-10. The melt layers do not shovarckvidence of
infiltration nor have a clear pattern of distritartiwith depth (i.e. an association with summer flayas there are more or
less homogenously distributed along the cores)eiOfin high density structures, such as thinnersedike layers (<10
mm), do not correspond to melt events and are mosthted to wind scour processes and liquid pittipn. Melt and
crust layers do not show a clear seasonal pattithnrelation to their time equivalent with depthroind 70% of melt layers
counted have a width <10 mm.

4.2.2 Seasonal temperature reconstruction from stdé water isotopes

The age model developed using theess cor0scillation was later applied to construct'® time series (Fig. 3). From this
time series a periodical two-year pattern was ifledt This pattern is characterized by positive ntidy mean 80

standardized anomaly values (z = observation - meztd. dev?l) between May and November in the years 2008 (6% 0
2010, 2012 and 2014 (z > 1). Additionally, they ibita negative correlation to temperatures at BE ¢0.7 for 2010, and <
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-1 for 2008, 2012 and 2014). Between June andidulye years 2009, 2011 and 20150 values (z < -1) are lower than
the mean and exhibit a positive correlation to terafure at BE (z < -1) (Fig. 9). Therefore, the-ty@ar periodical pattern
mentioned above is represented by even numbered yath australv\A/inter 180 values higher than the mean, followed
by odd numbered years with austral wint®0 values lower than the mean. Monthly me#® values were transformed to
their temperature equivalent using tH&O—T relationship obtained in Section 4.1.1 fromcjpi¢ation samples (Fig. 10) to
investigate their seasonal behavior.

Calendar seasons in these latitudes do not folemular patterns (i.e. DJF, MAM, JJA, SON), as seabty largely depends
on the sea ice cover during winter, often extendiegond calendar limits. Large sea ice extent (81&js to a delayed on—
set of spring conditions. In this case winter—ldanditions will be extended beyond August. Restdciea ice extent on the
contrary will lead to earliesSpring—like conditions (before August). Depending such conditions, we defined three
seasons with their correspondin§O-T relationship. These seasons are: (1) an austraitional season which considers
the months from March to May and October—Novemb&ANI-ON) (using precipitation datasets from Table NBarch
2008-2009 and October 2014 for tH&O-T relationship), (2) an austrak¥/inter season which considers the months from
June to September (JJAS) (using precipitation @gasom June 2008 for thé8O-T relationship, Table 3), and (3) an
australssummer season which considers months from DecenobEebruary (DJF) (considers precipitation datafets
December 2008 for thé®O-T relationship). This basic classification of #easons to describe th8O-T relationship does
not explain all of the variability observed in ttiata,assome particular seasons showed variable behavienwompared to
the mean seasonal behavior in the time span cowertids study. In those cases, the seasonal behwawds extended or
contracted beyond the boundaries of the main seaasesification depending on the SIE.

4.2.3 Air temperature trends at Laclavere Plateau

In the AP region, lapse rates change seasonalyapiy due to variations in the presence and extésea ice cover which
impacts thermal stability on the lower atmosphéfean seasonal lapse rates obtained in this rediow s clear seasonal
dependency, with the highest rates during DJF {-8@ km?), similar values during MAM and SON (-4.43°C #mand -
4.06°C kmt respectively) and the lowest rates during JJA7@2km?) (Fig. 11).

Monthly near surface temperatures at LCL were eggohusing a linear regression analysis based arthtydapse rates in
BE, winter SAM index and SIE from OH (Fig. 12). Tresultant equation is: & = (Tee-1.4)+1.13 (Muontt*SIEon+Nmontt),
during the months when sea ice is developed (froay b September) and wherenbkn and Nionn represent the slope and
intercept of the monthly lapse rate-SIE relatiopshéspectively. During the months when there is@aice (from October
to April) the monthly temperaturie-can becalculated from Tei= (Tge-1.4)+1.13 * H(t), where H(t) is the monthly mean
lapse rate value of the month t measured in BE éetwl978-1996. Considering these variables, a raeanal air
temperature of -7.5°C with a trend of -0.18°C yeegtatistically not significant g1=0.05) was estimated for LCL for 2009-
2014. Comparatively, if only the'8O time series data and the isotope—T relationshépcansidered, a mean annual air
temperature of -6.5°C with a trend of -0.33°C yegtatistically not significant gi=0.05) is estimated for LCL for the same
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period. The correlation between monthly mean teatpee at LCL, estimated using th¥O signal from firn cores and.d.

estimated using the coupled effect of the latitwderected temperature record from BE, &IEnd lapse rates from BE,
have a correlation coefficient of R0.70 0<0.01). Both signals show a synchronous behavleo, with respect to the air
temperature recorded at OH station. No statisticsiljnificant correlation was observed between tdadations (OH and

BE) temperature records and the stable water isatomposition of firn cores.

4.2.4 Accumulation rates

Density measurements from firn cores were usedottsteuct density—depth profiles. Along these pedfil significant
increase of density with depth was obtained. Limegressions across different sections represantmal firn compaction
processs reaching the snow—firn—density boundary (550 kg) mat the 15.2 m depth. Using these linear regrassand
considering the depth intervals delimited in Set#da2.1 as monthly values, we were able to estimetemulation rates for
different years. A mean accumulation rate of 17¢0mk? y' was estimated at LCL for 2008 to 2015. The highest
accumulation total was found in 2008 (>2470 k§)nand the amount noticeably reduced until 2019@1kg m?) with an
absolute minimum recorded in 2010 (1060 k@) rtFig. 13a) A marked decrease was observed in accumulatiangiddA
and SON between 2008 and 2015, which could be iinrpaponsible for the overall decreasing rateswéier, this trend
was found to be statically non—significantf>0.1).

The highest accumulation occurs during the MAM &@N seasons (Table 5). Accumulation rate estimstiterived from
the OH-9 and OH-10 cores for the common period 262013 only differ by approximately 3%. Other cofeom the
western flank of the Peninsula (OH-4, OH-5 and QHsifow that the accumulation in 2008 (common péraebends on
altitude, with increasing values from the lowerioegto the highest point on the LCL (Fig. 13b). THag¢e of increase was
approximately 1500 kg k! y* from 350 m a.s.l. to 1130 m a.s.l. in 2008.

5 Discussion
5.1 Stable water isotope fractionation and post—d@gitional processes

The stable water isotope composition of precigitatsamples from the 2008 and 2014 datasets aresumilar to each
other, and to firn cores from the western flank &men LCL Plateau (OH-4 to OH-10). Comparing tH€O signal from
OH-6 with data from precipitation samples at OH aith two other cores from the western side of Afee(OH-4 and OH-
5) during a common period (March 2008 — August 20@8 80 decrease of -0.085%. khwas found with increasing
distance from the coast (Fig. 14a). The same dgtavas used to study thé®O-altitude relationship. The'®0O seasonal
means show an altitude dependency that yields seas8O—altitude patterns. Between OH (0 m a.s.l.) andl (€130 m
a.s.l.) during MAM, a clear decrease 8fO with height is observed (-2.4%. Knwith R=0.97 at p level<0.05), whereas
during JJA no significant decreasinjO trend is observed (Fig. 14b).
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Backward trajectory analysis revealed that the nesfuent pathways for air parcels that reach thethern part of AP
derive from the Bellingshausen Sea, between 5583%8AS throughout the year (Fig. 5). In contrastalities further south
on the AP and in West Antarctica, Ellsworth Landl azpastal Ross Sea, respectively, exhibit a stroegatinental
influence on the precipitation source, dependingeasonal and synoptic scale conditions (ThomasBaackgirdle, 2015;
Sinclair et al., 2012). The LMWL obtained from pigtation samples at OH (m= 7.83) is similar to thetarctic meteoric
water line obtained by Masson-Delmotte et al. (90@8= 7.75), and to the GMWL as presented by Rddaetsal. (1993)
(m= 8.13). The similarity between the slope of LMWnd GMWL indicates that the fractionation procesdering
condensation mostly take place under thermodynaapidglibrium (Moser and Stichler, 1980). These resate consistent
with those obtained by other authors for King Gedsjand (Simdes et al., 2004; Jiahong et al., 1998mbining the stable
water isotope signature of OH precipitation witingi series of meteorological data representativettfer conditions
prevailing on the ocean near the OH station, angtrelationship wittrh and SST at the moisture source can be derived.
This relationship has been well established, esfigdior the coastal Antarctic region where moistaransport from the
source is generally of short-range (Jouzel eall3). The correlation between thgcessOf precipitation and a theoretical
Jexcess metedlerived from time series of meteorological datnfrthe surrounding region has shown that both destaare
highly correlated (R= 0.86). Based on this evidemee propose that the Bellingshausen Sea constitbteemost important
source of water vapor for precipitation for thedstuegion at the northern AP. A similar conclusieas drawn for regions
further south at the Peninsula (Thomas and Bradiegi2015), however, with an increase of contrimsi from other local
sources (e.g.: Amundsen Sea and continental condjtito the local precipitation. This has also bebserved at the
northern AP, where some precipitation events tkhibited a stable water isotope composition beyihrednormal range for
the region (e.g. 20 August 200980 = -19.4%0), were associated with uncommon souofédsumidity as shown by the
backward trajectory analysis.

In firn cores obtained from the AP, average valines both 180 and D decrease as elevation increases to LCL (1130 m
a.s.l.), which supports the altitudinal isotopeeeftfidentified by Fernandoy et al. (2012) for tegion. In addition, standard
deviations of seasonal (monthly meal) and 80O values of firn cores from LCL are low and simitarthose of firn cores
from lower altitudes. Despite the variations intgggic composition with height, in all firn coresethD— 180 co—isotopic
correlation is very similar to the LMWL obtainedofn precipitation samples at OH. This provides avide of the
uniformity of the fractionation conditions duriniget condensation process. Although a slight isotspioothing effect was
distinguished between the cores (16% after one gkdeposition), the distortions caused by postedijonal effects that
may alter or homogenize the isotopic signal at $tis, such as diffusion, can be considered asdimiThe latter indication
is well supported by the high accumulation ratéhim region that does not allow a prolonged expasitif the freshly fallen
snow to the atmosphere. Furthermore, the absensguwificant infiltration and percolation assoctteith melting and
refreezing events and the lack of a relationshipvben ice layers and seasons as well as with &idestvater isotope record
implies that the isotopic composition is not altbby surface melt infiltration and percolatidrhus, this reassures that post—

depositional processes in the LCL region are nigégn the time period analyzed. High firn dengigaks, mostly thinner
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than 10 mm, are represented by discontinuous ornegular layers and counts for 25% of the totaktay These layers
developed by wind ablation on wind—scouring proesssvhen the air and drifted snow flows againstaserirregularities
(like Sastrugies); and also by solidification opst-cooled droplets. In both cases, a thin icetemas formed, as observed
during the field seasons and in the core stratiyraMelt events, recognized by more regular anckeni firn and ice layers
(>10 mm), represent approximately 75% of total hdginsity layers (See Section 4.2.1). Even thoughkelobservations are
in agreement with the results obtained in thisordly Fernandoy et al. (2012) and Aristarain e{X890), several studies
(Fernandoy et al., 2012; Simdes et al., 2004; Tesom and Simoes, 2004; Jiahong et al., 1998) luaveified a significant
melt layers in firn cores, mainly from KGI and fraime western side of the AP at altitudes below @D@.s.I. The limited
effect of post—depositional processes due to tgk htcumulation rates and to the ice layers redudifiusion (Stichler et
al., 2001), along with the high correlation betwelgRess mete@Nddexcess coresCONfirm that the isotopic variations observed in
firn core isotope records are mostly related tdojgic fractionation occurring during condensatiord &o rh and SST
conditions in the vapor source regions.

5.2 Stable water isotope and the local temperatunelationship

The changing seasonal®O-T relationship obtained from precipitation sarsps#hows that the relationship between air
temperature and condensation temperature variesghout the year. The strong similarity in th&O—T relationship during
MAM and SON contrasts with the pronounced diffeeeré this relationship between DJF and JJA. Thihlights the
variability of the 80-T relationship along the whole year at the north®. However, the8O-T correlations presented
in this study were calculated from precipitatiomgées of particular months and years, which camidedias. However, it
can be assumed that these datasets give an idtee ofariations that can be seen in between sedsotiss region.
Furthermore, the8O-T correlations obtained for MAM and SON (0.77%¢'&@d 0.61%. °C, respectively) are similar to
the values obtained by other authors for the ARs(arain et al., 1986; Peel et al., 1988). Evemgiicthe dataset is capable
of representing variations within the time spanered by this study, it is too short to build a dstent baseline for the
region. Despite the reduction of the seasonal teatpee difference in coastal sites, the differeimcéhe seasonal’®0O-T
relationship suggests the existence of processesligrupt the direct linkage between condensagamperature and surface
air temperature. The negative correlation betwéen ¥0 signal from LCL ice cores and BE (and OH) monthigan
temperatures (Fig. 9 and 10), which is noticeablsame years during JJA, contrasts with the comynactepted seasonal
behavior characterized by a positive correlatiotwken 80 and surface air temperatures (Clark and Frit®7)19This
particular behavior could be related to strongatéohs in meteorological conditions in the areamMeen BE (OH) and LCL
throughout the whole year. Therefore, air tempeeattn LCL was estimated by two independent methtafsse rates
(vertical temperature gradients) andO-T equivalents. The best correlation between lh@h temperatures estimations
was obtained when an extended seasonal behaviocavaidered (R= 0.70; p<0.01). This result is ineagnent with the
natural seasonal variability in high latitudes, whéehe effects of some seasons extend beyond tleadea seasonal

temporal limits related to the SIE, as previoustplained. Without taking this seasonal variabilityo account would lead
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to a misinterpretation of the air temperature retaetion for LCL, since the'®O-T correlation would then be rather poor
(R=0.42) and not reflecting the true seasonalithis region. The high similarity in thé80-T relationship during MAM
and SON can be explained by the seasonal transigtween summer and winter, when oceans surrouridéngorthern AP
pass from ice—free to fully ice—covered conditiqos vice versa), respectively. Ice—free ocean damb are related to
seasonal oscillations, which are highly dependentnospheric circulation patterns. In this serygars with a marked
negative SAM anomaly are associated with ice—calveea conditions, whereas positive SAM phases sgecated with
ice—free sea conditions (Fig. 12). Other studiegrr{@r et al., 2016) point to a similar interactibetween surface air
temperature and SIE at AP and recognized that tB& $hter—annual variability is related to atmospk modes. This
supports our own observations that the sea igapsitant for regulation of surface air temperatunethe region.

5.3 Firn age model and accumulation rates

The stable water isotope signal obtained fromdmres shows no regularity in its seasonal beharndrlacks a clear annual
oscillation pattern, likely due to the strong miami influence (Clark and Fritz, 1997). These twdecia prevent the
development of an age model by conventional anlayat counting in the isotope record (Legrand arad/vski, 1997). In
this context, thalexcessparameter represents a robust time indicatort hasi shown to be principally dependentrbrand
SST conditions prevailing in the eastern Bellingsem Sea where these variables are relativelyesfdbuzel et al., 2013).
The high correlation coefficients (and high statat significance) obtained for the relationshipviseen dexcessand dexcess
meteo @S Shown in Section 4.2.1, demonstrate that tbénad used to construct a time series is effedtiveéating isotope
records of firn cores from the northern AP, evea atonthly resolution.

The most frequerdexcessvalues found in the firn cores (3% — 6%o0) are imeggnent with a strong coastal influence scenario
as determined by Petit et al. (1991), implying ti@deycessrelates tah and SST of the humidity source and not to surface
air temperature (Jouzel et al., 2013). Saigne agtdnd (1987)postulated thath conditions prevailing at the sea surface
have an important effect on thgcesssignal of precipitation below 2000 m a.s.| in #tedy region. The stable water isotope
results, in combination with the meteorologicaladets, show that precipitation on LCL is highlyretated withrh and SST
conditions in the Bellingshausen Sea near the AP.

The irrelevance of post-depositional effects alawith the flat topography on LCL suggests that trstineation of
accumulation rates from firn cores is representgati¥ the amount of snow originally precipitated. fglaver, the slight
smoothing of the isotope signal after depositicnwell as the small differences in the accumulatite observed for the
common time period of firn cores OH-9 and OH-10mdestrates that our age model is reliable, as fifferent data sets
yield similar estimations for a common period. THesults obtained enable LCL to be classified asga hAnnual snow
accumulation site (Table 5), closely following thstimations of other authors on King George Isldoche (Bintanja, 1995;
Zamoruyev, 1972; Jiahong et al., 1998) and on tRefédrther south of LCL (Dalla Rosa, 2013; Goodw2®13; van
Wessem et al., 2015), of around 2000 — 2500 Kgyrh but differs from the accumulation rate obtaingdSimd&es et al.
(2004) and Jiankang et al. (1994) on King Georggnts dome (600 kg thy?). A seasonal accumulation bias was noted,
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with more favorable conditions for accumulatiore (ihigher precipitation amount) during autumn résgl from more
frontal systems approaching the AP (Table 5).

5.4 Seasonal variability and disruption of atmosphec conditions

The depletion of 180 with increasing height (altitude effect) and tiemultaneous increase in accumulation along the
western side of AP at the LCL latitude can be drgld with the help of an orographic precipitationdal as proposed by
Martin and Peel (1978). This model states that tradiparcels from the Southern Ocean are forcexséend and cool down
when approaching the AP due to the steep topogrémimying an orographic barrier to westerly wind$eTdepletion
observed in 180 reflects the strength of the fractionation precéaking place within a short distance and in a low
temperature environment (Fig. 15a). Therefore,isbtopic fractionation process occurring at the &Rl the direct linear
relatiorship between 180 and the condensation temperature enable us tty samperature behaviour with respect to
altitude increase on the basis dfO variations (Craig, 1961). However, whereas MAM taimperatures show a clear
decrease with increasing height (atmospheric iiligtabf the lower troposphere), JJA air temperasiexhibit an increase
from sea level to 350 m a.s.| (atmospheric stabiliAt higher altitudes, a decreasing temperatuead is observed
(atmospheric instability). The break at 350 m aaring JJA could indicate the existence of a girematification within the
lower troposphere on the western side of the APaddition, the variations in monthly mean lapseesameasured by
radiosondes in BE throughout the year, provide envig for the existence of a process that modifiesbehaviour of the
lower troposphere, decreasing the lapse rate (leetvgea level and 850 hPa) during JJA and consiyeiatreasing it
during DJF (Fig. 16).

The close linear correlation identified betweerskapate magnitude and SIE indicates that SIE isnaortant factor for the
development of these variations, especially betwéap and September.

The phenomenon previously described is likely lthke the development of an inversion layer in thedr troposphere on
the western side of the AP mainly during JJA, whithurn is related to a strong radiative imbalaridaring JJA, solar
radiation diminishes until it reaches a minimumtla winter solstice. The lack of solar radiatioads to considerable
cooling that favors the formation of sea ice anduim, causes differential cooling between theiseasurface and the air
above it. As the sea ice surface cools faster tharair above it, a near—surface altitudinal patt#rincreasing temperature
develops where local atmospheric stability prevdilse layer of atmospheric stability extends froea $evel up to at least
350 m a.s.l, where it turns into an atmospheritainitity regime. Both regimes together favor themase of the overall
lapse rate, as temperature first increases anddtaeneases with height. Conversely, no inversigarlés formed during DJF
due to the absence of sea ice and hence, atmosgrbility prevails, which is related to higlp&e rates (Fig.15b and
15¢).

The existence of an inversion layer during the mentith sea ice coverage might explain the lowltzgimn of monthly
mean temperatures estimated at LCL compared tohiyontean air temperatures at BE (OH). The negatweelation

between SAM index and SIE also seems to play amitapt role, as SAM positive phases enhance tmspat of warm
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and moist air towards the western side of the ABs tinhibiting the formation of sea ice. This hadir@ct impact on the
lapse rate as the development of an inversion lsybindered and therefore air temperatures on b€ regulated. The
interaction between SAM and SIE plays a key rolesea-ice—covered conditions temper the maritiméesysfavoring
continental-like conditions and reducing annual mai temperature, implying a higher temperaturglédaode in BE and
OH throughout the year.

The temperature time series estimated from thdestahter isotope record O anddexces) from LCL firn cores exhibits a
periodic (biannual) pattern, which can be linkedatsimilar periodical behavior observed in SAM irdnd in SIE. The
relatively constant temperatures observed duringW8JA and SON in years with a positive SAM phas®jae evidence
that during these seasons condensation is takiaxge @t similar temperatures. Under such condit{positive SAM), the
low variations in the lapse rate throughout theryakbng with the low thermal oscillation in BE (QHExplain the presence
of a constant condensation temperature, which do¢differ much from air temperature during DJF.n@ersely, the
stronger annual temperature oscillation observed.Gh during negative SAM phases indicates markedatians in
condensation temperature throughout the year.

Finally, the proposed inversion layer model (Fif) &xplains the seasonal variations observed in*@-T relationship of
precipitation samples from OH. The distortion of tthrect relatioahip between condensation temperature and surface air
temperature by an inversion layer makes it necgstandifferentiate 80O-T relationship according to the lapse rate
evolution throughout the year. In this context, MAd SON were identified as transitional periodthie formation of the
inversion layer, mainly because of the sea—ice &bion and retreat during these seasons. The séaadjstment
considered to estimate LCL temperatures must bkeabpecause the sea—ice cover varies inter—alyrinats duration and
extension, which in turn produces the inter—aniyuadriable inversion layer. The proposed modeltfigr coastal region on
the western side of the AP at OH latitude, is cstesit with the observations of Yaorong et al. (3068 KGI (South
Shetland Islands), where several inversion layervgldped extending beyond 400 m a.s.l.

6 Conclusions

In this study, we examined one of the most completerds of recent precipitation from the northAf, with a total of

accumulation at the northwestern AP region betw2608 and 2014. Precipitation and firn stable wasatope
compositions have been compared to different metegical data sets to determine their represergaégs as climate
proxies for the region.

The results of our study reveal significant seasohanges in the'8O-T relationship throughout the year. For autuma an
spring a 80-T ratio of 0.69 °C?' (R= 0.74) was found to be most representative redefor winter and summer the
180-T ratio appears to be highly dependent on SiHlitions. The apparent moisture source for air dangeecipitating at
the northern AP is mainly located in the Bellingséen Sea and in the southern Pacific Ocean. Theptoat of water vapor
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along these oceanic and coastal pathways exertsmgsimpact on thealecess Signal of precipitation. The comparison
between theleycesssignal from the moisture source and theesssignal from firn cores has been used succesdfultiate the
firn cores from the northern AP, yielding a seveasyisotopic time series in high temporal resotufar LCL.

Based on our dating method we could define LCL agh snow accumulation site, with a mean annuelieilation rate
of 1770 kg n? y* for the period 2006—2014. Accumulation is highlgriable from year to year, with a maximum and
minimum of 2470 kg m (in 2008) and 1060 kg #A(in 2010), respectively. In addition, we identifiie presence of a
strong orographic precipitation effect along thestgen side of the AP reflected by an accumulatiomeéase with altitude
(1500 kg n? y* km?), as well as by the isotopic depletion of precipin from sea level up to LCL (-2.40 km for
autumn) and from the coast line up to the ice di\i®.08  knr?).

The maritime regime present on the western sidh@fAP has a strong control on air temperaturesemed as restricted
summer/winter oscillation, and is re ected in a peeasonality of the'®O and D pro les in firn cores. Recent climatic
conditions can be only reconstructed froffO time series obtained from LCL firn cores when sidaring an inversion
layer model during winter season. The strengtthefitversion layer likely depends on SIE and SAMex values. Taking
into account the effect of the inversion layer be tsotope—temperature relationship, we obseniiglat £ooling trend of
mean annual air temperature at LCL with an appraténrate of -0.33°C-yfor the period sampled by the examined firn
cores (2009-2014). This finding is in line with égnce from stacked meteorological record of thelmesesearch stations
as determined by Turner et al. (2016).

Our results demonstrate that the stable waterpsotomposition of firn cores retrieved from LCLcapable of reproducing
the meteorological signal present in this regicaljdating it as a valuable proxy for paleo—climaéeonstructions in the
northern AP region. Environmental (atmosphere arehn) and glaciological conditions present at LEE350 m thick ice
cap, together with an almost undisturbed isotopizord are optimal prerequisites for the presermatiba climate proxy
record with a high temporal resolution. ConsequentCL is a suitable site for recovering a mediumpth ice core to
investigate climate variations during the last oees in the northern AP region.
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Figure 1: Study area and location of the firn cores preseintedis work. (a) Detail of the study zone: thegn point shows the Chilean
Station O’Higgins (OH) at the west coast of the gkatic Peninsula. Firn cores retrieved between 20682015 are shown by red dots.
(b) Location of O’Higgins and Bellingshausen Statiand Laclavere Plateau, which are mentioned tlirdhg text. Satellite image

(Landsat ETM+) and digital elevation model (RADARBAavailable from the Landsat Image Mosaic of Adtian (LIMA)
(http://lima.usgs.gov/).
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Figure 2: Monthly meteorological data sets used in this st{ajySea surface temperature (SST), (b) Air tentpergTemp), (c) Sea level
pressure (SLP) and (d) Precipitation amount (P)dieipn Bellingshausen Station (BE) on King Georglard and (e) Relative humidity
(rh) from the Southern Ocean surrounding the nortiertarctic Peninsula (AP) region. Data shown in figere is available from the

READER dataset (https://legacy.bas.ac.uk/met/READERurner et al., 2004).
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deuterium excesdléxces) Of single daily events (small orange dots) anchihly means (big orange dots and line). In bothaf@) (b)
monthly mean air temperature is also shown (gréig siots and line). (c) Histogram showing the mdptthistribution of precipitation
samples (n) collected at O’Higgins Station in 208809 and 2014.
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Figure 5: Frequency distribution map of the main transpothpeof air masses approaching the northern AntaRéninsula (AP).
Translucent red colours represent the lowest frecyuand blue colours the higher frequency. In galnenost of the air masses arriving at
the AP are coming from the Bellingshausen Sea l@®&outh Pacific Ocean.
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Figure 6: Correlation between monthly mean deuterium excahgeg (lexces} from precipitation samples and theoretical deurerexcess
values (@ excess metdoCalculated from meteorological parameters ofrtisésture source region according to Uemura e2808).
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Figure 7: Co-isotopic regression of firn cores OH-6 (solidebtots), OH-9 (solid green dots) and OH-10 (splidple dots). All slopes
and intercepts are very close to each other asaseb the global and local meteoric water line M- grey dashed line, and LMWL —
black solid line, respectively). Stable water ig@a@nalysis for each firn core was made at 5 cwiutisn, representing 630 samples in
total.
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Figure 8: Depth—Age model for firn cores OH-6, OH-9 and OH+&frieved from Laclavere Plateau. The linear refehip between
depth and time was constructed based on the cozasuredlexcessoscillation and a synthetically constructiskessfrom meteorological
observations. Note that the Depth axis was inteatlp inverted to visualize the surface (0 m) op.to

28



Figure 9: Standardized anomalies for air (monthly mean) teatpees (solid grey colours) registered at Bellrgsen Station (BE) on
King George Island and a composit€O time series derived from firn cores OH-6, OH-@ &@H-10 from Laclavere Plateau. Upper
translucent red (blue) boxes show period of pasi{ivegative) anomalies, down (up) arrow shows #mative (positive) stable water

isotope — temperature relationship. Both time seniere detrended prior to constructing the timeesesf anomalies.
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Figure 10: (a) Monthly mean air temperature reconstruction for Lidtween March 2008 and January 2015 based oeraperature
corrected by a seasonal factor and altitudinaligradgrey line) and based on #O composite time series derived from firn coresrfro
LCL corrected by a seasonal factor (red line), eetipely. (b) 180 anddexcessmonthly mean composite time series of LCL firnesused

10 for the temperature reconstruction of the uppeepan
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Figure 11: Temperature lapse rate from sea level to 850 hRd & Bellingshausen station (BE), King Georgansl, Antarctica. The
data is shown as the monthly mean value of obsenvétetween 1979 and 1996 (SCAR Reference AntaRa4ia for Environmental

Research).

Figure 12: Sea ice extent (SIE) from O’Higgins Station (OH)Yaits relationship to (a) the Southern Annular Made (b) to the

temperature gradient between sea level and 1108.inat the Laclavere Plateau (LCL). SIE dataasnif the National Snow & Ice Data

Center data set (NSIDC). Sea ice extent, definetth@&xtension of the oceanic region covered bigat 15% ice, exhibits a negative

relationship to the Southern Annular Mode betwe@d82and 2014. The relationship to the temperattadignt is positive. A decreasing
10 seasonal pattern of the temperature gradient cabserved from May to September (1979 — 1996).
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Figure 13: (a) Accumulation rates for Plateau Laclavere during®6®014 estimated from the stable water isotopeposition of firn
cores OH-6, OH-9 and OH-10 and their respectivesitierprofiles. (b) Accumulation variability for theest flank of the northern
Antarctic Peninsula from the coast to Laclaverdela. Accumulation rates were derived from preatfh at O’Higgins Station at sea

5 level and firn cores (OH-4, OH-5 and OH-6) for heglaltitudes.

Figure 14: 180 profile with relation to (a) the distance fronetboast at O’'Higgins Station (OH) and at differpaints on the west flank
of the AP (6.5 km (OH-4), 15 km (OH-5) and 19 kmH®)) and (b) altitude at 350 m (OH-4), 620 m (OHahd 1130 m a.s.l. (OH-6)

10 during autumn (MAM) (green solid dots) and wint@d4) (blue solid dots).
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Figure 15: (a) Schematic chart showing the orographic bagfierct of the AP on the stable water isotope depieand accumulation rate
at different altitudes, firn core locations (OH@H-5 and OH-6) and distances from the coast (Obj)témperature gradient (adiabatic
cooling) during DJF (summer) and se&&-free conditions; (c) inversion layer in the lowssgoshere during seime—covered conditions

in JJA (winter).
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Figure 16: Sea level to Laclavere Plateau temperature osoillacheme during summer (DJF), autumn (MAM), wirffA) and spring
under: (a) positive SAM anomaly conditions andribyative SAM anomaly conditions.
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Table 1: Statistical summary of the geographical locatiod amter stable isotope composition of all firn examined in this work.
OH-4 and OH-5 correspond to cores retrieved ontbgt side of the AP, whereas OH-6, OH-9 and OH-&@ewetrieved at LCL on the
east-west divide. All cores were analyzed in a Gesolution.

Core OH-4 OH-5 OH-6 OH-9 OH-10
57.80°W, o o o o

Coordnates  6336°S gin  gile  Gnase | cadse

Altitude (m a.s.l.) 350 620 1130 1130 1130

Depth (m 158 10.€ 11.C 117 102

Drilling date Jan 2009 Jan 2009 Jan 2010 Jan 2014 an 2015

130 (o 0)

Mear -104 -10.2 -12.0 -12.¢ -12.¢

Sdev 1.2 1.5 2.5 25 2.6

Min -14.1 -14.2 -19.8 -23.3 -21.9

Max -7.0 -7.2 -6.5 -8.1 -7.3

D (%o)

Mear -78.9 -78.1 -91.4 -97.% -98.¢

Sdev 9.7 12.0 19.4 21.0 20.5

Min -108.2 -111.2 -154.9 -183.8 -166.8

Max 54,0 521 532 59,6 55.¢

d excess(%o)

Mean 4.0 3.9 4.4 5.1 4.7

Sdev 15 1.7 2.8 1.9 2.7

Min 0.5 -0.6 -2.6 0.0 -6.5

Max 8.6 8.2 150 11.C 11.:

n (samples) 318 213 208 232 190
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Table 2: Statistics of the stable water isotope compositibprecipitation samples collected at OH Station a: AP 2008-2009 and

2014.

Station O’Higgins O’Higgins

Sampling interval ~ Feb 2008 — Mar 2009 Apr — Nov201

Coordinates 63.32°, 63.32°S,
57.90°W 57.90°W

180 (%o)

Mean -9.2 -10.1

Sdev 3.3 4.4

Min -19.4 -18.4

Max -3.8 -1.3

D (%o)

Mean -70.5 -81.9

Sdev 26.4 34.2

Min -150.6 -148.4

Max -21.8 -16.0

d excess (%o)

Mean 2.7 3.8

Sdev 4.2 4.7

Min -6.6 -1.8

Max 22.3 14.7

n (samples) 139 69
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Table 3: Statistical correlations and linear regression ifitance of the 80 and dexcess Temperature relationship for precipitation
samples. The Slope and Standard error are relatdtetlinear regression constructed from the isstdemperature regressions at daily
and monthly scales.

Corr. coef. (R) Slope (s) Std. Error p-value

Precipitacion **Ouaiy—Taaiy

DJF 0.81 117 0.62 0.01
MAM 0.65 0.77 2.08 <0.01
JIA 0.63 0.35 1.74 0.01
SON 0.6 0.61 2.88 0.03

Precipitacion *Omentiy— Tmont

All data—set 0.30 0.28 2.36 >0.05
2008-2009 0.74 0.41 1.03 <0.01
2014 -0.32 -0.77 3.60 >0.05
Precipitacioexcess Tdail
DJF -0.37 -0.86 1.66 >0.1
MAM 0.09 0.10 2.61 >0.1
JIA -0.28 -0.29 3.61 >0.1
SON -0.42 -0.74 5.97 >0.1
Precipitacion excess Tmonty
All data—set 0.06 0.07 2.98 >0.05
2008-2009 -0.77 -0.60 1.43 <0.01
2014 0.33 0.65 2.35 >0.05
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Table 4: Correlationbetweendeuterium excessidxcess metdovalues calculated from monthly mean meteoroldgiega (SST andh) and
water stable isotope monthly means for all coreglus this study. Degrees of freedom (df) definedra2 for each correlation and Cut-

off frequencies for the FFT analysis are gpaxpressing the lower and upper boundary of thegiated spectrum, respectively. ,{

xcess-metgo-vart

777777777777777 er \{

o A U A U

Core OH-4 OH-5 OH-6 OH-9 OH-10
Time Jan 2006 —Mar 2007 — Mar 2008 — Feb 2010 — Feb 2012 —
interval Jan 2009 Jan 2009 Jan 2010 Jan2014 Jan 2015
f:er;f'icien 0.72 0.79 0.81 0.78 0.67
p-value <0.01 <0.01 <0.01 <0.01 <0.01
df 34 21 21 47 34 - - - «[
Cutoff 314 469 48  -431  -526 - - w5 %
freq. ey 25.16 37.5¢ 43.2¢ 43.1Q 9%
Tl
W { %S %
\i?@{ p
Table 5: Accumulation rates calculated for all firn coregdisn this study. All rates are shown as seasamdlamnual mean values with \\ \ #_8 %
respect to the time interval covered by each core. \\\\\\{ S %
. \\\\{ # $ %
AP Accumulation (kg m) \( " 5 %
Western Flank LCL \[ w5 %
OH-4 OH-5 OH-6 OH-9 OH-10
DJF-MAM 1121
JJA-SON 1300
2006 2510
DJF-MAM 1650 >1380
JJA-SON 1300 1150
2007 2950 >2530
DJF-MAM 1130 1020 >1530
JJA-SON 770 1050 940
2008 1900 2070 >2470
DJF-MAM 1090
JJA-SON 1340
2009 2430
DJF-MAM 700
JJA-SON 360
2010 1060
DJF-MAM 680
JJA-SON 770
2011 1450
DJF-MAM 1170 1080
JJA-SON 730 690
2012 1900 1770
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