Reviewer 1

Major comments

OBS1. Title I found the title misleading since the firn cores temporal extent is too short as to infer
climatic signals from them. A suggested title would be: Water stable isotope and deuterium excess
records from precipitation and firn cores from northern Antarctic Peninsula as tools for climate
studies in the region.

ANS.1. The reviewer has a valid point here, as the word “climatic” could mislead the readers. Instead
we propose the following title:

New regional insights into the stable water isotope signal at the northern Antarctic Peninsula as
tools for climate studies

OBS2. Database | am concerned about the author’s use of the Tair and altitudinal T profiles from
BE station. Why the authors would expect this temperature to be representative for the core sites?
Later in section 2.3 the authors mention that daily mean temperatures are available at OH, then
why not to use that data set instead of the BE-data? Please elaborate and justify the use of the BE
data set.

ANS.2. The BE dataset was used instead of OH, since the latest has numerous gaps of validated data
(see: https://legacy.bas.ac.uk/met/READER/surface/O_Higgins.All.temperature.html). This is
especially important for the most recent years. Some years (e.g.: 2015) even with 50% of the
monthly data validated under 80% of daily temperature records. On the other hand, BE has an
uninterrupted validated record from 1968 to the present. Both data sets (OH-BE) correlate (for
validated months) with a r-value higher than 97% (p<0.01). This correlation is even higher than the
correlation between the OH Station data and Esperanza (ESP) Station (96%), which is located less
than 100 km away. However, ESP is located at the east coast of the Antarctic Peninsula and
therefore, is partially influenced by continental conditions. The figure attached to this comment
shows the linear regression and correlation for the OH-BE and OH-ESP datasets.
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OBS3. Stable isotope time series analysis In section 2.3, page 5-25, the authors state that the d-
excess signal obtained from the firn cores was depicted against depth and filtered using IFFT to be
compared with d-excessmeteo, but the authors never showed the original raw core isotope data,
nor discussed the quality of it, e.g. amplitude of the signal, seasonality, possible melt, signal
differences /similitude at the different core sites, etc. The authors must describe the raw isotope
data before applying any further statistical method to compare it with either instrumental or
modelled data. Before assessing the quality and representativeness of the raw data it is not
possible to carry on with other comparisons. Further, the authors obtained the time scale of core
d-excess based on the “the strong similarities between both signals (d-excess and d-excess
meteo)”; even thought this method is quite interesting and innovative, and both profiles clearly
agree (Fig. 3), the authors must indicate why a more traditional dating was not preformed, e.g.,
annual layer counting, which would be the obvious first attempt on dating the cores. The authors
must address this issue and justify the dating method used in order to show its value over more
traditional approaches. The authors must also indicate the error in the time scale obtained. This
is shortly introduced in the text in section 4.2 but it should be mentioned already in section 2.3.

ANS.3. The reviewer is right by addressing this comment, we certainly did not discuss properly the
quality either the representativeness of the RAW data. We will add a new paragraph at the
beginning of section 2.3, which will include a general description of the RAW data, a discussion about
the quality and representativeness and we will also refer to the issues that we had attempting to
carry out a traditional dating method. Furthermore, as it is suggested, we will highlight the value of
the new method proposed over other more traditional approaches.

In relation to the displaying the RAW data, this is available from the assets to this publication:

https://doi.pangaea.de/10.1594/PANGAEA.871083

https://doi.pangaea.de/10.1594/PANGAEA.871080



https://doi.pangaea.de/10.1594/PANGAEA.871083
https://doi.pangaea.de/10.1594/PANGAEA.871080

Figure 3 already includes this data, nevertheless, the color that we have chosen was probably not
the best one. We will change the color in this figure in order to represent the RAW data in a better
way.

Since our dating was carried out using a signal-tuning method, the error associated with this method
is usually dependent on the error that the reference signal has and also to the differences between
the two signals that are compared. In our context, as both signals should be dependent on almost
the same variables which have seasonal behaviors, the error associated with the signal matching
can be estimated as to be of +/- 1 month.

OBS.4. Seasonality The authors define seasons and sample sets to each season. However, the
authors have a limited number of years (2008-2014) as to construct a representative seasonal
signal of d180 in precipitation at the study site to use as a baseline to compare with particular
monthly means of a given year. The authors use 1 month of a particular year to describe a seasonal
signal without discussing its representativeness. Therefore, the results must be explained as
results for a particular year rather than as to a “seasonality”, mentioning the results limitations.

ANS.4. This comment is right in relation to the seasonal long-term approach that we are not able to
achieve with our limited dataset.

A paragraph will be added in section 4.1 specifying the limitations and representativeness of our
dataset. We will highlight the fact that the information presented in this study is intending to give a
rough idea about changes identified in the isotopic signal throughout the year in a short time span,
rather than creating a regional baseline.

OBS.5. Glaciological setting The authors must provide a more detailed description of the study
site, e.g. glaciological setting, meteorology of the study site, earlier studies of in the
OH area, if available. This could be included in an additional section as “study site”.

ANS.5.The authors believe that a new section is not absolutely needed. The introduction already
describes most available (rather scarce) glaciological information for the study region. Others like
meteorological and geographical references are widely discussed along this manuscript and in a
previous work of this group (Fernandoy et al., 2012), also published in the journal. Nonetheless, we
will add more details to the last part of the introduction section.

Minor comments

1-23. Be more specific when given the results. The results presented here are a snapshot of a region
situated at Antarctic Peninsula but they don’t necessarily reflect the whole Antarctic Peninsula
situation. Unless a geographical significance study is done, please clearly state to which region of
the Antarctic Peninsula are your results representative.

Ans1-23. This was corrected along the whole manuscript to emphasize that our discussion is valid
for the most northern portion of the Antarctic Peninsula, i.e.: Study region close to the Laclavere
Plateau and nearby west flank.



2-2. | have seen Antarctic Peninsula being referred as AP or APIS (when talking about Antarctic
Peninsula Ice sheet), | wonder why the authors chose API.

ANS.2-2. The abbreviation APl was taken for simplification reason from the sample codes analyzed
here and used also on our previous publication. In order to keep a consistency with other authors
from the region, we changed the abbreviation APl to AP for this manuscript.

2-24. at several stations

ANS.2-24. Corrected as suggested

2-27. with a marked warming

ANS.2-27. Corrected as suggested

3-22. the authors only mention the “high temporal resolution” of their records but did not talk
about the temporal extent of their records. Since the title of the manuscript involves climate, the
temporal extent of the firn cores is as important as the resolution and should be introduced
together.

ANS.3-22. Corrected as suggested

4-3. austral summer campaigns

ANS.4-3. Corrected as suggested

4-3: please remove “several shallow—depth firn cores (totalling more than 60 m) were retrieved
from the northern part of the API”. There is no need to add this vague information if the authors
are going to give more details of the cores in the next sentences.

ANS.4-3. Corrected as suggested

4-4: Add link to Figure 1. Label O’Higgins station as “OH”, also add info on image source and
contours details.

ANS.4-4. Corrected as suggested

4-8: Please be more specific about how many samples were discarded and why.

ANS.4-8. Additional information was added to this section. The samples were discarded using a
statistical outlier test (modified Thompson tau technique) (Thompson, 1985). Using this criterion all
samples with d-excess values lower than -9%. were discarded, as they lie outside the normal
distribution of regular samples.

4-10/13. ...profile of density and physical properties of the ice

ANS.4-10/13. Corrected as suggested



10-13: add info of the drill, handling, storage, and sampling for all cores. This can be summarized
in a table.

ANS.4-10/13. This information is included in section 2.1, however additional antecedents on the
handling of water samples will be included in the manuscript.

4-16. To which institution/facility in Vifia del Mar? Please add information about sample melting
and storage during melting (type of vial). As mentioned by the authors in page 20-21, secondary
processes during storage and transport (and also melting of the sample) can perturb the isotopic
signal.

ANS.4-16. As for the previous observation additional information of the protocol followed both in
Chile and Germany will be included in section 2.1. This basically consist in melting the snow and firn
samples at controlled conditions (4°C) in sealed bags overnight. At the next morning previous to
running the isotope analysis, each sample was agitated for homogenization.

4-18. Indicate where the water stable isotopes were analysed (instrument, method, etc) and the
accuracy for all the cores. This is depicted in Table 1 but it is not clearly stated in the text. Cite
references to values shown in Table 1.

ANS.4-18. As before, additional information was added and table 1 referenced as suggested.

4-18. Please indicate where the firn and precipitation samples were collected at OH.

ANS.4-18. This information was added to 4-7

OBS. In Fig. 2, show source of the data. Please add the BE station in Figure 1.

ANS. The source of the data (LIMA-Landsat Image Mosaic of Antarctica) was added to the figure.
Station BE (Bellingshausen) is located on the South Shetland Island, therefore out of the scope of

this image. An insert to this figure will be added.

5-1: Please indicate the arrival point of the HYSPLIT trajectories. Was 1-backtrajectory estimated
or a cluster of backtrajectories?

ANS.5-1. This information was added, corresponding to OH coodinates at an isobaric arrival point of
850 hPa (around 1500 m a.s.l.). The backward trajectory analysis corresponds to a cluster analysis
and not single trajectories.

5-22. “for the whole region”. The author’s refer to the whole Antarctic Peninsula? If, yes, the
authors might reconsider limit the interpretation to the nearby study area. It is unclear to me if
the HYSPLIT backtrajectories were set to end at OH or to other sites in the Peninsula. Please clarify
this.



ANS.5-22. This was corrected to express that our discussion correspond to the nearby region of the
OH Station and Laclavere Plateau, and doesn’t mean to extend this conclusions to the whole
Antarctic Peninsula region, which clearly exceed the scope of this work.

Figure 3: it is not clear to me if cores OH-10, OH-9, and OH-6 were drilled at the exact point, how
close were there drilled? This info cannot be inferred from Table 1 which shows the exact
coordinates for all three cores. The core sites could be shown as a zoomed-in section in Fig. 1.

ANS. The location was intentionally selected at the same position for the cores OH-6, OH-9 and OH-
10, but retrieved in different years. This will be explained on the revised version of this manuscript.

6-25,26: this should be stated earlier in the text, e.g. in section 2.3 when figure 3 was shown.
ANS.6-25,26. This paragraph was moved as suggested.

6-27: Remove OH

ANS.6-27. Removed as suggested.

6-28: Please mention how many samples were rejected and why. This is mentioned earlier in the
text but is not discussed.

ANS.6-28. This information was added to section 2.1. A total of 13 precipitation samples were
discarded.

Figure 6: please add labels for the study site, and Bellingshausen Sea in the map.
ANS. Labels were added to the figure

7-6: please mention how the authors defined the seasons, e.g. DJF-! summer. Also, please explain
better how you selected the set of samples representative of each season; as it is written in the
text, it appears that the set for each season was selected upon the number of samples of arbitrary
months which might cause bias, especially in section 3.1.1 where the seasonal regression slopes
are discussed. Please consider using all samples available for each season or limit your discussion
to the represented months but not to seasonal scales. Please discuss the annual precipitation
distribution

at the study site if available and put your results in that context. Also discuss how precipitation
samples were taken, is a precipitation event identified as one precipitation sample or are the
samples taken and identified on a daily (hourly) basis? Indicate in a figure the number of samples
per month and also the volume per sample/event.

ANS.7-6. Done as suggested. Regarding the sample selection, we extended the explanation of our
selection criteria. Related to precipitation sample acquisition, there was already an explanation in
the text referring to the daily scheme in which precipitations were measured. Figure 7 shows the
precipitation sample distribution.



7-9: Please discuss how outliers were removed in section 3.1.1 (when first referred).
ANS.7-9. Done as suggested

7-11: please include the error and significance of the regression slopes.

ANS.7-11. Done as suggested

7-13: the authors must justify why they believe a particular month is representative of a season.
If the authors have data for all months, why to assume only one month as representative of a
season? This issue has been addressed in a previous comment (7-6). This is very important to clarify
as the authors are attempting to link their results to climatic features.

ANS. 7-13. Answered in 7-6

7-16: An inverse behaviour between July and June or between July-June compared to MAM and
SON? Please explain.

ANS.7-16. An specification was added to the text

7-22: do not use “weak”, use instead: correlation coefficients for these comparisons are not
significant (indicate level of confidence).

ANS.7-22. Done as suggested. Also the value of the rejected samples was wrongly stated in this
section (“lower -2%."), as showed before, the statistical outlier test points out to eliminate all
samples deviating more than 2o from the mean value (i.e.: <-9%o. and >12%o.).

7:3.1.3 Please indicate geographical sites in a figure (in Fig. 6 for example).
ANS. Done as suggested
Figure 8 can be removed and the equation of the regression line can be given in section 3.1.3.

ANS. Figure 8. The authors consider that this figure is needed to give a better idea of the correlation
for different values of d-excess. However, we do recognize that this figure is not key for the paper.
We would still propose to keep this figure.

8-5: define GMWL and LMWL in the text (now is only defined in Fig. 9)
ANS. 8-5. This was done as suggested.

8-6: previously you defined the slope as “s”, now it is mean slope as “m” but not defined, either
use s again or define mean slope as “m”.
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ANS. 8-5. This was corrected throughout the paper to keep consistency using the for slope.
8-9: Please remove the first sentence as it is unnecessary.

ANS. 8-9. We considered that this sentence works as a short introduction for the following section.
We think it should be kept in this sense.



8-10: as mentioned in a previous comment, a discussion about the quality of the isotope raw data
must be addressed earlier in the text.

ANS 8-10. We recognized this point and added a discussion on section 2.3

8-26: how the authors could explain the melt layers then if there is no signal of infiltration or
connection with summer melt? Could the authors include the percentage of melt per m w.e.?

ANS. 8-26. This issue will be discussed at the end of section 4.1
8-31: higher than the annual, monthly mean?, please specify.
ANS.8-31. We mean monthly means, this was corrected in this section.

9-5: “monthly d180-T relationship was considered to reflect seasonal behaviour” based on? Please
add a discussion to explain the authors’ assumption.

ANS. 9-5. This phrase was eliminated from the text, as it was unnecessary and could lead to
confusion of the following text.

5-9: what is the general trend? The data sets are too short as to describe or assume they represent
a general trend.

ANS. 9-5. This was revised and corrected in the text
9-15: please indicate the basis to the -1.4C latitudinal correction. Also indicate lapse rates used.

ANS. 9-15. The correction procedure was now added to this section, the basis of doing so is
previously exposed on the major comment 2.

9-16: Indicate the significance of the trend, this is important due to the short period covered (only
5 years).

ANS. 9.16. This information was added to the revised version of the text
Figure 10: indicate the resolution of the temp. data.

ANS. Added to the figure “monthly resolution”

9-20: indicate significance of the trend.

ANS. 9-20. Done as suggested

9-25: of which station? Please specify.

ANS. 9-20. OH (BE) station was added to this sentence.

10-30: replace “clear” with significant or not significant.

ANS.10-30. This sentence was modified, as it doesn’t mean to point out an statistical trend, but
rather a tendency of increase in density of the firn pack.



10-3.2.3 Is there any evidence of wind redistribution of snow that could be operating at lower
elevations? How is the amplitude of the seasonal d180 cycles at different elevations? Is there any
sign of melt at lower elevations?

ANS. 10-3.2.3. This matter was not discussed here in extent, since was already exposed by
Fernandoy et al. (2012). A noticeable effect of melting is present bellow 700 m a.s.l., that it’s location
of OH-4 and bellow. Wind redistribution will play a role in some geographical singularities like
depression or valley-like features. All cores were retrieved from geographical height in order to
minimize this effect (Fernandoy et al., 2012). Nonetheless, these redistribution effects are much less
important against the high accumulation rates for this region.

11-27: compositions
ANS. 11-27. Corrected in the text.

11-14: | would be cautious to extrapolate the results to the whole Peninsula region and rather
specify that the result is valid for the study site. Reference to data from additional sites at the
Peninsula is needed as to assure what the authors claim. The authors also need to address that
the time extent of the cores prevent to robustly interpret their results into a climatic scenario. The
results presented in the study are a snapshot representing and must be carefully put into a climatic
context in order to avoid speculative interpretations.

ANS. 11.14. This observation was taken into account along with other previous similar observation
referring the regional vs. local extension of our results. We will revise the text to make it clear, that
our investigation shows the situation for a specific portion of the Antarctic Peninsula (i.e.: northern
AP) and for a restricted time frame (2008-2015).

11-18-20: The authors need to show evidence of similar findings elsewhere in the Peninsula as to
support their claim, otherwise the claim is highly speculative when extrapolating the study results
to the whole Peninsula area.

ANS. 11-18-20. We will restrict our discussion concretely to our study region, since similar study are
non-existent or scarce to rest of the Peninsula.

Figure 12: please correct x-axis label to “sea ice extent”. Indicate the SIE data source. Indicate also
the definition of the SIE index used.

ANS. 12. The axis of figure was modified accordingly, and the source and definition of SIE was added.
SIE data was obtained from the NSIDC Sea ice index (https://nsidc.org/data/seaice_index/) and the
definition of the sea ice extent is according to . Defining the edge of the sea ice, as the portion of
sea surface covered by at least 15% of ice.

12-8: it is important to address if the trend is significant or not.

ANS. 12-8. As in previous observation, we don’t mean to express a statistical trend of the isotope
values, but rather a tendency of depleted values with higher altitudes. This will be corrected on the
text.



n

12-20: “ice layers likely developed by wind ablation on wind—scouring processes at the plateau.
Could the authors explain how wind could create ice layers?

ANS. 12-20. In this line we expressed our self not right. We actually don’t mean to state that a proper
ice layer could form purely from wind in a high accumulation region like the AP. We refer here to
actual glazed (ice) “crust”, only a few mm wide as shown by the stratigraphy of the firn cores. This
wind crust could form a thin glazed surface due to sublimation and snow drift abrasion, and in some
opportunities by solidification of super-cooled droplets flowing against ground surface irregularities
(sastrugi-like). During our field work, we witness these processes during different years.
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Reviewer 2
Major comments

OBS.1. There is a need to be more explicit about what datasets were used and exactly how. | would
also like to see a better justification of their inclusion over perhaps more suitable datasets. This
relates to observations (e.g., why use Bellingshausen station observations over the more proximal
O’Higgins?) and the gridded datasets (why use HadISST versus a higher resolution observed SST
dataset, and why not use the sea ice data from this same gridded dataset as opposed to using the
NSIDC sea ice extent index). Also, how sea ice extent was measured is not explained in the
manuscript.

ANS. We added to the manuscript an explanation, emphasizing which datasets were selected and
how they were considered in this work. In relation to choosing Bellingshausen (BE) station over
O’Higgins (OH) station, BE dataset was used instead of OH, since the latest has numerous gaps of
validated data. (see:
https://legacy.bas.ac.uk/met/READER/surface/O_Higgins.All.temperature.html). This is especially
important for the most recent years. Some years (e.g.: 2015) even with 50% of the monthly data
validated under 80% of daily temperature records. On the other hand, BE has an uninterrupted
validated record from 1968 to the present. Both data sets (OH-BE) correlate (for validated months)
with a r-value higher than 97% (p<0.01). This correlation is even higher than the correlation between
the OH Station data and Esperanza (ESP) Station (96%), which is located less than 100 km away.
However, ESP is located at the east coast of the Antarctic Peninsula and therefore, is partially
influenced by continental conditions. The figure attached to this comment shows the linear
regression and correlation for the OH-BE and OH-ESP datasets.
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In relation to the gridded datasets, we have corrected the text since we unintentionally made a
mistake writing HadISST, instead of HadSST. For Sea Ice extension we did not use HadISST since one
of its key limitations is that higher resolution and more homogenous data are available for the
modern satellite period, 1979-present. Instead of HadISST, we used NSIDC because it provides a
higher resolution grid (25km x 25km). The reviewer is right by noticing that the way in which sea ice
extension was not detailed in the text. To measure the sea ice extent we considered as a starting
point the location of O’Higgins station and as an end point, the sea ice front in the direction towards
King George Island. This procedure will be added to the manuscript.

OBS.2. To estimate dexcess meteo from the air parcel source region, SST seems to be from a fixed
region whereas relative humidity was determined based on the HYSPLIT trajectories. Is this
correct? And if so, why not just pull SST time series from the same geographic area as the RH
reanalysis data? The regressions between observed temperature and isotopes as presented in
sections 3.1.1 and 3.1.2 are not clear. Adding these regression scatter plots to Figure 7 would help.

ANS. The SST datasets were obtained from a fixed region based on two main reasons. The first one,
because the continuity of the data in this quadrant during the time that we cover is more consistent
than the neighbors, which in turn are rather limited and containing important gaps. The second
reason is because almost all the air parcels that reached Laclavere Plateau, in the time interval
studied, crossed through this region during a significant amount of time (one day or more). Thus, it
might has likely exerted an imprint over the moisture parcel crossing this area. In contrast, out of
this region, the pathways followed by the air parcels spread into different directions, characterized
by data gaps and sometimes inconsistencies.

Even though the SST data considered is originated from a single region, considering a rough value
of the behavior of SST at this latitude is enough to estimate dexcess meteo. As we show in the text,
this parameter is less dependent of SST values (mostly influenced by humidity). Therefore, dexcess
meteo is highly dependent of relative humidity. The 3-day backward trajectories provided data
along the whole path, those data sets were considered to give representativeness to dexcess meteo
estimation.

Linear regression were not added to the figure, but were discussed now in the text in section 3.1.1
and 3.2.2.

OBS.3. The regression between firn core derived dexcess and that derived from the gridded
datasets (dexcess meteo) seems circular given that the gridded dataset-derived dexcess meteo
was used to date the firn cores. There are multiple instances where the correlation between the
core dexcess and the dexcess meteo is used to validate various parameters and interpretations of
the core (including the dating), and | don’t think this is supported because the firn cores were
dated by peak matching with the dexcess meteo time series. If | am understanding this correctly,
I believe the authors should revise the use of correlations between the two time series to support
their analyses. | have documented some of these instances my comments below, but there are
several other instances in the discussion that | have not mentioned.

ANS. The reviewer is right by addressing this comment, we committed an unintentional error in the
caption of Figure 8. As it was written at the end of in section 3.1.3 “From the relationship between
monthly mean values of dexess from precipitation samples and dexcess meteo CONstructed from



meteorological parameters (rh and SST) of the high density precipitation pathways, a correlation
coefficient of R=0.86 (p<0.01) was obtained (Fig. 8)”, the regression reflects the relation between
dexcess from precipitations and dexcess meteo. The relation between both parameters is what we
consider that validates the dating procedure, as precipitation dexcess is highly related with the
constructed dexcess meteo. We will correct the figure’s caption accordingly.

OBS.4. The lack of melt in the cores is surprising given warm summers in this region and the
literature cited in the introduction.

ANS.4. We haven’t neglected the effect of melting, however melt events are rather insignificant
against the very high accumulation. During none of the field works (January — February) we have
witnessed any major melt event at the highest point of the northern Antarctic Peninsula (i.e.:
Laclavere Plateau). The stratigraphic profiles of the firn cores retrieved show different kind of ice
layer/crust. We have attributed this to different phenomena like wind sublimation, precipitation of
super-cooled humidity and in some cases possible melt layers. Nonetheless, we don’t see any
possible seasonality in the distribution of the ice layer and crusts.

Specific comments:
Page 2

Line 4: Bromwich et al 2013 focuses on the central West Antarctic Ice Sheet air temperatures. |
would suggest changing this reference to one that focuses specifically on Antarctic Peninsula air
temperature trends.

ANS. Changed this citation to Carrasco (2013), and also indicated that this refers to the Antarctic
Peninsula specifically.

Line 8: Change to “have recently lost mass”
ANS. Done as suggested

Line 9: Most modeling studies have shown that surface melt, though accelerated in places
regionally, plays little direct role in the mass balance today. Only on the northernmost AP does it
impact SMB, and only indirectly via ice shelf stability forcing, does it impact mass balance
elsewhere — and today this is limited to the AP.

ANS. Added to the text that this refers mostly to AP
Line 12: Change “is losing” to lost

ANS. Done as suggested.

Line 13: Change “surpasses” to surpassed

ANS. Done as suggested



Line 14-15: Change to “This demonstrates how sensitive the coastal region of West Antarctica is
to increased...”

ANS. Done as suggested

Line 16-17: | believe Trusel et al 2012 and Kuipers Munneke et al 2012 did not report significant
positive trends in AP surface melt as whole. However, Abram et al 2013 and Trusel et al 2015
(Nature Geoscience) both note positive surface melt trends on the northeast Antarctic Peninsula
from an ice core and from climate models and observations, respectively. | would suggest revising
this sentence.

ANS. The lines were rephrased to clarify these points, as the reviewer make a valid point suggesting
so.

Line 19: The first part of this sentence needs a citation indicating what studies show more wide-
spread surface melt since the mid 20th century.

ANS. This was included and corrected according to the previous observation.
Line 31: Do the authors mean “tropical” ?

ANS. We refer to regular (pre-industrial period) patterns. We will include this information to this
line.

Line 32-33: The “southern oscillation” is not another term for the SAM, but rather ENSO. Please
revise.

ANS. This is correct. Southern Oscillation is misplaced; we will remove this term from cited line.
Page 3

Line 5: I would suggest citing Orr et al. 2008 (J. Climate) in reference to summer airflow over the
AP owing to westerly wind increases.

ANS. Two cites were included to this line showing the impact of summer airflow: (Orr et al., 2008;
van Lipzig et al., 2008)

Line 15: Please change to “hampers accurately determining”
ANS. Done as suggested

Line 16: Please change to “Therefore, climate models are necessary to extend the scarce climate
data both spatially and temporally.”

ANS. Done as suggested
Page 4
Line 8: Could you please expand upon what you mean by “improper storing”?

ANS. This was also brought up to our attention by referee 1 and clarified in the text



Line 28: Please indicate in the text how far Bellingshausen station is from the firn core sites and
O’Higgins. Also, why were observations from O’Higgins not used?

ANS. Same as before. Referee 1 asked about this in his comments. We responded showing that OH
data has long non-validated data periods. On the other hand, BE has an uninterrupted record since
1968. Although BE is located around 150 km NE from OH station, the correlation between both
records (for valid period) is higher than 0.97 with a high statistical significance (p<0.01), which is
higher than other station like Esperanza (ESP) (r= 0.96) located less than 100km from OH, but on the
east side of the AP. Linear regressions show that OH and BE data has a slope very close to 1, while
OH-ESP is lower (s = 0.33) (with lower r). This probably reflects some influence from continental
conditions. Therefore, we used BE to complement the OH data. Figure attached here.

Line 31-32: HadISST is actually on a 1 grid. Did you use a different version of the data product?
Also, why was HadISST chosen over a more strictly observational SST dataset (e.g., AVHRR, AMSR-
E) or the 0.25 NOAA OISST v2 product? Given the cores only go back to 2008, | would think that
using observations would be the best route. The use of HadISST (and the actual resolution used)
should be further justified.

ANS. This was explained before. Please see answer to Major comment 1.
Page 5

Line 7: Did you use 1 day back trajectories or 3 day? If only 1 day as specified here, why on line 1
do you state 3 day? The methods here are a bit unclear. For example, did you calculate the RH
only across the areas with >50pct parcel frequency (or some other threshold)? Also, could you
reference Figure 6 here?

ANS. We first used 3 day backward trajectories to figure out the provenance and distribution of air
parcels that reached the study site. As we noticed that there was a high density pathway in the
region, we explored the conditions that prevail in the near surroundings (limited by 1 day backward
trajectories). After analyzing both datasets, we determined that the area covered by 2 day backward
trajectories had a high representativeness of the maritime region that surrounds Laclavere Plateau.
This area is representative because geographically includes the region affected by westerly winds
and sea ice front during winter time, both factors that exerts high influence on the air parcels that
approach this region.

Line 14-16: It is unclear what sea ice metric was used to define sea ice extent “around the API”.
Was total Antarctic sea ice extent provided by the NSIDC Sea Ice Index used? If so, that dataset is
certainly not suitable for the more regional/local analysis of this manuscript. This also raises the
question of why not use the sea ice concentration data that are also part of the SST dataset
(whether that is HadISST, if justified, or one of the higher resolution datasets)?

ANS. This information was now included in the text and we think it is better clarified now.
Line 18-20: This information is repetitive with the previous paragraph.

ANS. Modified in the text



Line 24: Please change “obtained” to “derived” or “estimated”
ANS. Done as suggested
Page 6

Line 6: Change “has been proved” to “has been proven” or similar. Section 2.4 more broadly: Was
a constant wave velocity chosen to convert two way time to depth? Certainly the firn here is quite
heterogeneous given high surface melt rates. Also, was the surface actively melting during the
January fieldwork?

ANS. Proved was replaced. Regarding section 2.4: Radar results were revised and re-analyzed. We
now used a 2D model velocity based on the density profile obtained from the local cores for the
upper snowpack and a density model for deeper snow/firn. During January, we were in the field for
about 10 days. We experienced days of strong snow precipitation, wind drift and also sunny days,
but we didn’t see evidences of surface melting in this short period.

Page 7

”’

Line 6: Change “seasons” to “season’s”

ANS. Done as suggested

Line 10-11: Considering the “considerable differences” between daily and monthly mean isotopic
values, could you please show standard deviation error bars on your monthly mean time series in
figure 7?

ANS. Explained on major OBS. 2 this discussion was addressed in the text in section 3.1.1

Line 11-16: The regression analysis presented here is quite unclear. Is the regression slope derived
from 3 points each for MAM and SON? Or, are you regressing daily values? Please consider revising
the text here and adding a figure to show these regressions. This would be very helpful. Also, why
are only fall and spring values being regressed (or were the other seasons regressed individually,
but the results were insignificant?)? Please expand on this here.

ANS. The regression slopes presented were derived from d180 daily values from precipitation
samples and mean air temperatures from those days. We will add a paragraph in the manuscript
which will include the slope from other seasons and the standard error and significance of each
slope. Additionally, Figure 7 will be modified to include an histogram to represent how precipitation
samples are distributed in time, seasonal regressions will be discussed in the text in section 3.1.1.
and 3.2.2.

Page 8

Line 2: This correlation testing seems circular to me. The d excess (meteo) was used to date the ice
cores by aligning the ice core d excess vs depth profiles with the d excess (meteo) vs time. So, we
should clearly expect a high degree of correlation to result since these time series are already
manually aligned

ANS. As explained on comment 3 this is not what we intended. Please see explanation above.



Line 8: This paragraph seems better suited for the methods section.

ANS. We consider that this section should be kept here, it is through that some part of the
methodology is revised here, but still showing results of combined geophysics and stable water
isotope information.

Line 9: Please change to “allowed us to derive”
ANS. Done as suggested

Line 13: Again, the methods need to be more clear about the time frame analyzed using the back
trajectories. Here it is stated 2 days, but elsewhere it says 3 days and 1 day.

ANS. The answer related to this subject is written in the comment of Page 5 Line 7
Page 9

Lines 1-3 / Figure 10: The stated relationships in the text are quite difficult to see on the plot. Could
you plot this instead as a scatter plot, or perhaps highlight these areas on the existing line plot?
Only January is labeled on the plot, with one other tick at July (?), so it’s hard to understand. Please
consider revising Figure 10 to improve clarity.

ANS. The figure was modified showing now the period of positive/inverse relationship and the time
(x) axis better labeled.

Line 5-7: The methods used here for extending or contracting the relationship is unclear. Please
revise.

ANS. This paragraph intends to refer to the fact that at this latitudes, calendar seasons do not play
a significant role as climatic seasonality extends beyond calendar time limits. Rather than using
calendar seasons we turned to define three seasons: winter (JJAS), summer (DJF) and a transitional
season (MAM-ON). There paragraph will be corrected in the text in order to better address this
issue.

Line 15: Methods for determining a latitude temperature correction unclear. Please clarify.
ANS. Done, new information is in the text now.

Line 16-17: Figure 12b does not show the mean annual air temperature or a negative trend over
time. Please revise figure citation or consider adding this information in a figure.

ANS. Figure citation was revised as suggested.

Line 17-20: Methods for determining temperature using the meteorological observations and sea
ice extent (how was this measured?) is unclear. Please revise and consider adding a figure showing
these monthly correlations.

ANS. To clarify this observation, we redefined our equation to take into account the seasonal
behavior in these region. We separated our equation in two branches which are dependent on the
presence of sea ice. In moths with presence of sea ice in this region (May-June-July-August-
September) the temperature was obtained by Tlcl= (Tbe-1.4) + 1,13(Mmonth*SIE+Nmonth), where
Mmonth and Nmonth are the slope and interception of the linear relation between lapse rates and



SIE presented in Figure 12. On the other hand, during months without the presence of sea ice, the
temperature over the Plateau was obtained by the expression Tlcl= (Tbe-1.4) + 1,13(H(x)), where
H(x) is the monthly mean lapse rate value of a given month “x” measured in Bellingshausen Station
between 1978-1996.

This paragraph will be corrected in the manuscript

Line 28: Please show the linear regression showing the -0.008 per mil slope on Figure 13a as
opposed to the linked dots. Please also show for Figure 13b.

ANS. Figures were revised and changed as suggested.
Page 10
Line 6: Figure 14a only shows accumulation through 2014.

ANS. The most recent core analyzed goes to January 2015, therefore is not possible to have the
accumulation for 2015. New cores from 2016 are yet to be analyzed will give more information
about accumulation.

Page 11
Line 11-13: Again, these datasets were aligned, so the correlation reporting is circular.

ANS. As explained on comment 3, please see explanation. After taking into account our correction,
the text makes sense since both parameters are independent.

Line 15-16: This could be interesting — where did the anomalous humidity air parcel originate
according to the back trajectory analysis?

ANS. These trajectories are coming mostly form eastern coast of the Antarctic Peninsula and the
continent, therefore reflecting depleted isotope values.

Page 12

Line 2: I would suggest revising the use of “natural” here when referring to SAM, given the
anthropogenic forcing on SAM (ozone and GHG), which is appropriately acknowledged earlier in
the manuscript.

ANS. To avoid confusion the word “natural” was eliminated and the phrase changed to “seasonal
oscillations”

Line 17-19: I think this should be stated in reverse — that the isotopic composition is not altered by
surface melt infiltration and percolation.

ANS. Corrected as suggested.

Line 20-21: | find the lack of ice layers in the firn cores due to surface melt refreezing to be
unexpected. The mean monthly temperature at O’Higgins is often at or above 0°C during summer
months. Do the lower elevation cores (300-600 m elevation) not have significant melt? And are
smaller ice layers not present at the plateau cores? Even at -4-7°C mean monthly temperature
(assumed using lapse rate for the 1100m plateau), | would expect melt each year. These layers



may not coincide with summer seasons based on your age-depth scales, which is common due to
melt percolation into deeper layers.

ANS. Certainly lower areas show clear sign of melting, this was widely discussed on our previous
work by Fernandoy et al. (2012). We identified that melting is strong even, for the high accumulation
of this region, at altitudes lower than 700 m a.s.l. As addressed before, during all of our field season
(all of them between January and February), we haven’t witnessed important melting events.
Although we have seen the freezing of super-cooled droplets in the irregular surface (sastrugi-like)
and glazed surface due to ablation by strong wind, accompanied by snow drift.

Page 13

Line 24: Should this say “altitude”?

ANS. We actually do mean latitude, referring to west flank from the AP divisory from Laclavere.
Page 15

Line 1: Should this say “manually”?

ANS. To avoid confusion we will delete the word mainly.

Line 8: Should this say between 2008 and 2014? | don’t believe any data before 2008 are
presented.

ANS. Typeset error. Thanks.

Line 9: Change to “proxies”.

ANS. Done as suggested

Page 16

Line 3: I look forward to seeing longer records from this area!

ANS. We expect to continue the work in this area, further campaigns are planned for 2017/18.
Figures

Figure 1

It would be helpful to have an inset of the Antarcitc Peninsula (or perhaps even just the northern
Antarctic Peninsula). In particular, having Bellingshausen station located on this map would be
helpful given that some of the meteorological data analyzed are from this site. Also, a box showing
the area where SST data were extracted would be helpful.

ANS. A second panel was added to this figure to show the location of both Station and LCL.
Figure 7

The small dots plotted differ from the legends and caption. Notably the “small orange dots” in (b)
appear the same as the small dots in (a). Please revise this figure (also see comment from page 7
about adding error bars).



ANS. Revised. The figure was improved accordingly.
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Abstract. The Antarctic Peninsula is one of the most challenging regions of Antarctica from a climatological perspective,
owing to the recent atmospheric and oceanic warming. The steep topography and a lack of long—term and in situ meteorological
observations complicate extrapolation of existing climate models to the sub-regional scale. Here, we present new evidence
from the northern Antarctic Peninsula to demonstrate how stable water isotopes of firn cores and recent precipitation samples
can reveal climatic processes related to nearby oceanic and atmospheric conditions. A noticeable effect of the sea ice cover on
local temperatures and atmospheric modes, in particular the Southern Annular Mode (SAM), is demonstrated. In years with
large sea ice extension in winter (negative SAM anomaly), an inversion layer in the lower troposphere develops at the coastal
zone. Therefore, an isotope—temperature relationship valid for all seasons cannot be concluded. The 8-T. relationship rather
depends on seasonal variability of oceanic conditions. Transitional seasons (autumn and spring) are both stable seasons with
an isotope-temperature gradient of +0.69%o. °C*. The firn stable isotope composition reveals that the near—surface temperature

at the most northern portion of the Antarctic Peninsula shows a decreasing trend (-0.33°C y) between 2008 and 2014.

Moreover, the deuterium excess (dexcess) has been demonstrated to be a reliable indicator of seasonal oceanic conditions, and
therefore suitable to improve a firn age model based on seasonal dexcess Variability. The annual accumulation rate in this region
is highly variable, ranging between 1060 kg m2y* and 2470 kg m2 y from 2008 to 2014. The combination of isotopic and
meteorological data is key for reconstructing recent climatic conditions with a high temporal resolution in polar regions where

no direct observation exists.
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1 Introduction

West Antarctica and especially the Antarctic Peninsula (AP}) have been in the scope of the scientific community due to the
notable effects of the present warming on the atmosphere, cryosphere, biosphere and ocean. The increase of air temperatures
along the West Antarctic_Peninsula coast (Carrasco, 2013) displays signs of a shifting climate system since the early 20™
century (Thomas et al., 2009). Recently, rapid warming of both atmosphere and ocean is causing instability of ice shelves on
West Antarctica, especially in some regions of the AP} (Pritchard et al., 2012). The collapse of ice shelves triggers an
accelerated ice—-mass flow and discharge into the ocean, as the ice shelves’ buttressing function gets lost. Several grounded
tributary glaciers on AP} and in West Antarctica recently loose mass to the oceans at accelerated rates due to this phenomenon
(Pritchard and Vaughan, 2007; Rignot et al., 2005; Pritchard et al., 2012), which in combination with surface snow melt, has
contributed to a negative surface mass balance especially in the northern part of the APefthe region (Harig and Simons, 2015;
Seehaus et al., 2015; Dutrieux et al., 2014; Shepherd et al., 2012).

The glacier of AP} is have losting ice mass at a rate of around 27 (+2) Gt year* between 2002 and 2014, which combined with

the mass loss over West Antarctica ice sheet of 121(+8) Gt year, surpasseds the positive mass balance observed in East

Antarctica (Harig and Simons, 2015). This demonstrates how sensitive the coastal region of West Antarctica is to Fhis

on-increased air and sea surface temperatures

(Bromwich et al., 2013; Meredith and King, 2005).

Surface snow and ice melt has-significanthyr-inereased-on the AP during-the-last-decades-representsing up to 20% of the total

surface melt area (extent) and 66% of the melt volume of whole Antarctica for at least the last three decades (Trusel et al.,

2012; Kuipers Munneke et al., 2012). Regional positive temperatures detected by remote sensing techniques and ice core data
reveal that melt events have been temporally more wide—spread since the mid—20" century (Abram et al., 2013; Trusel et al.,
2015), with some severe melt events during the first decade of the 21%t century (Trusel et al., 2012). Increased surface melt and
glacier calving may have an impact on the fresh water budget of the upper ocean layers and therefore on the biological activity
of the coastal zone (Meredith et al., 2016; Dierssen et al., 2002). The most significant warming trend detected at the coast of
the AP} occurs during winter season, especially on the west side of the Peninsula, where a tendency >0.5°C decade™* for the
period 1960-2000 has been reported atfor several stations (Turner et al., 2005; Carrasco, 2013). Winter warming is especially
evident on the daily minimum and monthly mean temperature increase, as described by Falk and Sala (2015) for the
meteorological record of the Bellingshausen Station at King George Island (KGI) at the northern AP+ during the last 40 years.
In KGI the daily mean temperature during winter increased at about 0.4°C decade™, with ahighly marked warming during
August at a rate of +1.37(x0.3) °C decade™. Therefore, positive temperatures even in winter are more commonly observed,
leading to more frequent and extensive surface melting year—round especially for the northern AP}, which is dominated by
maritime climate conditions (Falk and Sala, 2015).

The mechanisms behind increasing atmosphere and ocean temperatures are still not completely understood but can be

confidently linked to perturbations of reqular (pre-industrial period) typical atmospheric circulation patterns (Pritchard et al.,
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2012; Dutrieux et al., 2014). Most heat advection to the southern ocean and atmosphere has been related to the poleward
movement of the seuthern-oscillation-or-Southern Annular Mode (SAM) and to some extent to the El Nifio Southern Oscillation
(ENSO) (Gille, 2008; Dutrieux et al., 2014; Fyfe et al., 2007). During the last decades, SAM has been shifting into a positive
phase, implying lower than normal (atmospheric) pressures at coastal Antarctic regions (latitude 65°S) and higher
(atmospheric) pressures over mid—latitudes (latitude 40°S) (Marshall, 2003). With lower pressures around Antarctica, the
circumpolar westerly winds increase in intensity (Marshall et al., 2006). Air masses transported by intensified westerlies
overcome the topography of the AP+ more frequently, especially in summer, bringing warmer air to the east side of the AP}
(van Lipzig et al., 2008; Orr et al., 2008). The relationship between the shift of the SAM and the surface air temperature trend
is generally positive for the AP}, explaining a large part (~50%) of near—surface temperature increase for the last half century
(Marshall et al., 2006; Marshall, 2007; Carrasco, 2013; Thompson and Solomon, 2002). An enhanced circulation allows more
humidity to be transported to and trapped at the west coast of the AP} due to the orographic barrier of the central mountain
chain. Therefore, the accumulation has consistently increased across the entire Peninsula during the whole 20™ century,
doubling the accumulation rate from the 19 century in the southern AP} region (Thomas et al., 2008; Goodwin et al., 2015;
Dalla Rosa, 2013).

The increase of greenhouse gas concentrations and the stratospheric depletion of the ozone layer, both linked to anthropogenic
activity, are suggested to be the main forcing factors of the climate shift that affects the ocean—atmosphere—cryosphere system
for at least the last half century (Fyfe and Saenko, 2005; Sigmond et al., 2011; Fyfe et al., 2007).

The lack of long—term meteorological records hampers accurately determining hampers-to-accurately-determine-the onset and
regional extent of this climate shift. Therefore, climate models are necessary to extend the scarce climate data both spatially

and temporally
temporatly. One major challenge is to correctly integrate the steep and rough topography of the AP} into climate models. To

realize this goal, direct information on surface temperature, melting events, accumulation rates, humidity sources and transport
paths are urgently needed. As direct measurements of these parameters are not available, researchers must rely on the
reconstruction of the environmental variability, mainly based on proxy data such as the stable water isotope composition of

precipitation, firn and ice (e.g.:Thomas and Bracegirdle, 2009; Thomas et al., 2009; Abram et al., 2013).

In this investigation, we focus on a stable water isotope—based, high temporal resolution reconstruction_(seasonal resolution

between austral autumn 2008 and austral summer 2015) of variables including accumulation rates, temperatures and melt

events on the AP} and their relationship to atmospheric modes and moisture-source conditions i.e. sea surface temperature,
humidity and sea ice extent.
Since 2008, we have undertaken several field campaigns to the northernmost region of the AP}, where we have retrieved a

number of firn cores of up to 20 m depth._The present investigation is the first of it kinds for this portion of AP, other study

has been carried out further south at Detroit Plateau (Dalla Rosa, 2013)_and Bruce Plateau (Goodwin et al., 2015), at around

100 and 400 km South—West of the northern AP. Nonetheless the available glaciological and meteorological information for

the study zone remains scarce. A more detailed description of the glaciological setting can be found in the work by Fernandoy

3
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etal. (2012). -By using the stable water isotope composition of these cores as a proxy for the recent climate variability, we aim
to fill the gap of lacking meteorological (in situ) observations. We have determined the effects of the orographic barrier of the
AP} on the air mass and moisture transport, with increasing precipitation rates from the coast to the mountain range on the
Peninsula divide at ca. 1100 m a.s.l. (Fernandoy et al., 2012), where the ice thickness reaches ca. 350 m at its highest surface
point (Cardenas et al., 2014) .

2 Methodology

2.1 Field work and sample processing

During five austral summer campaigns (2008-2010, 2014, 2015),-several-shallow—depth-firn-cores{totaling-more-than-60-m)

wereretrieved-from-the-northernpartofthe-ARL An an altitudinal profile was completed from sea level near O"Higgins Station
(OH) to 1130 m a.s.l at the Laclavere Plateau (LCL) _(Fig. 1). In total, five firn cores were included in this paper: OH-4, OH-

5, OH-6, OH-9, OH-10 (Fig. 1); coordinates and further details of the firn cores are given in Table 1. Meore-than200210 daily
precipitation samples were gathered at the meteorological observatory of the from O Higgins Station (57.90°W, 63.32°S, 13
m a.s.l.) during 2008-2009 (Fernandoy et al., 2012) and 2014 (Table 2). From Seme-of-these samples, around 6% (13 samples)

were discarded from the analysis due to improper storing. This was evidenced by unusual values of stable water isotope

analyses, and were discriminated using a statistical outlier test (modified Thompson tau technigue). Cores OH-4, OH-5, OH-

6 and OH-9 were retrieved between 2008 and 2010 and analyzed for their stable water isotope composition and physical
properties_of ice as described in Fernandoy et al. (2012) and Meyer et al. (2000). Additionally, a density profile of OH-9 was
obtained by using an X-ray microfocus computer tomograph at the ice core processing facilities of the Alfred Wegener
Institute, Helmholtz Centre for Polar and Marine Research in Bremerhaven, Germany (Linow et al., 2012). The X-ray
tomography provides a very high—resolution (1mm) density profile of the physical properties of the ice. The core OH-10 was
retrieved in 2015 using an electric drilling device with 5.7 cm inner diameter (Icedrill.ch AG). The retrieved core was first
stored under controlled temperature conditions (-20°C) at the Chilean scientific station Prof. Julio Escudero (King George
Island) and later transported to a commercial cold storage in Vifia del Mar, Chile. The core sections were measured and
weighted for density—profile construction and then sub—sampled with a 5 cm resolution for stable water isotope analysis. —A

visual logging and description of the cores were carried out to identify possible melt layers and their thicknesses. Thereafter

the samples were melted overnight at 4°C in a refrigerator at the Stable Isotope Laboratory of the Universidad Nacional Andrés

Bello (UNAB), Vifia del Mar, Chile. To avoid any evaporation, the 5cm samples were placed in sealed bags (Whirl-pak) and

agitated for homogenization before isotopic analysis. Fhereafter—fFirn and recent precipitation samples collected from OH in
2014 (Table 1) were analyzed by a liquid water stable isotope analyzer from Los Gatos Research (TLWIA 45EP), located
located at the UNAB facilitiesa :

Accuracy of the measurements is better than 0.1 %o for oxygen and 0.8 %o for hydrogen isotopes_for all samples analyzed. All
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oxygen and hydrogen stable water isotope data of precipitation and firn core samples are presented in relation to the Vienna

Standard Mean Ocean Water Standard (VSMOW) in %o, as 880 and 8D for oxygen and hydrogen isotopes, respectively.

2.2 Database and time series analysis

Stable water isotope data were compared to major meteorological parameters from the region (Fig. 2). For this purpose, the
following data sets were incorporated into our analysis: Near—surface air temperature (Tair), precipitation amount (Pp) and sea—
level pressure (SLP), recorded at the Russian Station Bellingshausen (BE) (58.96°W, 62.19°S, 15.8 m a.s.l.), available in daily
and monthly resolution from the Global Summary of the Day (GSOD) data sets of the National Climatic Data Center (NCDC,
available at: www.ncdc.noaa.gov) and the SCAR Reference Antarctic Data for Environmental Research (READER, available
at: https://legacy.bas.ac.uk/met/READER/wan-antarctica-ac-tkimet/READER/) (Turner et al.,, 2004). Sea surface
temperature (SST) time series were extracted from the Hadley Centre observation Sea-tee-and-Sea-SurfaceTemperature-data
sets (HadlSST3, available at: hitp://hadobs-metoffice.comthadisst/http://www.metoffice.gov.uk/hadobs/hadsst3/). The
Had!SST3 provides SST monthly means on a global 5° to 5° grid from 1850973 to present (Kennedy et al., 2011a, b)-(Rayner
etal;2003a). Mean monthly SSTs were extracted from a quadrant limited by 60-65°S and 65-55°W. Missing data or outliers
were interpolated from measurements taken in the neighbor quadrants. Relative humidity (rh) time series were extracted from

data obtained by the calculation of 3 day air parcel backward trajectories under isobaric conditions using the freely—accessible
Hybrid single-particle Lagrangian integrated trajectory (HYSPLIT) model (Draxler and Hess, 1998, available at:
http://ready.arl.noaa.gov/HYSPLIT.php). This three—dimensional model was fed with the global data assimilation system
(GDAS) archives from NOAA/NCEP (Kanamitsu, 1989). GDAS offers a global 1° to 1° latitude—longitude spatial coverage
with a 1 hour temporal resolution and is available from 2006 to present (for more details visit:
http://ready.arl.noaa.gov/gdasl.php). For studying the characteristics of air parcels approaching_the AP}, rh time series were

obtained considering data from 1 day backward trajectories_arriving at isobaric conditions (850 hPa) over OH location. SST

and rh datasets were resampled to a regional scale defined by high—density trajectory paths (Bellingshausen and Weddell Seas).
The resampled fields were defined by the spatial coverage of 1 day backward trajectories. The limits of the resulting quadrant

extends from 98° W to 34° W longitude and from 47° S to 76° S latitude. After noticing from air parcel backward trajectories

the existence of a high density pathway and obtaining the conditions that prevail in the surroundings of AP}, we determined

that the area covered by the tracks of 2 day backward trajectories was representative of the maritime conditions of this region.

The representativeness of this area is because it geographically includes the region affected by westerly winds and sea ice front

during winter time, both factors that exerts high influence on the air parcels that approach this region. A field horizontal mean

of resampled rh values between sea level and 150 m a.s.l. was computed_in this area to construct rh time series utilized
throughout this work. Altitudinal temperature profiles were obtained from radiosonde measurements carried out at BE between
1979 and 1996 (SCAR Reference Antarctic Data for Environmental Research). Lapse rates were calculated from the

temperature difference between sea level and the 850 hPa level. SAM index time series were obtained from the British

5
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Antarctic Survey (BAS, available at: http://legacy.bas.ac.uk/met/gjma/sam.html) (Marshall, 2003). Mean monthly sea ice
extent around the AP} (between 1979 and 2014) was obtained from the Sea Ice Index from the National Sea & Ice Data Center
(NSIDC, available at http://nsidc.org). The measurements of sea ice extension incorporated in this study considered as a
starting point the coastal location of OH, and-as-an-end-peint; the sea ice front in the direction towards KGI as an end point.

2.3 Stable Isotope time series analysis

The raw datasets obtained from stable water isotope analysis in firn cores were characterized for producing relatively flat

isotope—/depth profiles. The isotope signals showed to be considerably noisy, with values fluctuating closely around the mean.

Although there was a significant difference between the Standard Deviation (Sdev) values from lower altitude cores (OH-4,
5180 Sdev =: 1.2) and higher altitude cores (OH-10, §*80 Sdev =: 2.57) (Table 1), there were no clear detachments within each

signal. The profiles described lacked of patterns which could be attributed by their own to seasonal cycles. Despite several

attempts were carried out to achieve a chronology by annual layer counting, the noise and the lack of a consistent behavior in

the signals inhibited this procedure. Fhe-dDifficulties resultedarised from using conventional dating methods with these firn

cores; led to the search for other types of methods thatwhich could provide a time frame to be compared with our signals. The

relationship between the moisture source conditions and the isotopic signature of precipitations was further explored forwith

this purpose.
For each precipitation event registered at OH, a 3 day air parcel backward trajectory was calculated te-identifyrh-conditions

urpese-we-tsed-using the HYSPLIT model- with hourly temporal resolution.
Frequent air parcel paths were studied and monthly mean values of rh and SST were calculated. Using the relationship between
rh and SST calculated by Uemura et al. (2008), a theoretical value of deuterium excess (dexcess meteo) Was calculated for the OH
station and nearby area (i.e.: northern Antarctic Peninsula) whele—region (Uexcess meteo= -0.42 * rh + 0.45 * SST + 37.9).
Comparisons were made between time series of deuterium excess (dexcess= SD - 8 * §180), derivedebtained from monthly mean

values of the precipitation isotopic signal, and dexcess meteo, Obtained from monthly mean values of rh and SST from the southern
oceans.

Simultaneously, the dexcess Signal obtained from stable isotope analysis of firn cores was transformed into a signal depicted
with depth. Then it was filtered using the Inverse Fast Fourier Transform (IFFT), which was fed with the frequency of the
second of the principal modes of oscillation obtained from the Fast Fourier Transform (FFT). Thus, the final signal is only
defined by the low frequencies. The same procedure was applied to the time series constructed with monthly means of dexcess
meteo- 1Ne Strong similarities between both signals, due to their dependency on the same variables, enables the transformation
from the depth domain of the dexcess Stable isotope signal to the time domain by using the common principal oscillation patterns
as time markers. As dexcess IS NOW represented in the time domain (Fig. 3), monthly means were calculated to generate time
series for further analysis. Once the dexcess Signals from firn cores were represented as time series, the same procedure was
followed to generate 8*%0 time series (Fig. 3). The §'80 — Temperature relationship was obtained from precipitation samples

and daily mean temperatures at OH.
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2.4 Complementing geophysical data

Ground-—penetrating radar (GPR) is a geophysical method based on the propagation and reflection of electromagnetic waves
(Annan and Davis, 1976). Reflections are produced when dielectric discontinuities are reached in the propagation media. GPR
has been provend to be effective in dry snow layer interpretation where reflections are most commonly produced from internal
density differences (Spikes et al., 2004). Therefore, GPR data complement ice—core interpretations, allowing the spatial
extrapolation of ice—core layer detection and evaluation of layer continuity.

GPR measurements were performed during the OH-10 firn core drilling campaign in January 2015. We used a SIR3000 unit
equipped with a 400 MHz central frequency antenna (GSSI Inc.),- that was dragged in a sledge along the proposed measurement
lines (Fig. 4). The penetration depth of the electromagnetic waves is strongly controlled by the electrical conductivity of the
propagation medium (i.e. snow) as well as by the central frequency of the system (Daniels, 2007), which decreases as frequency
increases. The used system provides a good compensation between these parameters, where the vertical resolution in dry polar
snow is approximately 0.35 m reaching up to 100 m in depth (Spikes et al., 2004). However, these values are variable for
snow/firn in low polar latitudes (e.g. Antarctic Peninsula), where the range for layer detection increases and the maximum
depth decreases.

Raw radar data were processed and interpreted using the software Reflexw (http://www.sandmeier-geo.de). Each radar profile
was manually georeferenced using differential global positioning system (DGPS) data collected during the GPR
measurements. Prior to the snow/firn stratigraphy interpretation from radar imaging, processes and corrections included
removal of repetitive traces and application of filters to diminish signal noise (e.g. frequency filter, deconvolution and
stacking). Each collected file was analyzed independently and layers were distinguished and chosen manually—Fhus-i-layers
were-hot-sufficienthy-clearand-continuous—the-files-were-not-picked (Fig. 5). Data was further analyzed in the ASCII format

(i.e. easting, nothing, elevation, depth).

3. Results

3.1 Precipitation samples-OH

Table 2 and Fig. 6 shows the stable isotope results,-and basic statistics and annual distribution offer the precipitation samples
collected at OH station, respectively. The comparison between 3D and 580 from precipitation samples allows the definition
of a Local Mean Water Line (LMWL) given by the expression §D = 7.83 * §'80 - 0.12. Backward trajectory analysis for
precipitation events reveals a high—frequency transport across the Bellingshausen Sea within the last 24 hours before the air
parcels reach the AP} (Fig. 76).
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3.1.1 Isotope =—— Temperature relationship

Using the stable water isotope composition of single precipitation events and daily near—surface temperature (T gaily), an
isotope—temperature relationship was constructed for OH station using a linear regression analysis. For this purpose, each
seasons’s sample set was selected from the months with the largest number of samples (i.e. December 2008, March 2008

and——2009, June 2008 and October 2014). The purpose wasis; mainly to ensure having the larger dataset within a short period

of time that could evidence if there was coherence and relation between §**0=—T. All comparisons between 520 and Tgaily

revealed correlation coefficients (R) higher than 0.6 and a statistical significance (p) lower than 0.03 for a total of 208
precipitation events analyzed. Outliers were discarded as explained in section 3.1.2. Furthermore, the same analysis was carried
out using monthly averages calculated from daily events (Tmontiy) from the whole precipitation dataset (R= 0.5, p= 0.01),
considering a total of 24 months. Considerable differences were identified between the daily and monthly §¥0=—T

relationships (Fig. 67a). The linear regression slope (s) of austral—autumn or MAM (March-April-May), considering the March

2008 and=—2009 dataset to be representative of the MAM behavior, has shown to be quite near to s of austral summer or

SON (September-October-November), considering the October 2014 dataset to be representative of the SON behavior: s=0.77
(standard error= 2.08, p<0.01) and s= 0.61 (standard error= 2.88, p=0.03), respectively. If only the two datasets (MAM and

SON) are taken into account, a new linear regression can be obtained as: §'80= 0.69* Tgaiy+4.43 (R= 0.74, p<0.01). Thus, the
time series of monthly averages shows a direct relation between both parameters. An inverse behavior of s was identified

during July 2008 and June 2014, compared to MAM and SON. Following the same procedure, austral summer season or DJF

(December-January-February) was represented by the sample set of December 2008 and austral winter or JJA (June-July-

August) was represented by the sample set of June 2008, with s values of 1.17 (standard error= 0.62, p=0.;01) and 0.35

(standard error=1.74, p<0.01), respectively. Additionally, mean seasonal lapse rates obtained in this region show the higher
values towards DJF (-5.31 °C{ km™), similar values during MAM and SON (4.43°C ¢km™, and -4.06°C /km! respectively) and
the lowest values during JJA (-2.73° &/km™) (Fig. 8).

3.1.2 Deuterium excess =—— Temperature relationship

From stable water isotope results obtained from precipitation samples, dexcess Values were calculated for each sample. Table 2

Shows dexcess basic statistics for the dataset. The dexcess Values lower than -92:0 %0 and higher than 12 %o (see Section 2.1) were

filtered in order to avoid disturbances, as these samples might have been influenced by secondary processes during storage
and transport. Daily dexcess Values for the same months as specified in section 3.1.1 were compared with daily mean
temperatures. Correlation coefficients for these comparisons are not significantweak (R<-0.42, p>0.1) and broadly scattered.

T

The comparison considering monthly averages calculated from daily events from the whole dataset improved the dexcess=—

correlation coefficient (R=-0.71, p<0.01; T=-0.98 * dexcess - 0.33) (Fig. 67b). Time series of monthly averages show a clear

inverse relationship between both parameters for the whole dataset.
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3.1.3 Moisture source of precipitation

Air backward trajectories from precipitation events exhibit a wide spatial distribution, including the South Pacific Ocean and
the Amundsen——Bellingshausen Seas. The trajectories are mainly distributed in the Bellingshausen Sea, the Bransfield
Straight and the Drake Passage, partially including Tierra del Fuego and South America’s southern tip, although some
trajectories (<15%) originate from AP¥’s eastern side. Precipitation trajectories show an almost N40°W elliptically distributed
pattern where most of them follow pathways restricted between latitudes 60°S and 67°S. From the relationship between
monthly mean values of dexcess from precipitation samples and dexcess meteo CONStructed from meteorological parameters (rh and

SST) of the high density precipitation pathways, a correlation coefficient of R=0.86 (p<0.01) was obtained (Fig. 98).

3.2 Firn core samples from AP}

Table 1 shows the stable isotope results and basic statistics for firn cores retrieved at the northern AP} The co—isotopic
relationship 8D=— &0 of each single firn cores retrieved from LCL is close to the global meteoric water line (GMWL)
{Rozanski-et-al--1993)-and the local meteoric water line (LMWL) (Rozanski et al., 1993), with a mean slope of ms= 7.91 and
an intercept of 3.64 (Fig. 109). These values are very close to those of the LMWL, although with a slightly higher intercept.

3.2.1 Age model based on stable water isotope-and-geophysical-data

Stable water isotope results from firn cores allowed us to derive depth profiles of 8D, 5'0 and dexcess for each firn core. Lower
noise and the clearest seasonal pattern was found in dexcess profiles (dexcess core) (Fig. 3), similar to findings published by
Fernandoy et al. (2012). The dexcess core Signals were analyzed by filtering their high frequency oscillation patterns and
comparing the remnant signals with dexcess metec monthly means, which prevail on the high density pathways, covered by air
parcels that reach LCL surroundings within 2 days. Main peak—valley fitting between both signals led to a monthly mean dexcess
core Signal represented on a time scale. The comparison between time series of monthly mean dexcess core @Nd Jexcess meteo data
reveals correlation coefficients of R>0.67 (p<0.01) for all firn cores analyzed and obtained from 2006 to 2015. Table 3
summarizes correlation coefficients, statistical significances and time intervals covered by each firn core. From the firn cores
retrieved from LCL, a single time series was constructed and then compared to the dexcess meteo time series in order to analyze
the isotopic signal along the whole time interval. A correlation coefficient of R= 0.75 (p<0.01) was obtained between the two
signals (dexcess meteo @Nd Jexcess core). TO construct one single time series from the firn cores, on the overlapping time interval
between OH-9 and OH-10 (February 2012 to January 2014), we only considered data from OH-9, because the samples from
OH-9 consists of more fresh and less compacted firn than the respective interval in OH-10. This in turn helps to avoid
attenuation of the isotopic signal. Although we only considered OH-9 data for the overlapping time interval, we studied the
changes in the standard deviation of the isotopic signal in both firn cores in the common time span. The standard deviation
shows a decrease of 16% after one year of deposition in core OH-10 with respect to the same time interval in OH-9; and 2 to

3 years after the deposition the smoothing of the signal increased up to 18%.
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During firn core visual logging, thin and scarce melt layers were identified (mean width of ~1 cm). The melt layers do not
show evidence of infiltration nor have a clear pattern of distribution with depth (i.e. association with summer layers). While

analyzing them in relation to their time equivalent with depth, no clear pattern associated with a season was noted.

3.2.2 Seasonal temperature reconstruction from stable water isotope ratios

The age model developed using the dexcess core 0SCillation was later applied to construct a 320 time series (Fig. 3). From this
time series a periodical 2 year pattern was identified. This pattern is characterized by elevated values, higher than the 50
monthly means; between May and November in the years 2008, 2010, 2012 and 2014, which exhibit an inverse relationship
to temperature at BE. Between June and July in the following years 2009, 2011 and 2013, 5*80 values are lower than the mean
and exhibit a direct relationship to temperature at BE (Fig. 110). Monthly mean &0 values were transformed to their
temperature equivalent using the 580 =—— T relationship obtained in section 3.1.1 from precipitation samples (Fig. 124)-
Meonthly- 80— T relationship-was-considered-to-reflect seasonal-behavior. As calendar seasonal behavior in these latitudes
does not play a significant role and seasonality is able to extend beyond calendar limits, we defined three seasons with their
correspondent i 2in-8180 —

— T relationship. These seasons are: an austral transitional season-were-extended-or-ceontracted-considering which considers
months from March to May and October-November (MAM-ON) (considers precipitation datasets from March 2008=——2009

and; October 2014 for the §'80——T relationship), an austral winter season which considers month between June and

September (JJAS) (considers precipitation datasets from June 2008 _for the §'30—=—T relationship), and_an austral summer

season which considers months from December to February (DJF) (considers precipitation datasets from December 2008 for

the §'*0—=—T relationship). Despite this main seasonal classification for the use of §'80——T relationship, some particular

seasons showed variable behavior when they were compared to the mean seasonal behavior in the time span covered in this

studywith-respect-to-the-general-trendtendency-during-specificyears. In those cases, the seasonal behavior was extended or

contracted beyond the boundaries of the main season classification depending on sea ice extent. Large sea ice extent during

winter, will lead to a delayed on—=—set of spring conditions. In this case winter=—like conditions will be extended beyond
August. Restricted sea ice extent on the contrary will lead to earlier spring—Ilike conditions (before August).

Additionally, the relationship between monthly lapse rates in BE, winter SAM index and sea ice extent (SIE) from OH is
represented in Fig. 132a. As temperature data from OH show several large record gaps, for the estimation of air temperature
on LCL, we considered the BE temperature corrected by a latitude facter-difference (-1.4°C)_(see section 2.2). The BE data

was considered for this calculation because of the high correlation with OH (r=0.97, p<0.01) and long term consistency of the

data (uninterrupted record since 1968). The correction is given by the linear regression between OH and BE temperature data.

Other nearby stations like Esperanza (63.40°S, 57.00°W), were not considered because a slight lower correlation (r= 0.96, p<

0.01) and likely continental influence over the temperature record. Considering latitude—corrected air temperatures from BE,

lapse rates from BE and SIE from OH (SIEon), a mean annual air temperature of -7.5°C with a trend of -0.18°C year!
(statistically not significant at p=0,05) was estimated on LCL for the time period 2009-2014-(Fig-—12b). A monthly temperature

10
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mean estimate, derived from the linear correlation between meteorological data and the monthly §*0O-lapse rate——SIETF

relationship, can be expressed by the equation Ty ci = (Tse -1.4)+1.13 (Mmonth*SIEon+Nmonth), during the months when sea ice

is developed (from May to September) and where Mmonth and Nivontn represent the slope and intercept of the monthly lapse rate

—SIE §*0— T relationship, respectively. During the months when there is no sea ice (from October to April) the monthly

temperature can be expressed by the equation T ¢ = (Tge -1.4)+1.13 * {H(t)}, where H(t) is the monthly mean lapse rate value

of the month 2 measured in BE between 1978-1996. Additionally, considering the 8'80 time series data and the isotope—

T relationship, a mean annual air temperature of -6.5°C with a trend of -0.33°C year! (statistically not significant at p=<0.05)

was estimated on LCL for the years 2009-2014. The comparison between monthly mean temperature on LCL, estimated using
the 580 signal from firn cores and Tic. estimated using the coupled effect of the latitude—corrected temperature record from
BE, SIEon and lapse rates from BE, reveals a correlation coefficient of R= 0.7 (p<0.01). Both signals show a synchronous
behavior, also with respect to the air temperature record at OH station. No statistically significant direct correlation was
observed between coastal stations (OH and BE) temperature records and the stable water isotope composition of -firn cores.
Comparing the 520 signal from OH-6 with data from precipitation samples at OH and with two other cores from the western
side of the AP} (OH-4 and OH-5) during a common period (March 2008 — August 2008), a 50 decrease of -0.085%o km
was found with increasing distance from the coast (Fig.ure 143a). The same data set was used to study the 3'30——altitude
relationship. The 580 seasonal means show altitude dependence through which seasonal §'80——altitude patterns could be
distinguished. During MAM a clear decreasing rate of -2.4%. km™ from sea level up to LCL is found, whereas during JJA no
clear decreasing 520 trend is obtained from sea level up to 1130 m a.s.l. (Fig.ure 143b).

3.2.3 Accumulation rates

Density measurements from firn cores were used to construct density—depth profiles. Along those profiles a significantelear
trend-of-increaseing of density with depth was obtained. Linear regressions across different sections represent a normal firn
compaction process reaching the snow—firn=—density boundary (550 kg em) at 15.2 m depth. Using these linear regressions
and considering the depth intervals delimited in section 3.2.1 as monthly values, we were able to estimate accumulation rates
during different periods. By using this procedure, we have estimated accumulation rates at LCL between 2008 and 2015, with
a mean accumulation of 1770 kg m2 y1. The highest value was found in 2008 (>2470 kg m?), then the accumulation rate
noticeably decreased until 2015 (1600 kg m™) reaching its lowest absolute value in 2010 (1060 kg m?) (Fig. 154a). A seasonal
trend was observed, reflecting a decrease in the accumulation during JJA and SON between 2008 and 2015, which is
responsible for the overall decreasing rates. On the other hand, the highest accumulation occurs during MAM and SON seasons
(Table 4). Accumulation rate estimations derived from cores OH-9 and OH-10 for 2012 — 2013 (common period) differ only
by about 3%. Other cores from the west flank of the Peninsula (OH-4, OH-5 and OH-6) show that the accumulation in 2008
(common period) depends on the altitude, with increasing values from the lower region to the highest point on LCL (Fig.
154b). The increase rate is about 1500 kg m? km™ y* from 350 m a.s.l. to 1130 ma.s.l.

11
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3.2.4 GPR data interpretation around OH-10 site

dielectric interfaces produced when seasonal snow is accumulated (Arcone, 2009). However, low compaction between recent

years of accumulated snow at LCL prevented the identification of stratigraphy in the upper snowpack (less than ~9 m).

Wind fluxes from the northwest cause that layer density and continuity were less visible on this side of the prospected area.

Since layer interpretation was only performed where distinct continuous horizons were clearly visible, the layer detection was

further analysed comparing interpretation of the radar profiles to determine if layers were consistently recognized. This

analyses resulted in 17 layers detected upon 42 + 0.6 m of snow accumulation. Layers depth were estimated using a 2D wave

velocity model based on a combination of local ice core density (less than 15 m) observations and a comparable density model

used from Bruce Plateau core for deeper snow (Goodwin, 2013).
Referring to the isotope—based dating of the OH-10 core, the GPR signal indicates that at the OH-10 site, the first layer detected

(10.9 +1.5 m) corresponds to January 2012. Consequently, the deepest layer detected corresponds to the austral summer of

1995 resulting in an average annual accumulation of 1122 4+ 59 kg m y! for this period (mean density 614 kg m™).

4 Discussion
4.1 Stable water isotope fractionation processes and the local temperature relationship

The stable water isotope compositions of precipitation samples from the 2008 and 2014 datasets show a high similarity to each
other, as well as to firn cores from the western flank and from LCL Plateau at AP} (OH-4 to OH-10), and to several
meteorological and climatic parameters and reanalysis data. Backward trajectory analysis revealed that the most frequent
pathways for air parcels that reach the northern part of AP} derive from the Bellingshausen Sea, between 55°S and 60°S (Fig.
78) throughout the year. In contrast, localities further south on the AP} and in West Antarctica, Ellsworth Land and coastal
Ross Sea, respectively, exhibit a stronger continental influence on the precipitation source, depending on seasonal and synoptic

scale conditions (Thomas and Bracegirdle, 2015; Sinclair et al., 2012). The LMWL obtained from precipitation samples at OH

12



10

15

20

25

30

(m=7.83) is closely related to the Antarctic meteoric water line obtained by Masson-Delmotte et al. (2008) (m= 7.75), and to
the GMW.L as presented by Rozanski et al. (1993) (m= 8.13). The similarity between the slope of LMWL and GMWL indicates
that the fractionation processes during condensation mostly take place under thermodynamic equilibrium (Moser and Stichler,
1980). These results are consistent with those obtained by other authors for King George Island (Simdes et al., 2004; Jiahong
etal., 1998). Moreover, by combining the stable water isotope signature of OH precipitation with time series of meteorological
data representative for the conditions prevailing on the ocean near OH station, a strong relationship with rh and SST at the
moisture source can be derived. This relationship has been well established, especially for the coastal Antarctic region where
moisture transport from the source is generally short-ranging (Jouzel et al., 2013). The comparison between the dexcess Of
precipitation and the theoretical dexcess meteo derived from time series of meteorological data from the surrounding region has
shown that both datasets are highly correlated (R= 0.86). Based on this evidence, we suggest that the Bellingshausen Sea

constitutes the most important source of water vapor for precipitation forat-the APRthe study region at the northern AP} A

similar conclusion was found for regions further south in the Peninsula (Thomas and Bracegirdle, 2015), however, with an

increase of other local sources (e.g.: Amundsen Sea and continental conditions) to the local precipitation. This could be also

observed at the northern AP, where Ssome precipitation events that exhibited a stable water isotope composition beyond the

normal range for the region (e.g. 20 August 2009, 510 = -19.4%.), ~were associated with uncommon sources of humidity as
also recognized by the backward trajectory analysis.

The changing seasonal §%0—T relationship obtained from precipitation samples shows that the relationship between air
temperature and condensation temperature varies throughout the year. The strong similarity in the $**0—T relationship during
MAM and SON contrasts with the pronounced difference of this relationship between DJF and JJA. This highlights the
variability of the 580—T relationship along the whole year at the northern AP-in-this+egion. Although the §'0--T relations,

presented in this study, were calculated from precipitation samples of particular months and years, which can certainly induce

to some bias, to consider those datasets give a rough idea of the variations that can be seen in between seasons in this area.
Furthermore, the §80—T relationships obtained for MAM and SON (0.77%o °Ctand 0.61%0 °C1, respectively) are similar to

the values obtained by other authors for the API (Aristarain et al., 1986; Peel et al., 1988). Even though the considered dataset

can be capable of representing variations within the time span covered by this study, it is too limited to build a consistent

baseline for the region.Nenetheless—the-5*0—Trelationships-obtainedfor MAM-and-SON0-77%e2C*and-0-61%c—2C*;

DespiteAlthough the seasonal temperature difference is reduced in coastal sites, the difference in the seasonal 6%0—T
relationship suggests the existence of processes that disrupt the direct linkage between condensation temperature and surface
air temperature. The inverse relationship between the §'®0 signal from LCL ice cores and BE (and OH) monthly mean
temperatures (Fig. 121), which is noticeable in some years during JJA, contrasts with the commonly accepted seasonal behavior
characterized by a direct relationship between 880 and surface air temperatures (Clark and Fritz, 1997). This particular
behavior could be related to strong variations in meteorological conditions in the area between BE (OH) and LCL throughout

the whole year. Therefore, air temperature on LCL was estimated by two independent methods: lapse rates (vertical
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temperature gradient) and $'¥0 — T equivalents. The best correlation between both temperatures was obtained when an
extended seasonal behavior was considered (R= 0.7; p<0.01). This result is in agreement with the natural seasonal variability
in high latitudes, where the effects of some seasons extend beyond the theoretical seasonal temporal limits, as previously
explained. Failing to take this seasonal variability into account would lead to a misinterpretation of the air temperature
reconstruction for LCL, since then the §®0—T correlation would be rather poor (R= 0.42) and would not reflect the true
seasonality in this region. The high similarity in 8'30—T relationship during MAM and SON can be explained by the seasonal
transition between summer and winter, when oceans surrounding the northern AP} pass from ice—free to fully ice—covered
conditions, respectively. Likely, ice—free ocean conditions are related to natural-seasonal oscillations, which are highly
dependent on atmospheric circulation patterns. In this sense, years with a marked negative SAM anomaly are associated with
ice—covered sea conditions, whereas positive SAM phases are associated with ice—free sea conditions (Fig. 132). Other studies
(Turner et al., 2016) point to a similar interaction between surface air temperature and SIE at AP} and recognized that the SIE’s
inter—annual variability is related to atmospheric modes. This supports our own observations in a way that the sea ice is
important for regulation of surface air temperatures in the region.

In firn cores obtained from AP}, mean §'80 and 8D values show a decreasing tendencyrend with increasing height from sea
level up to LCL (1130 m a.s.l.), which provides evidence for the altitudinal effect identified by Fernandoy et al. (2012). In
addition, standard deviation of seasonal (monthly mean) 5D and 50 values of firn cores from LCL is low and similar to that
of the firn cores from lower altitudes. Despite the variations in isotopic composition with height, in all firn cores the D-——
580 co=—isotopic relation is very similar to the LMWL obtained from precipitation samples at OH. This provides evidence
of the uniformity of the fractionation conditions during the condensation process. Although a slight isotopic smoothing effect
was distinguished between the cores (16% after one year of deposition), the distortions caused by post—depositional effects
that may alter or homogenize the isotopic signal at this site, such as diffusion, can be considered as limited. The latter indication
is well supported by the high accumulation rate in the region that does not allow a prolonged exposition of the freshly fallen
snow to the atmosphere. Furthermore, the absence of significant infiltration and percolation associated with melting and
refreezing events and the lack of a relationship between ice layers and the stable water isotope record implies thatthe-formation
ofmeltlayersis-that the isotopic composition is not altered by surface melt infiltration and percolation retrelated-to-variations
in-the-isotopic-signal-obtained-from-firn-cores—Thus, this reassures that post—depositional processes in the LCL region are

negligible in the time period analyzed and that ice layers likely developed by wind ablation on wind—scouring processes at the

plateau. Although these observations are in agreement with the results obtained in this region by Fernandoy et al. (2012) and
Aristarain et al. (1990), several studies (Fernandoy et al., 2012; Simdes et al., 2004; Travassos and Simoes, 2004; Jiahong et
al., 1998) have identified a significant amount of melt layers in firn cores, mainly from KGI and from the western side of the
AP1 at altitudes below 700 m a.s.l. The limited effect of post=——depositional processes due to the high accumulation rates and
to the ice layers reducing diffusion (Stichler et al., 2001), along with the high correlation between dexcess meteo aNd Jexcess Obtained
from firn cores, confirm that the isotopic variations observed in firn core isotope records are mostly related to isotopic

fractionation occurring during condensation and to rh and SST conditions in the vapor source regions.
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4.2 Firn age model and accumulation rates

The stable water isotope signal obtained from firn cores shows no regularity in its seasonal behavior and lacks a clear annual
oscillation pattern, possibly because of the strong maritime influence (Clark and Fritz, 1997). These two criteria prevent the
development of an age model by conventional annual layer counting in the isotope record (Legrand and Mayewski, 1997). In
this context, the dexcess parameter represents a robust time indicator, as it has shown to be principally dependent on rh and SST
conditions prevailing in the eastern Bellingshausen Sea where these variables are relatively stable (Jouzel et al., 2013). The
high correlation coefficients (and high statistical significance) obtained for the relationship between dexcess and excess meteo, S
shown in section 3.2.1, demonstrate that the method used to construct time series is effective in dating isotope records of firn
cores from the northern AP}, even at a monthly resolution.

The most frequent dexcess values found in the firn cores (3%o — 6%o) are in agreement with a strong coastal influence scenario
as determined by Petit et al. (1991), implying that the dexcess relates to rh and SST of the humidity source and not to surface air
temperature (Jouzel et al., 2013). Saigne and Legrand (1987), postulated that rh conditions prevailing at the sea surface have
an important effect on the dexcess Signal of precipitation below 2000 m a.s.l in the study region. The stable water isotope results,
in combination with the meteorological records presented in this work, show that precipitation on LCL is highly correlated
with rh and SST conditions in the Bellingshausen Sea near the AP{.

The irrelevance of post—depositional effects along with the flat topography on LCL suggests that the estimate of accumulation
rates from firn cores is representative of the amount of snow originally precipitated. Moreover, the slight smoothing of the
isotope signal effect after deposition along with only small differences in the accumulation rate observed for the common time
period of firn cores OH-9 and OH-10, demonstrates that our age model is reliable, as two different data sets yield similar
estimations for a common period. The results obtained allow to classify LCL as a high annual snow accumulation site (Table
4), closely following the estimations of other authors on King George Island dome (Bintanja, 1995; Zamoruyev, 1972; Jiahong
et al., 1998) and on the AP4 further south of LCL (Dalla Rosa, 2013; Goodwin, 2013; van Wessem et al., 2015), of around
2000 — 2500 kg m2 y1, but differs from the accumulation rate obtained by Simdes et al. (2004) and Jiankang et al. (1994) on
King George Island dome (600 kg m? y). A seasonal bias of the accumulation was noted, with more favorable conditions for
accumulation (i.e. higher precipitation amount) during autumn resulting from more synoptic scale features approaching the
AP} (Table 4).

4.3 Seasonal variability and disruption of atmospheric conditions

The depletion of 580 with increasing height (altitude effect) and the simultaneous increase in accumulation along the western
side of AP} at LCL latitude can be explained with the help of an orographic precipitation model as proposed by Martin and
Peel (1978). This model states that moist air parcels from the Southern Ocean are forced to ascend and cool down when
approaching the AP+ due to the steep topography forming an orographic barrier to westerly winds. The depletion observed in

5180 could reflect the strength of the fractionation process taking place within a short distance and in a low temperature
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environment (Fig. 165a). Therefore, the isotopic fractionation process occurring along the AP} and the direct linear relation
between 5180 and condensation temperature allow us to study the temperature behavior with respect to the altitude increase on
the basis of §'80 variations (Craig, 1961). However, whereas MAM air temperatures show a clear decrease with increasing
height (atmospheric instability of the lower troposphere), JJA air temperatures exhibit an inverse pattern (an increase) from
sea level up to 350 m a.s.l (atmospheric stability). At higher altitudes, a decreasing temperature trend is observed (atmospheric
instability). The break at 350 m a.s.l during JJA indicates the existence of a strong stratification within the lower troposphere
on the western side of the AP}. In addition, the variations in monthly mean lapse rates measured by radiosondes in BE
throughout the year, provide evidence for the existence of a process that modifies the behavior of the lower troposphere,
decreasing the lapse rate (between sea level and 850 hPa) during JJA and considerably increasing it during DJF (Fig. 176).
The close linear relationship identified between lapse rate magnitude and SIE indicates that SIE is an important factor for the
development of these variations between May and September.

The phenomena previously described is likely linked to the development of an inversion layer in the lower troposphere on the
western side of the AP+ mainly during JJA, which in turn is related to a strong radiative imbalance. During JJA, solar radiation
diminishes until it reaches a minimum at the winter solstice. The lack of solar radiation leads to considerable cooling that
favors the formation of sea ice and in turn, causes differential cooling between the sea ice surface and the air above it. As the
sea ice surface cools faster than the air above it, a near—surface altitudinal pattern of increasing temperature develops where
local atmospheric stability prevails. The layer of atmospheric stability extends from sea level up to at least 350 m a.s.l, where
it turns into an atmospheric instability regime. Both regimes together favor the decrease of the overall lapse rate, as temperature
first increases and then decreases with height. Conversely, no inversion layer is formed during DJF due to the absence of sea
ice and hence, atmospheric instability prevails, which is related to high lapse rates (Fig. 165b and 165c).

The existence of an inversion layer during the months with sea ice coverage might explain the low oscillation of monthly mean
temperatures estimated at LCL compared to monthly mean air temperatures at BE (OH). The inverse relation between SAM
index and SIE also seems to play an important role, as SAM positive phases enhance the transport of warm and moist air
towards the western side of the AP}, thus inhibiting the formation of sea ice. This has a direct impact on the lapse rate as the
development of an inversion layer is hindered and therefore air temperatures on LCL are regulated. The interaction between
SAM and SIE plays a key role as sea—ice—covered conditions temper the maritime system, favoring continental-like conditions
and reducing annual mean air temperature, implying a higher temperature amplitude in BE and OH throughout the year.

The temperature time series estimated from the stable water isotope record (580 and dexcess) from LCL firn cores exhibits a
periodic (biannual) pattern, which can be linked to a similar periodical behavior observed in SAM index and in SIE. The
relatively constant temperatures observed during MAM, JJA and SON in years with a positive SAM phase provide evidence
that during these seasons condensation is taking place at similar temperatures. Under such conditions (positive SAM), the low
variations in the lapse rate throughout the year, along with the low thermal oscillation in BE (OH) explain the presence of a

constant condensation temperature, which does not differ much from air temperature during DJF. Conversely, the stronger
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annual temperature oscillation observed on LCL during negative SAM phases indicates marked variations in condensation
temperature throughout the year.

Finally, the proposed inversion layer model (Fig. 176) explains the seasonal variations observed in the §'*0—T relationship
of precipitation samples from OH. The distortion of the direct relation between condensation temperature and surface air
temperature by an inversion layer makes it necessary to differentiate 38 0—T relationship according to the lapse rate evolution
throughout the year. In this context, MAM and SON were identified as transitional periods in the formation of the inversion
layer, mainly because of the sea—ice formation and retreat during these seasons. The seasonal adjustment considered to estimate
LCL temperatures must be applied-mainkby, because the sea—ice cover varies inter—annually in its duration and extension, which
in turn produces the inter-annually variable inversion layer. The proposed model for the coastal region on the western side of
the AP} at OH latitude, is consistent with the observations of Yaorong et al. (2003) on KGI (South Shetland Islands), through

which the development of several inversion layers that extend beyond 400 m a.s.l.

5 Conclusions

In this study, we examined one of the most complete records of recent precipitation from the northern AP}, with a total of 210
single precipitation events and more than 60 m of firn cores. The firn cores retrieved in this work include the accumulation at
the northwestern AP region between 20086 and 2014 from. Precipitation and firn stable water isotope compositions have been
compared to different meteorological data sets to determine their representativeness as climate proxiesy for the region.

The results of our study reveal significant seasonal changes in the §'80—T relationship throughout the year. For autumn and
spring a §'80-T ratio of 0.69%. °C™* (r= 0.74) was found to be most representative, whereas for winter and summer the §'80—
T ratio appears to be highly dependent on SIE conditions. The apparent moisture source for air parcels precipitating at the
northern AP+ is mainly located in the Bellingshausen Sea and in the southern Pacific Ocean. The transport of water vapor along
these oceanic and coastal pathways exerts a strong impact on the dexcess Signal of precipitation. The comparison between the
dexcess Signal from the moisture source and the dexcess Signal from firn cores has proved to be a successful method for dating firn
cores from the northern AP4, delivering a seven—year isotopic time series in high temporal resolution for LCL.

Based on our dating method we could define LCL as a high snow accumulation site, with a mean annual accumulation rate of
1770 kg m2 y* for the period 2006—2014. However, accumulation is highly variable from year to year, with a maximum and
minimum of 2470 kg m (in 2008) and 1060 kg m2 (in 2010), respectively. In addition, we identified the presence of a strong
orographic precipitation effect along the western side of the AP} reflected by an accumulation increase with altitude (1500 kg
m2y ! kmt), as well as by the isotopic depletion of precipitation from sea level up to LCL (-2.4%. km for autumn) and from
the coast line up to the ice divide (-0.08 %0 km'1).

The maritime regime present on the western side of the AP} has a strong control on air temperatures, observed as restricted
summer/winter oscillation, and is reflected in a poor seasonality of the §'80 and D profiles in firn cores. Recent climatic

conditions can be reconstructed from &80 time series obtained from LCL firn cores only when considering an inversion layer
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model during winter season. The strength of the inversion layer likely depends on SIE and SAM index values. Taking into
account the effect of the inversion layer on the isotope—temperature relationship, we observe a slight cooling trend of mean
annual air temperature at LCL with an approximate rate of -0.33°C y* for the period sampled by the examined firn cores
(2009-2014). This finding is in line with evidence from stacked meteorological record of the nearby research stations as
determined by Turner et al. (2016).

Our results demonstrate that the stable water isotope composition of firn cores retrieved from LCL is capable of reproducing
the meteorological signal present in this region, validating it as a valuable proxy for paleo—climate reconstructions in the
northern AP} region. Environmental (atmosphere and ocean) and glaciological conditions present at LCL, a ~350 m thick ice
cap, together with an almost undisturbed isotopic record are optimal prerequisites for the preservation of a climate proxy record
with a high temporal resolution. Consequently, LCL is a suitable site for recovering a medium-depth ice core to investigate

climate variations during the last centuries in the northern AP} region.
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Figure 1: Investigation area and location of the firn cores presented in this work. (a) Detail of the study zone: Fthe green point shows the
Chilean Station O’Higgins (OH) at the west coast of the Antarctic Peninsula. Firn cores retrieved between 2008 and 2015 are shown by red
dots._(b) Location of O’Higgins and Bellingshausen Station and Laclavere Plateau, which are mentioned through the text. Satellite image
(Landsat ETM+) and digital elevation model (RADARSAT) available from the Landsat Image Mosaic of Antarctica (LIMA)
(http://lima.usgs.gov/).
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Figure 2: Meteorological data sets used in this study, (a) Sea surface temperature (SST), (b) Air temperature (Temp), (c) Sea level pressure
(SLP) and (d) Precipitation amount (Precip) from Bellingshausen Station (BE) on King George Island and (e) Relative humidity (rh) from
the Southern Ocean surrounding the northern Antarctic Peninsula (AP1) region. Data shown in the figure is available from the READER

dataset (https://legacy.bas.ac.uk/met/READER/) (Turner et al., 2004).
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Figure 4: Grid designed to carry out GPR measurements in the area around the drill site of OH-10. Green dots denote marks of 100 m span
between them. Grey lines show the sections that were covered by the GPR measurements. Continuous grey lines indicate the completed
profiles. Other proposed lines were not possible to be completed due to adverse meteorological conditions.
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Figure 5: Layer interpretation (light blue lines) of radar imaging collected near the extracted the drill site of firn core OH-10. From left to
right: 5, 6 and 7 mark the starting point of the measurement (see Fig. 4 for location). The black bars indicate the depth of the firn core
retrieved (OH-10).

26



5

Precipitation events

.« 5 0%

Monthly mean

18
@ & O%
—@— Temperature

(D,) @inesadwa |

2 3 o
3 Precipitation events
03 » d-excess %o
@
23
4 = Monthly mean
@ -@— d-excess %o
-6 = —@— Temperature
9]
L8 <~
1 r [ T 17 1T 1 ] 71 L L L L
May/08 Sep/08 Jan/09 May/14 Sep/14
Month/Year (CE)
18
(c) B 2008
16 [ 2009]
14 I 2014

Sample number (n)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov
Month

Figure 67: Stable water isotope composition of precipitation events and air temperature at O’Higgins Station. (a) shows the §'80 composition
of precipitation of single daily events (small solid blue dots) and monthly means (big solid blue dots and line) and (b) deuterium excess
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27



80°0'0"W

»
°
o
3
=
°
2
3

120°0'0"W

60°0'0"W

40°0'0"W

20°0'0"'W  50°0'0"S

50°S

100°W

120° W

60° W

40°W

2 S
=} °

5 _ g
= - % -
- TTmTT T

70°0'0"S .
Trajectory frequency Trajectory frequency
0.1 05 0.9 0.1 0.5 0.9

Figure 76: Frequency distribution map of the main transport paths of air masses approaching the northern Antarctic Peninsula (APY).
Translucent red colours represent the lowest frequency and blue colours the higher frequency. In general most of the air masses arriving at

the AP} are coming from the Bellingshausen Sea and the South Pacif Ocean.

O dhoN

(D,) @injesadwa |

b oo

(D,) ainjesadwa |

T T I T T I T . T I T T I T T | T T |. T
Apr/08 Jul/08 Oct/08 Jan/09 Apr/14
Month/Year (CE)

28

Jul/14 Oct/14

Precipitation events
o 5" 0%

Monthly mean

—0 5"°0%
—@— Temperature

Precipitation events
o d-excess %o

Monthly mean
-@-d %o

excess

—@— Temperature



10

o Monthly average (1970-1996)

E 5.0 — i ; i I— 5.0

9

= -45 -

[

0

®

5 -4.0

o

=1

*@' -3.5

[}

£

o -3.0 -

'_ [ T [ T [ T '|' T [ T [ T
c E > S o >
L = = > 7 2

Figure 8: Temperature lapse rate from sea level to 850 hPa level at Bellingshausen station (BE), King George Island, Antarctica. The data
is shown as the monthly mean value of observation between 1979 and 1996 (SCAR Reference Antarctic Data for Environmental Research).
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Figure 123%1: (a) Monthly mean air temperature reconstruction for LCL between March 2008 and January 2015 based on air temperature
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Figure 1312: Sea ice extent (SIE) from O’Higgins Station (OH) and its relationship to (a) the Southern Annular Mode and (b) to the
temperature gradient between sea IeveI and 1100 m a.s.l. at the Laclavere Plateau (LCL) SIE_data is from the National Snow & Ice Data
Center data set (NSIDC)-Hadley a : . Sea ice extent, defined as the extention
of the sea region covered for at Ieast 15% of ice 4Rayne#epal—2993b) —exhlblts a negatlve relationship to the Southern Annular Mode
between 2008 and 2014. The relationship to the temperature gradient is positive. A decreasing seasonal pattern of the temperature gradient
can be observed from May to September (1979 — 1996).
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Figure 1443: 580 profile with relation to (a) the distance from the coast at O’Higgins Station (OH) and at different points on the west flank
of the AP} (6.5 km (OH-4), 15 km (OH-5) and 19 km (OH-6)) and (b) altitude at 350 m (OH-4), 620 m (OH-5) and 1130 m a.s.l. (OH-6)
during autumn (MAM) (green solid dots) and winter (JJA) (blue solid dots).
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Figure 1514: (a) Accumulation rates for Plateau Laclavere during 2008 — 2014 estimated from the stable water isotope composition of firn
cores OH-6, OH-9 and OH-10 and their respective density profiles. (b) Accumulation variability for the west flank of the northern Antarctic

Peninsula from the coast to Laclavere Plateau. Accumulation rates were derived from precipitation at O’Higgins Station at sea level and firn
cores (OH-4, OH-5 and OH-6) for higher altitudes.
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Figure 1615: (a) Schematic chart showing the orographic barrier effect of the AP+ on the stable water isotope depletion and accumulation
rate at different altitudes, firn core locations (OH-4, OH-5 and OH-6) and distances from the coast (OH); (b) temperature gradient (adiabatic
cooling) during DJF (summer) and sea—ice—free conditions; (c) inversion layer in the lower troposhere during sea—ice—covered conditions
in JJA (winter).
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Table 1: Statistical summary of the geographical location and water stable isotope composition of all firn cores examined in this work. OH-
4 and OH-5 correspond to cores retrieved on the west side of the AP}, whereas OH-6, OH-9 and OH-10 were retrieved at LCL on the east—
west divide. All cores were analyzed in a 5 cm resolution.

Core OH-4 OH-5 OH-6 OH-9 OH-10
Coordinates 57.80°W, 57.62°W, 57.76°W, 57.76°W, 57.76°W,
63.36°S 63.38°S 63.45°S 63.45°S 63.45°S
Altitude (ma.s.l.) 350 620 1130 1130 1130
Depth (m) 15.75 10.6 11.02 11.65 10.17
Drilling date Jan 2009 Jan 2009 Jan 2010 Jan 2014 Jan 2015
5180 (%o)
Mean -10.4 -10.2 -12.0 -12.80 -12.94
Sdev 1.2 15 25 2.53 2.57
Min -14.1 -14.2 -19.8 -23.25 -21.88
Max -7.0 -7.2 -6.5 -8.12 -7.25
3D (%)
Mean -78.9 -78.1 -91.4 -97.49 -98.81
Sdev 9.7 12.0 194 21.04 20.45
Min -108.2 -111.2 -154.9 -183.80 -166.82
Max -54.0 -52.1 -53.2 -59.62 -55.80
d excess (%o)
Mean 4.0 3.9 4.4 5.11 4.72
Sdev 15 1.7 2.8 1.90 2.66
Min 0.5 -0.6 -2.6 0.00 -6.50
Max 8.6 8.2 15.0 10.97 11.27
n (samples) 318 213 208 232 190
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Table 2: Statistics of the stable water isotope composition of precipitation samples collected at OH Station on the AP+ 2008-2009 and 2014.

Station O’Higgins O’Higgins

Sampling interval ~ Feb 2008 — Mar 2009 Apr — Nov 2014

Coordinates 63.32°S, 63.32°5,
57.90°W 57.90°W

5180 (%o)

Mean -9.2 -10.12

Sdev 3.33 4.39

Min -19.4 -18.43

Max -3.8 -1.28

8D (%o)

Mean -70.5 -81.86

Sdev 26.44 34.21

Min -150.6 -148.36

Max -21.8 -15.99

d excess (%o)

Mean 2.7 3.84

Sdev 4.15 4.67

Min -6.6 -1.75

Max 22.3 14.70

n (samples) 139 69

Table 3: Correlation between deuterium excess (Gexcess meteo) Values calculated from monthly mean meteorological data (SST and rh) and
5  water stable isotope monthly means for all cores used in this study.

Core OH-4 OH-5 OH-6 OH-9 OH-10

Time interval a0 2006 — Mar 2007 — Mar 2008 — Feb 2010 — Feb 2012 —
Jan2009  Jan2009  Jan2010  Jan 2014  Jan 2015

Corr. 0.72 0.79 0.81 0.78 0.67
coefficient
p-value <0.01 <0.01 <0.01 <0.01 <0.01
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Table 4: Accumulation rates calculated for all firn cores used in this study. All rates are shown as seasonal and annual mean values with
respect to the time interval covered by each core.

AP} Accumulation (kg m2)

Western Flank LCL
OH-4 OH-5 OH-6 OH-9 OH-10

DJF-MAM 1121
JJIA-SON 1300
2006 2510
DJF-MAM 1650 >1380
JJIA-SON 1300 1150
2007 2950 >2530
DJF-MAM 1130 1020 >1530
JJIA-SON 770 1050 940
2008 1900 2070 >2470
DJF-MAM 1090
JJIA-SON 1340
2009 2430
DJF-MAM 700
JJIA-SON 360
2010 1060
DJF-MAM 680
JJIA-SON 770
2011 1450
DJF-MAM 1170 1080
JJIA-SON 730 690
2012 1900 1770
DJF-MAM 890 930
JJIA-SON 500 690
2013 1390 1620
DIF-MAM 630
JJA-SON 1050
2014 1680
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