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Abstract

Warm events, periods when rising surface air temperatures
can trigger surface melt, have been recorded during the austral
summer at Syowa station on the East Antarctic coast. This study
identifies air masses responsible for summer warm events at
Syowa. Air masses arriving at Syowa are classified into marine
and glacial sources based on their isotopic characteristics. Warm
events are not associated with moist marine air intrusion, but with
the downward flow of dry glacial air along the west side slope of
the mountains in Enderby Land (EL). We use simulations from
the Antarctic Mesoscale Prediction System (AMPS) to explore the
atmospheric process responsible for the warmest event at Syowa.
The model output illustrates several foehn-associated features
such as low-level blocking, precipitation on the mountain’s wind-
ward side, and mountain wave activity, with warm air ascending
on the upstream slope and descending to Syowa. The foehn warm-
ing is caused by an easterly cross-mountain flow associated with a
low-pressure system to the north of the EL coast. Future changes
in synoptic cyclonic activity off the EL coast may have a signif-
icant impact on the frequency and intensity of foehn events at
Syowa and the associated coastal warm events.

(Citation: Kurita, N., N. Hirasawa, S. Koga, J. Matsushita,
H. C. Steen-Larsen, V. Masson-Delmotte, and Y. Fujiyoshi, 2016:
Identification of air mass responsible for warm events on the East
Antarctic coast. SOLA, 12, 307-313, doi:10.2151/s01a.2016-060.)

1. Introduction

In many coastal Antarctic regions, summer temperatures have
reached positive values and triggered surface melt of glaciers and
ice shelves (Trusel et al. 2015). For example, warming trends
observed in the Antarctic Peninsula (AP) and West Antarctica (WA)
in the past decades (Vaughan et al. 2003; Bromwich et al. 2012)
have been associated with increase in mass loss (Mouginot et al.
2014; Sutterley et al. 2014). Present available observation dataset,
however, is of insufficient length to address that these warming
trends are anthropogenically forced, because natural interannual
to multi-decadal variability may obscure these warming trends
(Jones et al. 2016). While no significant warming trends have
been recorded in East Antarctica (EA) in recent decades (Altnau
et al. 2014), surface snowmelt is observed every summer over
ice shelves, even in the East Antarctic coast (Toriensi et al. 2003;
Picard and Fily 2006; Trusel et al. 2013). Even a slight increase in
the summer air temperature on the East Antarctic coast therefore
is expected to enhance surface melt and its role in ice loss. One
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research direction in order to understand mechanisms of coastal
melt is to identify the key processes responsible for warm events,
when surface air temperature rises beyond the melting point.

Greater transport of warm air from the ice-free ocean (marine
air intrusion) is thought to be the main driver of recent regional
warming trends in Antarctica. The summer warming of the AP
over the last half of the 20th century, for example, is consis-
tent with strengthened westerly marine air advection driven by
changes in the Southern Hemisphere Annular Mode (SAM) (e.g.,
Marshall et al. 2006; Turner et al. 2016). This warm westerly flow
travels over mountain ranges on the AP, causing additional tem-
perature increase by adiabatic warming as the air descends on the
east side of the AP that is called a foehn warming (e.g., Elvidge
et al. 2015, 2016; Cape et al. 2015; Grosvenor et al. 2014). The
increase in poleward marine air advection is also known to have
contributed to summer warming at Byrd Station through most of
the late 1980s, though it can not solely explain long-term trends
in West Antarctica (Bromwich et al. 2012). Changes in the fre-
quency, duration and magnitude of marine air intrusions therefore
are expected to play a major role on the occurrence of melt on the
coast of the East Antarctic ice sheet.

Here, we used atmospheric water vapor isotopologues (HDO
and H,"®0) to identify the origin of vapor and air masses mov-
ing to Syowa station. The isotopic composition is expressed by J
notation, a normalized difference of the isotopic ratio (R) from the
isotopic ratio of Vienna Standard Mean Ocean Water (R, ,,): O
= R/R 0w — 1. As a second-order isotopic parameter, Dansgaard
(1964) defined deuterium excess (d-excess) as d = 6D — 85'°0. The
isotopic composition of coastal air masses in polar regions tends
to reflect the relative contribution of marine versus glacial air
masses (Kopec et al. 2014; Bonne et al. 2014). In earlier study of
the marine air masses moving to Syowa, we identified the isotopic
signatures of ocean evaporation through higher 6D and lower d-
excess than those of the summer average value (Kurita et al.
2016). In contrast, glacial air masses in the interior of the ice sheet
are characterized by more depleted 0D and higher d-excess values
than those at Syowa (e.g., Casado et al. 2016; Ritter et al. 2016).
The latter signal is explained by isotopic distillation and gradual
loss of heavy isotopes associated with condensation and cool-
ing when air masses travel over the Antarctic continent. During
this process, an anti-phase is observed between 6D and d-excess
(Fujita and Abe 2006; Masson-Delmotte et al. 2008; Stenni et al.
2016). The pair of 6D and d-excess measurements therefore per-
mits to distinguish between marine air mass and glacial air mass
at Syowa station.

In this study, we classify air masses arriving at Syowa into
marine and glacial air masses based on these isotopic patterns. We
then test whether marine air intrusions play a key role in warm
events exceeding melting point at Syowa and explore atmospheric
process responsible for warm events using air mass trajectory
analysis and regional atmospheric model simulations.



308 Kurita et al., Warm Events at Syowa Station

2. Data and method

Water vapor isotopologues were continuously measured along
the Japanese Antarctic Research Expedition (JARE) cruise track
on the icebreaker Shirase during two austral summers (December—
February (DJF)), 2013/2014 (JARE 55) and 2014/2015 (JARE
56) (Kurita et al. 2016). The H,O concentration and water vapor
isotopologues were monitored using laser spectroscopy every sec-
ond and calibrated by a procedure that we described earlier (Kurita
et al. 2012). Syowa station (69.00°’S, 39.58°’E) is located on East
Ongul Island in Lutzow-Holm Bay in eastern Dronning Maud
Land (DML), EA (Fig. 1). The Shirase moves around the Lut-
zow-Holm Bay near the Syowa area from late December to early
February each year. In this study, we use hourly integrated isotope
data recorded from the ship in Lutzow-Holm Bay. The analytical
uncertainty is 2.5%o for 6D and 0.28%o for 5'*0, which results in
an uncertainty of 3.4%o for d-excess.

Surface meteorological data are obtained from Syowa station.
Hourly meteorological variables such as relative humidity, air
temperature, wind speed, wind direction, incoming solar radiation,
snowfall, and snow depth are available from the Japan Meteoro-
logical Agency (JMA; http://www.data.jma.go.jp/gmd/risk/obsdl).
The Interim (ERA-I) (Dee et al. 2011) reanalysis dataset from the
European Center for Medium-range Weather Forecasts (ECMWF)
is used to examine synoptic-scale weather conditions. The ERA-I
data are on a horizontal 0.75° x 0.75° grid with 37 vertical layers
from 1000 to 1 hPa. The ERA-I has been found to effectively
reproduce observed air temperature at a coastal station in Antarc-
tica (Jones and Lister 2015; Simmonds et al. 2016).

The NOAA Hybrid Single-Particle Lagrangian Integrated Tra-
jectory (HYSPLIT) Model (Version 4.0) (Draxler and Rolph 2003)
is used with ERA-I for trajectory analysis to determine air mass
transport pathways. HYSPLIT is run in ensemble mode, with 27
ensemble members initiated under different meteorological condi-
tions (Draxler 2003). Each ensemble trajectory is computed from
the fixed initial position (Syowa), while the meteorological data
associated with each trajectory are offset by 1 grid point (0.75° x
0.75°) in a horizontal direction and +500 m in a vertical direction.
A total of 27 (96-hour) isentropic backward trajectories were cal-
culated at 0000 and 1200 UTC from Syowa while the Shirase
remained in Lutzow-Holm Bay.

Weather forecast data from the Antarctic Mesoscale Prediction
System (AMPS; Powers et al. 2003) are used to describe atmo-
spheric features contributing to warm events at Syowa. AMPS
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Fig. 1. Topographic map of East Antarctica around the location of the
Syowa station with elevation contours plotted at 400 m intervals. The
shaded black star shows Syowa station.

employs the Polar Weather Research and Forecasting Model (Polar
WREF), a version of the WRF optimized for high latitudes by the
Polar Meteorology Group of the Byrd Polar Research Center at
Ohio State University (Hines et al. 2008; Bromwich et al. 2009;
Hines et al. 2011). Initial and boundary conditions for AMPS
forecasts are taken from the National Centers for Environmental
Prediction Global Forecast System. The model uses three-dimen-
sional variational data assimilation (Barker et al. 2004). Each
AMPS forecast is configured to have six domains, with a hori-
zontal resolution ranging from 30 km for the outer domain over
about half of the Southern Hemisphere, to 1 km over McMurdo
in the western Ross Sea. In this study we used AMPS forecasts
of the 10 km Antarctic grid (domain 2) with sixty vertical levels.
The forecasts are run twice daily, with initialization at 0000 and
1200 UTC. Forecast length is 120-h for the 30 km resolution. We
minimize the effect of initial conditions by discarding the first
6 h forecasts for the model spin-up. The AMPS output has been
successfully used to model mesoscale atmospheric dynamics over
the Antarctica (e.g., Schlosser et al. 2008; Schlosser et al. 2010;
Speirs et al. 2010; Nicolas and Bromwich 2011; Cape et al. 2015).

3. Warm temperature events in summer at Syowa

3.1 Do marine air intrusions play a key role in warm events at
Syowa?

Figure 2 plots the time series of the normalized JD and d-
excess anomalies in surface vapor while the Shirase remained in
Lutzow-Holm Bay, together with precipitation, temperature, and
relative humidity variations at Syowa. Hourly anomalies were
calculated with respect to the average of two austral summers
(2013/2014 and 2014/2015) and then normalized by standard
deviation. D and d-excess variations in surface vapor show weak
diurnal variability with dominant day-to-day fluctuations. The rel-
ative lack of diurnal change in 0D and d-excess suggests that the
isotopic variability reflects regional-scale circulation rather than
local processes such as boundary layer dynamics or the local evap-
oration sources observed in the inland stations (e.g., Casado et al.
2016; Ritter et al. 2016). Because the humidity data measured
hourly on the Shirase correlates well with the humidity data from
Syowa during the observation period (R = 0.90), we can assume
that the isotopic variability on the ship represents that at Syowa.
Figure 2 also shows the time series of temperature at 2 m and rel-
ative humidity from the AMPS forecast at the closest grid. AMPS
underestimates the day-to-day minimum surface air temperature
(T,,) and accordingly shows a cold bias for the daily average
temperature (T,). AMPS does, however, moderately reproduce the
observed day-to-day variations. Note that strong dry conditions
are observed and simulated by AMPS when the daily maximum
surface air temperature (T,,,,) rises above the melting point (e.g.,
29-30 December 2013 and 22—23 December 2014). ERA-I fails
to reproduce these dry conditions, although it does perform fairly
well in producing the diurnal cycle and day-to-day variation in the
surface air temperature observed during the two austral summers
(not shown).

In this study we define a warm event as a period when T, rises
above the melting point (> 0.5°C), and T, exceeds 2°C. During
the summer of JARE 55, two successive warm events were
recorded: one from 29 December 2013 to 4 January 2014 and
the other from 13 to 17 January 2014 (purple shading in Fig. 2a).
Moreover, during the summer of JARE 56, we observed a rise of
T e to 7.8°C during a remarkably warm event in late December
(20—26 December 2014) as displayed in Fig. 2b. We will begin
here by exploring the role of marine air advection from the ice-
free ocean in these warm events. According to our earlier inves-
tigation, marine air advecting from the ice-free ocean to Syowa
is characterized by a higher 6D and lower d-excess, compared to
the average values in summer (DJF) (Kurita et al. 2016). Based on
this finding, periods when marine air masses dominate over Syowa
are identified as positive dD and negative d-excess anomalies
(yellow shading in Fig. 2). We used trajectory analysis to confirm
the identification of marine air masses based on the isotopic char-
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Fig. 2. (a) Time series of 0D and d-excess anomalies in surface vapor observed at the icebreaker Shirase, and air temperature, relative humidity, and snow-
fall (blue bar at the top of the panel) at Syowa station while the Shirase moved around the Lutzow-Holm Bay during the JARE 55 cruise (16 December
2013~09 February 2014). Anomalies with respect to the austral summer average in the observation years (2013/2014 and 2014/2015) are normalized by
standard deviation and represented by orange (green) bars. Temperatures above (below) the melting point are represented by red (blue) bars. Relative hu-
midity below (above) the austral summer average (74%) is represented by red (blue) bars. The solid black curves represent the two day moving average.
The dark gray lines indicate the AMPS 2 m air temperature and relative humidity at the grid point nearest to Syowa. Background colors indicate the period
when marine air masses dominated over Syowa (yellow) and warm periods associated with a T, above the melting point and T, exceeding 2°C (purple).
Light gray line represents the boundary of a day (UTC). (b) The same time series shown in Fig. 2a, but for the JARE 56 cruise (20 December 2014~16 Feb-
ruary 2015).
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Fig. 3. A composite back trajectory patterns for the Syowa (black circle) during: (a) warm periods (purple shading in Fig. 2), (b) periods when marine air
masses dominated (yellow shading in Fig. 2). The background color field represents trajectory counts at 30 minute intervals on a 0.75° x 0.75° grid. Total
number of trajectories is 756 for both periods. A composite map of sea surface pressure (SLP, solid lines, contour interval 4 hPa) during each of the peri-
ods is shown. Sea level pressure data above 150 m elevation is masked. Topographic contours are plotted at 800 m interval over the Antarctic continent.
(c) The same composite back trajectory patterns shown in Fig. 3a, but for past warm events observed from Syowa between the summers of 2000 and 2013 (19
cases). Total number of trajectories for these events is 513. Dotted areas denote that the composite SLP field is statistically significant at a 99% confidence
level.
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acteristics. Figure 3 shows a composite map of back trajectories
for Syowa during periods when positive 0D and negative d-excess
anomalies were observed. The major trajectory paths reveal that
air masses are transported by cyclonic flow along the eastern flank
of a coastal cyclone over the Southern Ocean. This result supports
our classification based on the isotopic characteristics. The large
positive 0D peaks paired with lowermost negative d-excess anom-
alies in Figs. 2a and 2b correspond to sustained marine air intru-
sions over two periods of several days (21-26 December 2013
and 17-19 January 2015). These two periods were associated with
passages of strong precipitation events, so-called atmospheric
river (AR): poleward moisture was organized in a filamentary
structure stretching from subtropical latitudes to Antarctica, lead-
ing to heavy snow accumulation events over DML (Gorodetskaya
et al. 2014). Note that, in Greenland, an AR event was observed in
summer 2012 (e.g., Neff et al. 2014), including water vapor iso-
tope monitoring (Bonne et al. 2015), and let to widespread melt at
the ice sheet surface (Nghiem et al. 2012). As observed over the
Greenland ice sheet, T, rose at Syowa above the melting point
during these events. This warming, however, was much smaller
than the temperature measured during another warm events (see
purple shading in Figs. 2a and 2b). The fact that the warmest peri-
ods were characterized by negative 0D anomalies as well as dry
conditions suggests, paradoxically, that warm events are caused
by advection of glacial air masses rather than marine air intrusion.
The major trajectory paths for warm events show air mass trajec-
tories travelling over the ice sheet from the Mac Robertson Land
(MRL) across the Enderby Land (EL) (Fig. 3a).

3.2 Atmospheric process responsible for warm events

The most remarkable warm period in our observations started
on 20 December 2014 and lasted 7 days. The highest tempera-
ture reached, 7.8°C, was recorded in the afternoon (1200 UTC)
of 23 December 2014. The air temperatures on that day stayed
above 0.8°C even in the midnight hours, and the relative humidity
dropped below 40%. Figures 4 and 5 show the horizontal and ver-
tical atmospheric conditions of this warm event from the AMPS
forecast. As mentioned above, AMPS successfully simulates the
strong dry condition during this event, although the model under-
estimates T,,,, (+1.9°C). In Fig. 4a, the synoptic-scale atmospheric
condition is characterized by a meridional pressure gradient

enhanced by a low pressure centered in the north of the EL coast.
Strong easterly winds flowing over the mountains of EL prevail
during the warmest event. The longitude-height plot of the back-
ward trajectory for this event shows that the air masses ascending
the slope in the MRL and passing over the mountain ranges go
on to descend the west side of the EL mountain slope to Syowa
(purple line drawn in Fig. 5a). Furthermore, Fig. 4b illustrates that
the temperature over the lee-side of the EL coast is considerably
higher than that on the windward side. These results suggest that
the warmest event might result from foehn warming: the draw-
down of potentially warmer air from aloft (isentropic drawdown);
precipitation resulting in latent heat release over the mountains
(latent heating and precipitation); mechanical mixing of the sta-
bly stratified airmass over the mountains (mechanical mixing);
and radiative warming (radiative heating) as a result of the dry,
commonly cloud-free foehn conditions (see Elvidge and Renfrew
(2016) for a comprehensive explanation of the foehn warming
mechanism).

The foehn phenomena is characterized by a downslope flow
acceleration that occurs as a result of the interaction between
the mountain topography and atmospheric flow impinging the
mountains. The downslope wind response to cross-mountain flow
depends on whether the upstream flow approaches the moun-
tains under linear or non-linear conditions (see Durran (1990) for
a detailed review). To quantify flow linearity (nonlinearity), we
calculate the non-dimensional mountain height, also known as
the inverse Froude number, h = Nh/U, where N is the upstream
Brunt-Viisild frequency, h is the mountain height, and U is
the upstream vertically averaged wind speed (between 500 and
3000 m). Variables U and N are obtained at 190 km east of the
mountains, where the upwind flow is unaffected by the moun-
tain (location at the eastern edge of the Fig. 5d). For the warmest
event, h of 2.4 is found at 1200 UTC 22 December 2014, indi-
cating significant nonlinearity (h > 1). With this information, we
can characterize the upwind flow as a strongly stratified, slowly
moving flow leading to blockage of low-level flow, mountain
wave breaking, and downslope wind acceleration accompanied
by mountain wave systems (Durran 1990). The isentropes shown
in a cross-section of the potential temperature along the air mass
trajectory are identical with the streamlines in the flow. Figure 5
illustrates these foehn-associated features. In Fig. 5d, for example,
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Fig. 4. (a) A composite map of the AMPS forecast over the period when the air mass responsible for the warm event on 23 December 2014 moves across
the mountainous region in East Antarctica (1200 UTC 22 December—1200 UTC 23 December). The map depicts the 24 hour average of SLP (black con-
tours, contour interval 4 hPa), near-surface wind vectors (black arrows), and precipitation (shading). The 24 hour average is calculated from 12, 15, 18, 21,
and 24 hour forecasts initialized at 0000 UTC on 22 December 2014 and 6, 9, and 12 hour forecasts initialized at 1200 UTC 23 December 2014. Note that
the SLP is masked over regions exceeding 150 m elevation. Gray contours over Antarctica represent the topography at 400 m intervals. The purple line
shows the mean position of 27 air mass trajectories launched from Syowa (black star) at 1200 UTC on 23 December 2014. The purple shaded envelope rep-
resents the standard deviation (1o) of the 27 trajectories. (b) AMPS forecast for 1200 UTC 23 December 2014 (12 hour forecast initialized at 0000 UTC),
showing near-surface wind vectors (black arrows), and the surface temperature at 2 m (shading). Note that the surface temperature is masked over regions
exceeding 300 m elevation. Topography is shaded in gray. The purple solid and dashed lines represent the trajectory shown in Fig. 4a.
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Fig. 5. Vertical cross section of the potential temperature (shading, K) along the air mass trajectory shown in Fig. 4 (a) when the air mass arrives at Syowa
at 1200 UTC on 23 December 2014 and (b), (c), (d) at 6 hours, 12 hours, and 24 hours before the air mass arrives at Syowa, respectively, according to the
AMPS forecast. The model initialization time and forecast hour are shown in the upper right-hand corner (white characters). The gray shading shows the
topography. The purple line represents the position of the air mass and trajectory shown in Fig. 4. The error bars represent the standard deviations of the 27
trajectories. The black star represents Syowa station. Black arrows show foehn-associated flow.

low-level blocking is apparent upwind of the mountain. Above
the mountain, mountain waves are present when air masses flow
over the chain of mountain ridges (Fig. 5c¢). The downward dis-
placement of isentropes and its overturning above the lee slope
that is called a hydraulic jump reflect the mountain wave breaking
(e.g., Durran 1986) (Figs. 5a and 5b). The descending isentropes
along the lee slope cause the accelerated downslope winds (Fig.
5a). An important feature of a nonlinear foehn event is that the air
masses causing foehn warming originate near or above the moun-
tain top level. As shown in Fig. 5d, a strong inversion is apparent
at 1000~1300 m when air masses approach the upwind side of
the mountain. The upwind trajectory altitude corresponds to just
above this inversion (1500 m). The isentropic drawdown of this
warm air could therefore explain a large part of the foechn warm-
ing observed. In Antarctica, this type of foechn warming (nonlinear
foehn event) has been observed on the east side of the AP (Elvidge
et al. 2015, 2016; Cape et al. 2015; Grosvenor et al. 2014) and
in the McMurdo dry valleys of EA (Speirs et al. 2010; Steinhoff
et al. 2013, 2014). We cannot, however, ignore the contribution of
the latent heating of precipitation. Figure 4a shows precipitation
occurring on the windward side of the mountain. The latent heat-
ing of the precipitation also may warm the descending air at the
low-lying ice shelves near Syowa before it ascends on the wind-
ward side. Two other foechn mechanisms: mechanical mixing and
radiative heating, seem to be of some importance for the warmest
event in December 2014, as changes of the equivalent potential
temperatures in air masses are less than 1 K over the mountains
(not shown).

Finally, we examine the isotopic signature for the warm event
based on the dynamics of the nonlinear foehn event. As a rule of
thumb, the dD of water vapor gradually decreases with altitude,
which reflects the integrated history of condensation (e.g., Ehhalt
et al. 2005). While none of the previous observational studies

have described the vertical profile of d-excess, calculated d-excess
from isotopic profiles reported by He and Smith (1999) showed
that the d-excess values at the top of a boundary layer are signifi-
cantly higher than those at the surface. From these results, we can
speculate that the 0D (d-excess) values of water vapor imping-
ing on the mountain region are lower (higher) than those for the
marine air mass. We also know that the additional loss of heavy
isotopes as precipitation results in further decreases of the oD of
water vapor. D-excess is relatively invariant during a condensation
process, except under a lower temperature condition. We can thus
reasonably assume that the air masses for the warm event contain
fewer heavy isotopes and higher d-excess values than marine air.
It is consistent with the observed isotopic characteristics for the
warm events. While research to gain a quantitative understanding
of the observed warm events continues, this study gives us prelim-
inary evidence that the two mechanisms of isentropic drawdown
and latent heating and precipitation contribute the warm events at
Syowa. We could gain a better understanding of the role of foehn
warming in the Syowa climate by installing a monitoring network
from the windward regions to Syowa.

4. Discussion and conclusions

Isotopic features enabled us to classify air masses arriving
at Syowa station into oceanic (marine air) and glacial (glacial
air) origins. Warm weather events observed at Syowa over two
observed austral summers were associated not with marine air,
but with glacial air descending from the interior of the ice sheet to
Syowa. This glacial air was transported by easterlies passing over
mountain ranges in EA, producing a nonlinear foehn event with
a key role in these warm events. This result, however, is based
solely on a single warm event observed on 23 December 2014.
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Further investigation will be necessary to determine whether the
foehn warming is the single key factor in generating these warm
events.

We therefore examined past warm events from 2000 to 2014
to determine whether the foehn effect played a key role. Figure
3c illustrates air mass trajectories for 19 events in which T, rose
above the melting point, and T,,, exceeded 2°C at Syowa. Past
warm events are also associated with a low pressure centered in
the north of the EL coast driving a strong easterly air flow imping-
ing on the MRL mountain range. Most warm events were also
found to have occurred on dry sunny days, which was consistent
with the warm events observed in the 2013/2014 and 2014/2015
summers. We therefore conclude that this type of synoptic weather
plays a key role in warm events at Syowa. If these warm events
recur more often in the future, melt events can also be expected to
become more frequent in coastal Eastern Antarctica. Early signs
of climate change in EA could therefore be detected by closely
monitoring of these events at coastal sites. Given the ERA-I’s
lack of resolution to sufficiently capture the foehn events, a high-
resolution numerical model to appropriately resolve the complex
topography over the Antarctic coast, such as AMPS, will be criti-
cal to gain a quantitative understanding of the influence of foehn
warming on the East Antarctica climate and improve our projec-
tions of the coastal Antarctic surface melt and mass balance. The
isotopic composition of water vapor above the Antarctic ice sheet
will be an important diagnostic tool to assess the performance of
the model used. Lastly, a better quantitative understanding of the
isotopic composition in water vapor would enable us to more pre-
cisely depict the hydrological cycle over the Antarctic ice sheet.
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