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Dear Heini,

thanks a lot for your comments. The paper has a long and somewhat complex history and we
fully agree that the structure and purpose of the paper has become a bit unclear in the process.
In the following, we address each point:

1) Objective and scope of this paper. | think you cannot have "stable oxygen isotopes" in your title and
then say in your replies "This paper is neither meant to be about stable isotopes nor about moisture
source analysis ...". If stable isotopes are in your title and in the 2nd sentence of your abstract, then
this paper is about stable isotopes. Your section 3.2 is called "Stable isotopes”, then 4.1 "Precipitation
and isotopes" and again 5.3 "Stable isotopes". However, | agree with you that the paper itself does
not show a lot about stable isotopes. Only Fig. 10 contains isotope data and the figure is not discussed
in detail but rather you refer to the paper by Stenni et al. for an interpretation of the isotope
measurements. | therefore think that the issue is with the structure of your paper, which needs to be
improved. Please distinguish much more about the motivation part (interpretation of isotope
measurements, but the actual discussion of these measurements is in another paper) and the real
novel content of this paper (meteorological characteristics of the two different years and potential
implications for stable isotopes). It is my impression that the stable isotopes should vanish from the
title, they should appear in the abstract only as a motivation, and | don't see why you need so many
section heads about stable isotopes. Also, | am not sure that Fig. 10 should be in this paper, | assume
that it appears again in Stenni et al. and is discussed there in more detail. | understand that you
submitted a series of related papers at the same time. This can be an excellent thing to do but it
clearly has the danger to confuse the reader about what is really dealt with where. This should
become much clearer in the next version.

We changed the title of the paper and adjusted the structure accordingly, which includes
removal of Figure 5¢ and Figure 10 and all discussions of the measured isotope data and
back-trajectory calculations. We concentrate on the differences in atmospheric flow conditions
and their influence on the local meteorological conditions at Dome C in the two contrasting
years 2009 and 2010, but keep the connection to ice core studies and the influence of the
different regimes on the stable isotope ratio of precipitation. However, we discuss the latter in
a more qualitative way now.

2) Clarity of the moisture source method. Maybe for you this is appears to be a detail. But two
reviewers and myself are confused. We don't understand the method and your replies don't help to
understand it better. An essential aspect of science is reproducibility and therefore if three colleagues
who work in related fields try to understand and fail, then something is not good. Please decide
whether the moisture origin aspect is relevant for your study. If yes, then you should describe your
technique in an understandable way. If not (not essentially) then | suggest that you omit the
discussion of the moisture sources in this paper.

3) Some more specific points:

a) You write "... and the transport occurred lower in the atmosphere (approximately at the 500-hPa
level) than previously assumed in ice core studies. Since the humidity calculated along the 300hPa-
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trajectory was already comparatively low (absolute humidity a factor 10 lower at 300hPa than at
500hPa) we assume the 500hPa level as representative for the main moisture flow, which is, of
course, not restricted to the 500hPa level, but occurs in a thicker layer that includes the 500hPa level."
I am very surprised about this. Of course 300 hPa is much too cold and dry to be relevant for moisture
transport. But 500 hPa is still not very typically the strong moisture fluxes occur, they are much lower
in the atmosphere (see the many studies about atmospheric rivers and tropical moisture exports). The
assumption that the 500 hPa flow is representative is very ad hoc and not well justified. Also at some
point the moisture source occurs at the ocean surface (about 1000 hPa), and therefore the moisture
first must raise from the surface to 500 hPa. How can you consider this by looking at only the 500 hPa
flow?

b) "Different from the approach of Sodemann and Stohl (2009) and Sodemann et al. (2008), who
calculated 20-day back-trajectories, for a 5-day trajectory it is possible to comprehend the dynamics
of the synoptic situation that causes the precipitation. That way the trajectory results can be cross-
checked with the geopotential height fields." This requires further explanation. Are you just looking at
the trajectories and the 500hPa field at some point in time and interpret the synoptic situation? This
carries a large element of subjectiveness not present in other methods. Important is to remember that
the 5-day trajectory may be helpful in determining the regional flow pattern, but not tell about
moisture sources.

c) "Even though the trajectory not explicitely deals with moistuer, it gives information about the origin
of the moist air mass. The northernmost “point” of the trough that causes the northerly flow to Dome
C is supposed to be the northern limit of the potential moisture source since no substantial meridional
flow is observed north of this limit." The 5-days limit appears arbitrary, and previous studies have
shown that moisture travels more (much more) than 5 days in this region. At best you could identify a
moisture direction, but not a moisture source. Remember that the moisture has to somehow reach
from the surface to 500hPa, which can be associated with substantial horizontal transport. See also
the concern from reviewer nr. 2.

d) "(The 500hPa trajectory seems to have some inconsistencies (e.g. kinks) on the 5th day, which
should not be over-interpreted). Whereas it is not possible to exactly determine the moisture source
(under the simplifying assumption of a single moisture source) with this simple method, the
information is sufficient to distinguish between a source in the Southern Ocean and one at middle
latitudes, which is most important for ice core interpretation and for simple isotope modelling." How
should this be possible if the trajectories all end after 5 days? The trajectories may simply not be long
enough to reach to the actual moisture sources.

2, 3a)-d) We removed the part about the trajectory calculations and keep that for the next
paper that will also include a classification of weather situations with precipitation at Dome C.

e) "Because of the more meridional flow and thus more northerly (and warmer) oceanic moisture
source, the initial 5180 is already higher than on average and the condensation temperature at Dome
C is above-average during the precipitation events as well." Here the simple moisture source
approximation results are considered as if they were actual oceanic sources. This is in disagreement
with the reply to the reviewers and needs moderation.
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We changed this to a more qualitative discussion. However, the moisture HAS TO have an
oceanic source, and the amplification of the Rossby wave is connected to cyclogenesis
underneath the trough, which involves uptake of moisture and transport to higher levels and
southwards.

f) In the Conclusions: "Another implication for ice core interpretation derived from the present study is
that a more northern moisture source does not necessarily mean larger isotopic fractionation (which
is usually assumed in ice core studies (e.g. Stenni et al., 2001; 2010). Even though the temperature at
the main moisture source is higher than on average for a northern moisture source, the depletion in
heavy isotopes is comparatively small because the temperature at the deposition site is also clearly
higher than on average due to the warm air advection, which reduces the temperature difference
between the moisture source region and the deposition site, thus the amount of isotopic
fractionation." If the paper is neither about stable isotopes nor moisture sources this paragraph needs
to be removed. Otherwise the reviewer comments need to be taken seriously. Here, the moisture
sources identified by the simple method are interpreted as if they were evaporation sources.

Please, see our comment above. We did not remove this paragraph, but included “implications
for ice core interpretation” in the title. Moisture source estimates are always simplifications,
but the isotope models have to work with some input, and this is what we use for simple
isotope models like MCIM. The isotope enabled GCMs still in a way follow the simple
models. Of course, in most cases, it is not only one moisture source. And, unless it is a
stationary situation, the moisture source also changes with time. However, for the still
relatively coarse isotope interpretation, the main point is really: is the source situated in or
close to the polar ocean or at relatively low latitudes further north? And this seems to have
typical differences for years with positive and negative SAM indices etc.

g) "Altogether, this means that the relationship between air temperature and stable isotopes of
Antarctic precipitation/ice is anything else but straightforward, since the isotope ratio measured in an
ice core (or in the snow) is the result of a complex precipitation history that is strongly influenced by
the synoptics and general atmospheric flow conditions, followed by post-depositional processes.
Without thorough knowledge of all the processes involved a quantitatively correct derivation of paleo
temperatures from ice core stable water isotopes is thus not possible." The final conclusion is also
about stable isotopes and ice cores. How is that possible if the paper is not about stable isotopes?
Please reconsider how your phrase your final conclusions.

We rephrased the conclusions accordingly.

We hope the paper has become clearer now and suitable for publication.

Yours sincerely

Elisabeth
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Abstract

At the East Antarctic deep ice core drilling site Dome C, daily precipitation measurements
have been initiated in 2006 and are being continued until today. The amounts and stable
isotope ratios of the precipitation samples as well as crystal types are determined. Within the
measuring period, the two years 2009 and 2010 showed striking contrasting temperature and
precipitation anomalies, particularly in the winter seasons. The reasons for these anomalies
are analysed using data from the mesoscale atmospheric model WRF (Weather Research and
Forecasting Model) run under the Antarctic Mesoscale Prediction System (AMPS). 2009 was
relatively warm and moist due to frequent warm air intrusions connected to amplification of
Rossby waves in the circumpolar westerlies, whereas the winter of 2010 was extremely dry
and cold. It is shown that while in 2010 a strong zonal atmospheric flow was dominant, in
2009 an enhanced meridional flow prevailed, which increased the meridional transport of heat
and moisture onto the East Antarctic plateau and led to a number of high-
precipitation/warming events at Dome C. This was also evident in a positive (negative) SAM
(Southern Annular Mode) index and a negative (positive) ZW3 (Zonal Wave number three)
index during the winter months of 2010 (2009). Changes in the frequency or seasonality of
such event-type precipitation can lead to a strong bias in the air temperature derived from

stable water isotopes in ice cores.

1 Introduction

Although Antarctic precipitation has been studied for approximately half a century (see e.g.
Bromwich, 1988), a number of open questions remain. There are two key motivations for
studying Antarctic precipitation. The first is that precipitation/snowfall is the most important
positive component of the mass balance of Antarctica. This is receiving increasing attention in
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discussions of climate change since the mass balance response to global warming can
considerably influence sea level change. A possible increase of precipitation in a future
climate due to higher air temperatures and therefore increased saturation vapour pressure
would mean storage of larger amounts of water in the Antarctic ice sheet, thus mitigating sea
level rise (Church et al., 2013). So far, the expected increase in precipitation has not been
found in the measurements (e.g. Monaghan et al., 2006). However, in one projection derived
from a combination of various models and ice core data, Frieler et al. (2015) state a possible
increase in Antarctic accumulation on the continental scale of approximately 5% K™. In some
parts of Antarctica, higher accumulation would lead to increased ice flow and thus dynamical
ice loss, which would reduce the total mass gain (Harig and Simons, 2015; Winkelmann et al.,
2012). Thus, for modelling and calculation of the Antarctic mass balance, precipitation

amounts and precipitation regimes have to be known as exactly as possible.

A second driver for studying Antarctic precipitation is that the ice of Antarctica is an
unparalleled climate archive: ice cores up to 800.000 years old yield crucial information about
palaeotemperatures and the past constitution of the atmosphere (e.g. EPICA community
members, 2004). To derive former air temperatures from ice cores, the stable-isotope ratios of
water are used primarily. A linear spatial relationship has been found between mean annual
stable isotope ratios in Antarctic precipitation and annual mean air temperature at the
deposition site although the isotope ratios depend in a complex way on mass-dependent
fractionation processes during moisture transport and precipitation formation (Dansgaard,

1964). S rec—thchemsdo—setencohoe o sueESolin b an s nne s sressuen than i Lehin




221
222
223
224
225
226
227
228
229
230

231
232
233
234
235
236
237
238
239
240
241
242

243
244
245
246
247
248
249
250
251
252
253

This spatially derived linear relationship has been found not to hold temporally, however
(Jouzel et al., 2003; Jouzel, 2014). Apart from air temperature, several other factors influence
the stable isotope ratio, such as seasonality of precipitation, location of and conditions at the
moisture sources and conditions along moisture transport paths (e.g. Sodemann and Stohl,
2009; Sodemann et al., 2008, Jouzel et al., 2003; Noone et al., 1999; Schlosser, 1999). Thus,
for a correct interpretation of the ice core data a thorough understanding of the atmospheric
processes responsible for the precipitation is needed, as it was the precipitation that ultimately
formed the glacier ice investigated in the cores. In particular, information about precipitation
mechanisms, moisture sources;—meisture and transport paths, and atmospheric conditions at

the final deposition site is required.

Measuring Antarctic precipitation is a challenge, not only due to the remoteness and extreme
climate of the continent, but also due to difficulties in distinguishing between drifting/blowing
snow and falling precipitation. The latter is due to the high wind speeds that typically
accompany precipitation events in coastal areas. In the interior of the continent, while wind
speeds are lower than at the coast, the threshold for drifting snow is often lower due to lower
snow densities as well. Measurements are also complicated by the extremely small amounts
of precipitation produced in the cold and dry air. Precipitation measurements with optical
devices may hold some hope for improved data in the future, but these instruments are
currently in the testing phase in Antarctica (Colwell, pers. comm.). In light of the lack of
observations, atmospheric models have become increasingly useful tools to investigate
Antarctic precipitation (Bromwich et al., 2004; Schlosser et al., 2010a; 2010b; 2008; Noone
and Simmons, 2002; Noone et al., 1999; Noone and Simmons, 1998).

This study focusses on the differences in the precipitation regime of two contrasting years

within the short measuring period, motivated by the consequences different precipitation/flow

regimes have on stable isotope interpretation. Fhe—stable—istopes—themsehves—are—only

a an ag on nform on aYa ha In ond on Nnthao roacna a) fa) a¥a RV}
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be-topic-of-a-different-study—The present investigation concentrates on the years 2009 and

2010. These years were chosen because they showed striking contrasting temperature and

precipitation anomalies, particularly in the winter seasons. Fogt (2010) reports that
temperatures in the Antarctic were persistently above average in the mid-to-lower troposphere
during the winter of 2009. The positive surface temperature anomalies were most marked in
East Antarctica. In 2010, the picture was very different from 2009, with generally below-

average temperatures on the East Antarctic plateau in winter and spring (Fogt, 2011).
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2 Study site

Dome C (75.106 °S, 123.346 °E, elevation 3233m) is one of the major domes on the East
Antarctic ice sheet. Its mean annual temperature is -54.5 °C, and the mean annual
accumulation derived from ice cores amounts to 25 mm water equivalent (w.e.)-/yr. Several
deep ice cores have been retrieved at Dome C, the first one in 1977/78, reaching a depth of
906 m, corresponding to an age of approximately 32,000 yr. The thermally drilled core was

retrieved during the International Antarctic Glaciological Project (Lorius, 1979).

The oldest ice to date has been obtained at Dome C through the European deep drilling
project EPICA (European Project for Ice Coring in Antarctica). The drilling was completed in
January 2006; at the base of the 2774.15 m long ice core the age of the ice was estimated to be
800.000 yr, thus covering eight glacial cycles (EPICA community members, 2004). To
support the EPICA drilling operation, the French-Italian Antarctic wintering base Dome

Concordia became operational in 2005.

3 Previous work

_ lo eirculat L ocesinitati

Precipitation conditions in the interior of Antarctica are very different from those in coastal
areas. Whereas precipitation at the coast is usually caused by frontal systems of passing
cyclones that form in the circumpolar trough (e.g. Simmonds et al., 2002), in the interior
different precipitation mechanisms are at play. On the majority of days, only diamond dust,
also called clear-sky precipitation, is observed. It forms due to radiative cooling in a nearly
saturated air mass. Although diamond dust is predominant temporally, it does not necessarily
account for the largest fraction of the total yearly precipitation. It has been shown that a few
snowfall events per year can bring up to 50% of the total annual precipitation (Braaten et al.,
2000; Reijmer and van den Broeke, 2003; Fujita and Abe, 2006; Schlosser et al., 2010g;

Gorodetskaya et al., 2013). Those events are due to amplification of Rossby waves in the
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circumpolar westerlies, which increases the meridional transport of heat and moisture
polewards. In extreme cases this can even mean a transport from the Atlantic sector across the
continent to the Pacific side (Sinclair, 1981; Schlosser et al., 2015b) The relatively moist and
warm air is orographically lifted over the ice sheet, followed by cloud formation and/or
precipitation (Noone et al, 1999; Massom et al., 2004; Birnbaum et al., 2006; Schlosser et al.,
2010). Except for the study by Fujita and Abe (2006), all of these investigations were based

on model and AWS data, rather than daily precipitation measurements.

For a long time it was believed in ice core studies that precipitation represented in Antarctic
ice cores is formed close to the upper boundary of the temperature inversion layer assuming
that the largest moisture amounts are found where the air temperature is highest (Jouzel and
Merlivat, 1984). This is a very simplified view that is, however, widely used in ice core
studies. It assumes that there are basically no multiple temperature inversions and that
humidity is only dependent on temperature through the Clausius-Clapeyron equation, which
describes the temperature dependence of vapour pressure. This would mean that humidity and
temperature inversions would always have a similar profile. However, more recent studies
have shown that humidity inversions are parallel to the temperature inversion only in 50% of
the cases, and often multiple humidity (and temperature) inversions occur (Nygard et al.,
2013). In particular, the local cycle of sublimation and re-sublimation (deposition) is poorly

known, but it is important for both mass balance and isotope fractionation studies.

At Dome Fuji, at an elevation of 3810m, the air can be so dry that, in spite of the advection of
warm and moist air related to amplified Rossby waves, no precipitation is observed at the site.
However, this synoptic situation can cause a strong warming in the lower boundary layer
(particularly during blocking situations) due to a combination of warm air advection and
removal of the temperature inversion layer by increased wind speed that induces mixing and
cloud formation, which in turn increases downwelling longwave radiation (Enomoto et al,
1998; Hirasawa et al., 2000). Increased precipitation amounts can also be observed after a
snowfall event when the warm air advection has ended, but increased levels of moisture
prevail, which can lead to extraordinarily high amounts of diamond dust precipitation
(Hirasawa et al., 2013). In West Antarctica, intrusions of warm, marine air can lead to
increased cloudiness, precipitation and air temperature. A change in the frequency or intensity
of such warm air intrusions could have a large effect on West Antarctic climate if the mean

general circulation changed (Nicolas and Bromwich, 2011).
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Moisture origin has been investigated in various studies using back-trajectory calculations
employing different models and methods (Scarcilli et al., 2010; Sodemann and Stohl, 2009;
Sodemann et al. 2008; Suzuki et al., 2008; Reijmer et al., 2002). In a recent study by
Dittmann et al. (2015), who investigated precipitation and moisture sources at Dome F for
precipitation events in 2003, it was estimated that the origin of the moisture was farther south
(on average at 50°S) and the transport occurred lower in the atmosphere (approximately at the

500-hPa level) than previously assumed in ice core studies. Since-the—humidity—calculated

faYaYa omp a) O\A
cchy ct v y A/

32-Stable-isetepes

Dome C is a deep ice core drilling site. However, the measurements presented here are the
first derived from fresh snow samples at this site. A similar study, if only for a period of
approximately one year, was carried out by Fujita and Abe (2006) at Dome Fuji (see Fig. 1),
another deep-drilling site in East Antarctica. They investigated daily precipitation data
together with measurements of stable isotope ratios of the precipitation samples. Temporal
variations of 50 were highly correlated with air temperature. Fhetowest-8*0—value

a ag-\A Q1 Q o/ \which na otob 1ahta A ar ava oHected-on-the h’
a Wa 0 oo W op \/ v v/ a0 a

surface—Half of the annual precipitation resulted from only 11 events (18 days), without
showing any seasonality. The other half was due to diamond dust. Similar results were found
in studies by Schlosser et al. (2010a), at Kohnen Station (see Fig. 1) and by Reijmer and Van
den Broeke (2003), who used data from automatic weather stations in Dronning Maud Land.
The precipitation-weighted temperature was significantly higher than the mean annual surface

temperature because the precipitation events were related to warm-air advection, which leads
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4 Data and methods

4.1 Precipitation and-isetepes

Daily precipitation measurements were initiated at Dome C in 2006, and have, with some
interruptions, been continued until today. Daily precipitation amounts are measured using a
wooden platform set up at a distance of 800 m from the main station, at a height of 1 m above
the snow surface to avoid contributions from low drifting snow. For the same reason, the
platform is surrounded by a rail of approximately 8 cm height. The measurements include
precipitation sampling and analysis of stable water isotopes (50, 8D) of the samples.
Additionally, the crystal structure of the precipitation is analysed in order to distinguish
between diamond dust, snowfall, and drift snow. Diamond dust consists of extremely fine ice
needles whereas synoptic snowfall shows various types of regular snow crystals, which tend
to be broken in case of drifting/blowing snow. The snow crystal type depends on air

temperature during formation in the cloud. Samples of mixed crystal types can also occur.

While errors of the precipitation measurements cannot be quantified, it is understood that they
can exceed 100% given the extremely small precipitation amounts.

The Dome C precipitation series is the first and so far only multi-year precipitation/stable

isotope series at an Antarctic deep ice core drilling site.

4.2 AWS data

- { Formatiert: Schriftart: (Standard)
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The Antarctic Meteorological Research Center (AMRC) and Automatic Weather Station
(AWS) Program are sister projects of the University of Wisconsin-Madison funded under the
United States Antarctic Program (USAP) that focus on data for Antarctic research support,
providing real-time and archived weather observations and satellite measurements and
supporting a network of automatic weather stations across Antarctica.

The current AWS at Dome C was set up by the AMRC, in December 1995. The station
measures the standard meteorological variables of air temperature, pressure, wind speed, wind

direction, and humidity. Data can be obtained from http://amrc.ssec.wisc.edu. Note that an

initial AWS (named Dome C) had been set up in 1985, however, at a distance of about 70 km
from the current site. Thus, only data from the new station (Dome C 1) are used in the present

study.

4.3 WRF Model Output from the AMPS Archive

In addition to the observations described above, this study uses numerical weather prediction
(NWP) model output for analysis of the synoptic environments of the target years, of
precipitation processes, and of events. The output is from forecasts of the Weather Research
and Forecasting (WRF) Model (Skamarock et al., 2008) run under the Antarctic Mesoscale
Prediction System (AMPS) (Powers et al., 2003; 2012), a real-time NWP capability that
supports the weather forecasting for the United States Antarctic Program (USAP). The (U.S.)
National Center for Atmospheric Research (NCAR) has run AMPS since 2000 to produce
twice-daily forecasts covering Antarctica with model grids of varying resolutions. The AMPS
WRF forecasts have been stored in the AMPS Archive and used extensively in studies (e.g.
Monaghan et al., 2005; Seefeldt and Cassano, 2008; Schlosser et al., 2008; Seefeldt and
Cassano, 2012). For 2009 and 2010, the WRF output over the Dome C region reflects a
forecast domain with a horizontal grid spacing of 15 km, employing 44 vertical levels
between the surface and 10 hPa. This 15-km grid was nested within a 45-km grid covering

the Southern Ocean, and Fig. 2 shows these domains.

Model output from AMPS has been verified through various means over the years. Multi-
year AMPS forecast evaluations have been conducted (Bromwich et al., 2005), and WRF's

ability for the Antarctic in particular has been confirmed (Bromwich et al., 2013). AMPS's
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and WRF's Antarctic performance has also been documented in a number of case and process
studies (e.g. Bromwich et al., 2013; Nigro et al., 2011; 2012; Powers, 2007). For model
development within AMPS, verification for both warm and cold season periods is performed
prior to changes in model versions or configurations (Powers et al., 2012). The reliability of
AMPS WRF forecasts is also reflected in their demand from international Antarctic
operations and field campaign forecasting efforts (see e.g. Powers et al., 2012). Lastly,
similarly to how it is used here, AMPS output has been a key tool in previous published
studies of Antarctic precipitation related to ice core analyses (Schlosser et al., 2008; 2010g;
2010b).

In this study the WRF output from the AMPS archive is used to study both the synoptic
patterns/general atmospheric circulation and the local conditions related to the precipitation

regimes and events in the years compared. The WRF forecasts provide reliable depictions of

conditions and their evolution.; and-are-used-for-trajectories—and-estimates—of-precipitation

5 Results
5.1 Temperature and precipitation

Figure 3a shows the mean monthly air temperature observed at the Dome C AWS for 2009
and 2010 as well as the mean of 1996-2014. The mean annual cycle exhibits the typical
coreless winter (van Loon, 1967) with a distinct temperature maximum in summer
(December/January), which has no counterpart in winter, where the months May to August
show relatively similar values. This is due to a combination of the local surface radiation
balance and warm air intrusions. During the first part of the polar night, with the lack of short-
wave radiation, an equilibrium of downwelling and upwelling longwave radiation is reached;
advection of relatively warm air from lower latitudes further reduces the possibility for
cooling. Thus the temperature does not decrease significantly after May (King and Turner,
1997; Schwerdtfeger 1984).
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Whereas-While during the summer months little difference is seen between 2009 and 2010 the
winter months are strikingly different. The lowest mean July temperature of the station record
occurs in 2010 with a value of -69.7 °C. This is the lowest monthly mean ever observed at
Dome C, 5.9 °C lower than the average 1996-2014, corresponding to a deviation of
1.70,Bclbeing the standard deviation.@In contrast, the highest July mean temperature is
found in 2009; with a value of -54.9 °C, it was 8.9 °C higher (corresponding to 2.5c) than the
long-term July mean and the only July mean that exceeded -60 °C. In Figure 3b, observed
daily mean temperatures and daily precipitation sums for the years 2009 and 2010 are
displayed. Again, the differences between the two years are most striking in winter. In 2009,
the temperature variability is very high, and several warming events with temperatures up to
almost -30 °C can be seen. Minimum temperatures are rarely lower than -70 °C whereas in
2010, minima are close to -80 °C. The highest temperature in the winter of 2010 was only
slightly above -50 °C. The winter 2009 thus was not only a “coreless winter”, but had a

“warm” core due to the high number of warm air intrusions.

A very high-value precipitation value of 1.36 mm on 9 February 2010, followed by 0.67 mm

on 10 February, both classified as diamond dust from the photographic crystal analysis, stems

from only one event around 9 February. TFhese-values-should-be-considered-with-care-given
the-high-error—pessibitities—of-the-measurements—Considering the extremely low density of

diamond dust, a diamond dust amount of more than 1Imm/day, at first, seemeds to be unlikely.
However, the model data do show a precipitation event connected to warm air advection from
the north (see below) for this day, which would indicate the occurrence of snowfall rather than
diamond dust. Most likely a mixture of crystal types was found during this event with the
diamond dust on top of the snow crystals, which possibly led to the classification of the event
as diamond dust. (Note that the crystal classification was carried out purely from photographs
by an expert at the Avalanche Institute in Italy and that snow crystals are also comparatively
small at the temperatures prevailing at Dome C). Also, it was found that increased amounts of
diamond dust can prevail after snowfall events when humidity is still increased compared to
the average, but not large enough to cause real snowfall. The precipitation totals for May to
September are 12.0 mm w.e. for 2009 and 4.3 mm w.e. for 2010. Daily sums exceed 0.25 mm
only three times in 2010, but 16 times in 2009. Usually, high daily precipitation amounts are
associated with relative maxima in air temperature. In general, the winter of 2010 was cold

and dry, whereas 2009 was relatively warm and moist compared to the long-term average.
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Figure 4a shows monthly precipitation amounts for 2009 and 2010, distinguishing between
diamond dust, hoar frost, and snowfall; Figure 4b gives the relative frequencies of the three
different observed types of precipitation for both years. Again, large differences between 2009
and 2010 are found. While approximately half of the precipitation fell as snow in 2009, less
than a quarter of the total precipitation stemmed from snowfall in 2010, when mostly diamond
dust was observed. As seen before, the winter months of May to September exhibit the
largest differences. In particular, the extremely “warm” July of 2009 brought high amounts of
snowfall. The lowest amounts of precipitation are seen in austral summer 2009/2010, with no

precipitation observed in November and only very small amounts in December and January.

The total amount of precipitation measured on the raised platform is 16.5 mm w.e. for 2009
and 13.4 mm w.e. for 2010, compared to the mean annual accumulation of 25 mm w.e.
derived from firn core and stake measurements (Frezzotti et al., 2005). From the available
data it cannot be determined whether the difference is due to snow removed from the
measuring platform by wind or sublimation or snow added to the snow surface at the stake

array by wind (blowing or drifting snow) or deposition (re-sublimation).

5.2 Atmospheric flow conditions
5.2.1 Synoptic analyses with AMPS archive data

The synoptic situations that caused precipitation at Dome C were analysed using WRF output
data from the AMPS archive. In particular, fields of 500hpa geopotential height and 24-h
precipitation were used. For the 500hPa geopotential height information the 12-h forecast was
utilized. For 24-h precipitation, the 12-36h forecast sums of precipitation (rather than 0-24h)
were used to allow for model spin up of clouds and microphysical fields. This is considered
long enough for moist process spin-up, but avoids error growth reflected in longer forecast
times (Bromwich et al., 2005).

For all precipitation events with observed daily sums exceeding 0.2mm, the synoptic
situations that caused the precipitation were investigated. In total, 29 events were studied, 20
in 2009 and 9 in 2010. For 2009 (2010), the model showed precipitation at Dome C in 44%
(50%) of the studied cases and precipitation in the vicinity in 33 (25) % of the cases; no
precipitation was shown in the model in 22 (25) % of the cases. In total, approximately half of

the precipitation events were represented well by the model, one quarter showed synoptic
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events that did not bring precipitation exactly at the location and time of the measurements,
and one quarter of the cases were not forecast by the model at all. An exact quantitative
analysis of the model skill using the entire data series starting in 2006 is ongoing and the

results will be more meaningful than those of only two, not very typical, years.

Generally, snowfall events were found to be associated with an amplification of the Rossby
waves in the circumpolar westerlies, which causes a northerly flow across the Dome C region
between a trough to the west and an upper-level ridge to the east of Dome C. This northerly
flow brings relatively warm and moist air from as far as 35 °S - 40 °S to the East Antarctic
plateau, leading to orographic precipitation when it is forced to ascende on the way from the
coast to the high-altitude interior. Variations of this general situation are due to the duration of
the flow pattern (e.g. whether there is a blocking anticyclone or not) and the strength of the
upper-level ridge, which determines how far north the main moisture origin is situated. Figure
5 shows an example of this synoptic situation typical for snowfall events. In the 500hPa
geopotential height field (Fig. 5a) for 13 September 2009 the amplified ridge that leads to a
northerly flow towards Dome C can be seen slightly east of Dome C, with an axis tilted in a
NE-SW direction. Figure 5b displays the 24-h precipitation caused by the N-NE flow onto the

continent. Dome C is situated at the southeastern edge of the precipitation area.
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A frequent occurrence of the synoptic situation described (as it was the case in 2009) means a

more northern mean moisture source than on average, which has to be taken into account for
deriving air temperature from stable isotopes. (A detailed study using trajectory calculations
for all observed precipitation events at Dome C is ongoing.) It was also found to be typical for
precipitation events at Dome C that the main westerly flow is split into a northern branch that
remains zonal, whereas the southern branch starts meandering with a strong meriodional
component. This is observed more often at Dome C than at Dome F (Dittmann et al., 2015) or
at Kohnen Station (Schlosser et al., 2010a).

Figure 6 presents an example for a case with no precipitation in the model, but relatively large
observed precipitation amounts. The 500hPa geopotential height field (Fig. 6a) shows a
cutoff-high west of Dome C on the day after the precipitation event shown in Figure 5. The
remaining atmospheric moisture is not sufficient to produce precipitation in the model (Fig.
6b), but it does lead to remarkably high amounts of diamond dust and/or hoar frost (0.7 mm

observed during this event). This synoptic situation was also found by Hirasawa et al. (2013)
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in a detailed study of the synoptic conditions and precipitation during and after a blocking
event at Dome Fuji. (Note that neither diamond dust nor hoar frost formation is specifically
parameterized in the model.) In 2010, the flow was mainly zonal and the synoptic situations

described above were much less frequent than in 2009 and not as strongly developed.

Using the WRF output, monthly composite fields of 500hPa-geopotential height were
calculated to compare the general flow conditions in 2009 and 2010. Figure 7 shows the
composite mean 500-hPa geopotential height for July 2009 and 2010, respectively. Even in
the monthly mean, the distinct upper-level ridge in 2009 that projects onto the East Antarctic

plateau and leads to warm air advection and increased precipitation at Dome C is clearly seen.

In 2010, in the monthly average, the flow was mainly zonal, which reduced the meridional
exchange of heat and moisture, thus leading to lower temperatures and less precipitation in the
interior of the Antarctic continent.

5.2.2 Southern Annular Mode

The occurrence of high-precipitation events on the Antarctic plateau due to amplification of
Rossby waves is often connected to a strongly positive phase of the Southern Annular Mode
(SAM). The SAM is the dominant mode of atmospheric variability in the extratropical
Southern Hemisphere. It is revealed as the leading empirical orthogonal function in many
atmospheric fields (e.g. Thompson and Wallace, 2000), such as surface pressure, geopotential
height, surface temperature, and zonal wind (Marshall, 2003). Since pressure fields from
global reanalyses commonly used to study the SAM are known to have relatively large errors
in the polar regions, Marshall (2003) defined a SAM index based on surface observations. He
calculated the pressure differences between 40 °S and 65 °S using data from six mid-latitude
stations and six Antarctic coastal stations to calculate the corresponding zonal means. A large
(small) meridional pressure gradient corresponds to a positive (negative) SAM index . The
positive index means strong, mostly zonal westerlies and comparatively little exchange of
moisture and energy between middle and high latitudes, which leads to a general cooling of
Antarctica, except for the Antarctic Peninsula that projects into the westerlies. A negative

SAM index is associated with weaker westerlies and a larger meridional flow component.

Figure 8 shows the monthly mean SAM index for 2009 and 2010 (data can be found at
http://www.nerc-bas.ac.uk/icd/gjma/sam.html). Whereas in the winter months (May to
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September) of 2009 the SAM index was generally negative (with the exception of a weakly
positive value in June), 2010 has positive indices from April to August, with strongly positive
values in June and July, and only a weakly negative index in September. This is consistent
with the pattern of a strong zonal flow with few precipitation events at Dome C due to
amplified ridges in the winter of 2010, with the opposite situation holding in 2009. The
highest SAM index is found in November 2010; however, in austral summer the relationship
between the SAM index and precipitation seems to be less straightforward. The differences
between 2009 and 2010 are not extraordinarily high compared to other years (e.g. 2001/2002

as seen at http://www.nerc-bas.ac.uk/public/icd/gjma/newsam.spr.pdf), however, qualitatively

they are in agreement with the observed flow pattern. Furthermore, it should be kept in mind
that SAM explains only about one third of the atmospheric variability in the Southern
Hemisphere (Marshall, 2007) and that the SAM index alone gives no information about the

location of respective ridges and troughs in a highly meridional flow pattern..

5.2.3 Zonal wave number 3

Another method to investigate the general atmospheric flow conditions is to analyse spatial
and temporal variations of the quasi-stationary zonal waves in the Southern Hemisphere. In
this study zonal wave number 3 (ZW3) is used. While the atmospheric circulation in the
Southern Hemisphere appears strongly zonal (or symmetric), there is a significant non-zonal
(asymmetric) component and ZW3 represents a significant proportion of this asymmetry. It is
a dominant feature of the circulation on a number of different time scales (e.g. Karoly, 1989),
is responsible for 8% of the spatial variance in the field (van Loon and Jenne, 1972), and
contributes significantly to monthly and interannual circulation variability (e.g. Trenberth,
1990; Trenberth and Mo, 1985). The asymmetry is revealed when the zonal mean is
subtracted from the geopotential height field thereby creating a coherent pattern of zonal
anomalies, with the flow associated with these patterns becoming apparent. ZW3 has
preferred regions of meridional flow, which influence the meridional transport of heat and
moisture into and out of the Antarctic. Raphael (2004) defined an index of ZW3 based on its
amplitude (effectively the size of the zonal anomaly) at 50°S showing that ZW3 has
identifiable positive and negative phases associated with the meridionality of the flow. A
positive value for this index indicates more meridional flow (large zonal anomaly) and a
negative value more zonal flow (small zonal anomaly). Note that the ZW3 index used here

does not fully capture the shift in phase of the wave. However, Raphael (2004) found that the



631 net effect is a small reduction in the amplitude of the wave, but the sign of the index is not
632 influenced. A new approach for identifying Southern Hemisphere quasi-stationary planetary
633 | wave activity that allows variations of both wave phase and amplitutde is described in a recent

634 study by Irving and Simmonds (2015).

635 Figure 9a shows the monthly mean ZW3 index for the period 2009-2010. From June to
636 September 2009 the ZW3 index was largely positive except for a comparatively small
637 negative excursion in July. On the contrary, from June to September 2010 it was negative. The
638 asymmetry in the circulation suggested by the index is shown in Figure 9b (July 20090 and 9c
639 (July 2010). These figures were created by subtracting the long-term zonal mean at each
640 latitude, from the mean 500-hPa geopotential height field in July 2009 and 2010, respectively.
641 The flow onto Dome C suggested by the alternating negative and positive anomalies is
642 northerly in July 2009, but has a strong zonal component in July 2010. This information given
643 by the ZW3 index and the patterns of zonal anomalies is consistent with that suggested by the
644 SAM.

645
646

647
648
649
650
651
652
653
654
655
656
657
658
659

660
661




662
663

664

665

666

667
668
669
670
671
672
673
674
675
676
677
678
679
680
681

682
683
684
685
686
687
688
689
690
691

692
693

6 Discussion and Conclusion

In the present study that was motivated by stable water isotope studies, atmospheric
conditions of the two contrasting years 2009 and 2010 at the Antarctic deep-drilling site
Dome C, on the East Antarctic Plateau were investigated using observational precipitation and
temperature data and data from a mesoscale atmospheric model. The observations from Dome
C represent the first and only multi-year series of daily precipitation/stable isotope
measurements at a deep-drilling site, even though “multi” means only nine years in this case.
The differences between the two years 2009 and 2010 were most striking in winter. Whereas
2009 was relatively warm and moist due to frequent warm air intrusions connected to
amplification of Rossby waves in the circumpolar westerlies, the winter of 2010 was
extremely cold and dry, with the lowest monthly mean July temperature observed since the
beginning of the AWS measurements in 1996. This can be explained by the prevailing strong
zonal flow in the winter of 2010, related to a strongly positive SAM index and a negative
ZW3 index. Also, the frequency distribution of the various precipitation types was largely
different in 2009 and 2010, with snowfall prevailing in 2009 whereas diamond dust was
dominant in 2010.

Similarly striking differences in weather conditions of 2009 and 2010 were seen in other parts
of East Antarctica. Gorodetskaya et al. (2013) found that accumulation in 2009 was eight
times higher than in 2010 at the Belgian year-round station “Princess Elisabeth”. At this
location, the temperature was also higher in 2009 than in 2010, particularly in fall/early
winter. The findings are supported by Boening et al. (2012), who used observations from
GRACE (Gravity Recovery And Climate Experiment) and found an abrupt mass increase on
the East Antarctic ice sheet in the period 2009-2011. Similarly, Lenaerts et al. (2013)
investigated snowfall anomalies in Dronning Maud Land, East Antarctica. They state that the
large positive anomalies of accumulation found in 2009 and 2011 stand out in the past

approximately 60 years although comparable anomalies are found further back in time.

Distinguishing between the different forms of precipitation, namely diamond dust, hoar frost

and dynamically caused snowfall, is important for both mass balance and ice core
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interpretation. For mass balance, the different precipitation types do not have to be known if
the surface mass balance is determined as an annual value from snow pits, firn/ice cores or
stake arrays. For temporally higher resolved precipitation measurements, however, a fraction
of both hoar frost and diamond dust might be just a part of the local cycle of sublimation and
deposition (re-sublimation), thus representing no total mass gain. More detailed
measurements are thus necessary to allow a better understanding of the processes involved.
This also applies to isotopic fractionation during this cycle; continuous measurements of

water vapour stable isotope ratios (e.g. Steen-Larsen et al., 2013) should be included here.

For ice core interpretation, the problem generally becomes more complex. Diamond dust is
observed during the entire year without a distinct seasonality. Therefore a signal from an ice
core property measured in the ice (in contrast to measured in the air bubbles) will have
contributions from diamond dust that stem nearly equally from all seasons. Although snowfall
events are not very frequent at deep ice core drilling sites, they can account for a large
percentage of the total annual precipitation/accumulation at those locations. If these events
have a seasonality that has changed between glacials and interglacials, a large bias will be
found in the temperature derived from the stable isotopes in ice cores. Today, the frequency of
such snowfall events shows a high inter-annual variability, but both frequency and seasonality
of the events might be different in a different climate due to changes in the general
atmospheric circulation and in sea ice extent (e.g. Godfred-Spenning and Simmonds, 1996).
Since it was found that snowfall events are connected to the synoptic activity in the
circumpolar trough, it is plausible that the seasonality of such events was different during
glacial times because the sea ice edge and the mean position of the westerlies were
considerably farther north than today. This influences the zone of the largest meridional
temperature gradient, thus the largest baroclinicity and consequently cyclogenesis. A larger
sea ice extent might reduce the number of snowfall events in the Antarctic interior in winter
by pushing the zone of largest baroclinicity northwards. However, it is not possible to assess
such hypotheses using observational data since the instrumental period, with few exceptions,
started in Antarctica with-not before the IGY (International Geopyhysical Year) 1957/58.
However, modelling studies can be supported by studies of the physical processes in the
atmosphere using recent data, and, in particular, cases of extreme situations can be helpful
here. Even if the full amplitude of the change between glacial and interglacial climates is not
observed, extrema can give insight into the sign and kind of the reaction of the system to a

change in one or several atmospheric variables.
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Another implication for ice core interpretation derived from the present study is that a more
northern moisture source does not necessarily mean larger isotopic fractionation (which is
usually assumed in ice core studies (e.g. Stenni et al., 2001; 2010). Even without a
quantitative determination of the moisture source it can be said that in an increased meridional
flow, as in 2009, heat and moisture transport from relatively low latitudes is increased, too,
and leads to higher precipitation stemming from more northern oceanic sources than on
average. AlEven-though the temperature at the main moisture source is higher than on
average for a more northern moisture source, the depletion in heavy isotopes is comparatively
small because the temperature at the deposition site is also clearly higher than on average due
to the warm air advection, which reduces the temperature difference between the moisture

source region and the deposition site, thus the amount of isotopic fractionation.

Looking towards future work, the results here indicate that a combination of process studies
using recent data and modelling of the atmospheric flow conditions on larger time scales will
lead to a better quantitative interpretation of ice core data. Apart from the factors influencing
precipitation itself, it has become clear recently that post-depositional processes between
snowfall events are more important than previously thought because, additionally to processes
within the snowpack, the interaction between the uppermost parts of the snowpack and the
atmosphere is very intense (Steen-Larsen et al., 2013). Parallel measurements of stable
isotope ratios of water vapour and surface now, combined with meteorological data will give

more insight into these processes in Antarctica.

Altogether—this—means—that—t Altogether, this means that, compared to years with

predominantly zonal flow (which is the more frequent situation), in years with enhanced
meridional flow (negative SAM index, positive ZW3 index) higher temperatures and higher
amounts of precipitation that is less depleted of heavy isotopes are expected at Dome C and
comparable interior sites in Antarctica. This is particularly valid for the colder seasons.

The relationship between air temperature and stable isotopes of Antarctic precipitation/ice is
anything else but straightforward, since the isotope ratio measured in an ice core (or in the
snow) is the result of a complex precipitation history that is strongly influenced by the
synoptics and general atmospheric flow conditions, followed by post-depositional processes.
Without thorough knowledge of all the processes involved a quantitatively correct derivation

of paleo temperatures from ice core stable water isotopes is thus not possible.
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Figure Captions

Fig. 1

Map of Antarctica indicating Dome C and other important deep-drilling sites in Antarctica

Fig. 2

AMPS domains used for model output analysis in this study
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Fig. 3
a) Mean monthly temperatures for 2009 and 2010 at Dome C AWS

b) Daily precipitation and daily mean temperature at Dome C for 2009 and 2010

Fig. 4

Monthly precipitation at Dome C a) 2009 and b) 2010, distinguishing three different types of

precipitation: diamond dust, hoar frost, and snowfall
Relative frequency of diamond dust, hoar frost, and snowfall for ¢) 2009 and d) 2010

The types were determined from photos of the crystals on the platforms by the Avalanche

Research Institute, Arabba, Italy.

Fig. 5
a) 500hPa geopotential height from AMPS archive data (Domain 1) 13.9.2009 00Z

(The axis of the upper-level ridge mentioned in the text is marked by a bold black line.)

b) 24h-precipitation from AMPS 13.9. 2009 00GMT to 24 GMT

Fig. 6

Example for synoptic situation, during which precipitation is observed at Dome C, but not
forecast by WRF in AMPS.

a) 500 hPa geopotential height, Domain 2.

b) 24h-precipitation total (mm) from AMPS
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Fig. 7

Mean July- 500hPa geopotential height based on AMPS archive model output for 2009 and
2010.

Fig. 8

Mean monthly SAM index for 2009 and 2010 (after Marshall, 2003).

Fig. 9
a) Monthly mean Zonal Wave Number 3 (ZW3) index for 2009-2010

b) July 2009 500hPa geopotential height anomaly: Mean July 2009 height minus long-term

zonal mean height

c) July 2010 500hPa geopotential height anomaly: Mean July 2009 height minus long-term

zonal mean height
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