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Abstract. Antarctic surface snow has been studied by meanssolid deposits measured above the surface and used to drive
of continuous measurements and observations over a peridithe model, even though comparable to ECMWEF forecasts in
of 3yr at Dome C. Snow observations include solid depositsits total magnitude, should be seen as a lower boundary. As
in form of precipitation, diamond dust, or hoar, snow temper-a result of the new deposition mechanism, we found a good
atures at several depths, records of deposition and erosion agreement between model results and measurements of snow
the surface, and snow profiles. Together with meteorologi-temperatures and recorded snow profiles. In spite of the un-
cal data from automatic weather stations, this forms a uniquelerestimated deposition, the results thus suggest that we can
dataset of snow conditions on the Antarctic Plateau. Largeobtain quite realistic simulations of the Antarctic snow cover
differences in snow amounts and density exist between solidby the introduction of event-driven snow deposition.

deposits measured 1 m above the surface and deposition at
the surface. We used the snow-cover model SNOWPACK

to simulate the snow-cover evolution for different deposi-

tion parameterizations. The main adaptation of the model del Introduction

scribed here is a new event-driven deposition scheme. The

scheme assumes that snow is added to the snow cover pefhe upper meter of the snow cover on the Antarctic Plateau
manently only during periods of strong winds. This assump-is exposed to extreme conditions that influence the develop-
tion followed from the comparison between observations ofment of the snow cover. At Dome C, the annual mean tem-
solid deposits and daily records of changes in snow heightPerature is-53°C, the annual mean wind speed is 2.9Ths
solid deposits could be observed on tables 1 m above the sufing and Turner, 1997), while the mean annual accumula-
face on 94 out of 235 days (40 %) while deposition at thetion is less than about 40kgha (for example, Petit et
surface occurred on 59 days (25 %) during the same period?"-v 1982; Frezzotti et al., 2005). Snow is transported by the
but both happened concurrently on 33 days (14 %) only. Thigvind before it is permanently added to the underlying snow
confirms that precipitation is not necessarily the driving force cover. The snow cover at Dome C is therefore highly influ-
behind non-temporary snow height changes. A comparisorgnced by the wind (for example, Palais et al., 1982). A lot
of simulated snow height to stake farm measurements ovepf effort has gone into describing the effect of the wind on
3yr showed that we underestimate the total accumulation byhe surface mass balance and the snow microstructure and
at least 33 %, when the total snow deposition is constrainedtratigraphy (for example, Brun et al., 2011). To model the
by the measurements of solid deposits on tables 1 m abov&NOW cover, however, we particularly need quantitative de-
the surface. During shorter time periods, however, we maySCrptions.

miss over 50 % of the deposited mass. This suggests that the The effects of blowing snow on the snow cover are most
easily visible in the surface features they form, such as dunes
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and zastrugi. Watanabe (1978) describes the characteristickhis, combined with a lack of seasonal melting layers, makes
of surface features formed by wind and drifting snow, for ex- it difficult to date snow layers in snow profiles and to un-
ample dunes, and the deposition-erosion processes at Mizutaerstand total accumulation. Despite this, many efforts have
Plateau. Doumani (1967) reports in detail on the formation ofbeen made to estimate the surface mass balance. For exam-
zastrugi and other erosional and depositional features. Anple, Frezzotti et al. (2007) estimated snow accumulation from
other description of snow accumulation and the occurrencece core drillings and stake measurements. They found that
of dunes and zastrugi in a katabatic wind zone is given byaccuracy is poor for low-accumulation sites.
Goodwin (1990). Although these observations are very valu- While accumulation is already hard to measure, it may
able, we lack a quantitative description and especially ob-be even more difficult to distinguish between drifting snow
servations of the wind and the properties of the snow whileand actual snowfall. Visual observations of the South Pole
transported. More recently, Walden et al. (2003) collected iceWWeather Office distinguish diamond dust, blowing snow
crystals from precipitation and deposited snow on an elevateénd snow grains. Often, however, blowing snow and dia-
platform on the roof of a building at South Pole Station; how- mond dust occur together (Walden et al., 2003). Furthermore,
ever, they do not describe the snow surface. gauge measurements are problematic since drifting snow is
More quantitative descriptions of Antarctic surface snow blown into the gauges (Bromwich, 1988) and the snowfall
are found in the following studies. During a traverse betweenamounts in this region do not exceed the minimum gauge res-
Syowa Station and the South Pole, surface density was mealution (Cullather et al., 1998). Combination of these facts
sured at several stakes and was never found to be less thalecreases the accuracy of precipitation measurements and
210kg 3 (Fujiwara and Endo, 1971). Palais et al. (1982) the estimations of the surface mass balance. This problem
made several 3 m snow profiles at Dome C and found a strongould be overcome, however, by continuously recording pre-
stratigraphic layering. Besides visible stratigraphy, gisss cipitation, height of snow and surface snow characteristics
radioactivity and microparticles were used to date the lay-such as density and snow type as discussed in this paper.
ers. However, snow properties such as density, grain and Several authors already modelled the Antarctic snow
bond size or snow-cover temperatures were not measuredover. Morris et al. (1997) used DAISY, a physics-based
Gay et al. (2002) observed grain sizes at several locationsnow model, to simulate the snow cover at Halley Bay. Initial
in the Antarctic. They conclude that grain size is spatially new snow density was set to 300 or 400 kgthin different
homogeneous near the surface (0—0.5m depth) and may b@mulations. Dang et al. (1997) used a similar approach with
classified as very fine to fine<(0.5mm; see Fierz et al., the snow-cover model CROCUS, setting the initial new snow
2009). Furthermore, they report that within one meter fromdensity to either 300 or 350 kgTA. In a further study with
the surface, the grain size at Dome C remains fine. MeasurecROCUS, Brun et al. (1997) proposed to account for new
ments of snow density within the top meter of the snow coversnow densification in cold and windy conditions. Vionnet
were performed during a recent Japanese—Swedish travers al. (2012) describe this approach in detail that combines
(Sugiyama et al., 2012). These authors report nearly consurface snow characteristics and threshold wind speeds, that
stant density values from Dome F (3800 ma.s.l.) to Kohnenis, drifting and blowing snow conditions, to attain an effec-
(2890 ma.s.l.), ranging from 333 to 375 kgfand averag- tive compaction of surface snow down to about 10cm be-
ing to 351 kg nT3. These observations however, describe thelow the surface. In this way, compaction due to wind may
snow cover at a given time and do not give us informationstill occur days or weeks after deposition. Recently, Brun et
on the evolution of the Antarctic surface snow. A study by al. (2011) modelled the snow cover at Dome C for 10 days
Radok and Lile (1977) provides surface snow density meadin January 2010. The aim was to show that in this region
surements over one year, during which time the minimuma snow-cover model can be coupled successfully to an at-
(monthly mean) surface density was 279 kginBirnbaum  mospheric model as long as the surface energy balance is
et al. (2010) combine qualitative and quantitative observa-correctly reproduced. However, over such a short period of
tions of dune formation at Kohnen station. According to their time the authors did not have to consider either settlement or
observations dune formation would only occur after days onaccumulation and the model reproduces snow temperatures
which large amounts of loose heavy particles were generquite well from the surface down to about 80 cm depth. In
ated at the surface by drifting snow. They also report that theaddition, Galée et al. (2001) have shown how relevant an ac-
dunes are of much higher density than the surrounding snoweurate representation of surface snow properties is for both
and that they typically consist of rounded particles. The ob-drifting snow and surface mass balance modelling.
servations cover three dune formation events in one austral We use the snow-cover model SNOWPACK that has been
summer. extensively tested for Alpine regions (for example, Lehning
Drifting snow processes are not only important for the sur-and Fierz, 2008; Fierz and Lehning, 2001), but has not been
face snow characteristics; they also have an influence on thpreviously applied in Antarctica. Since we look at timescales
surface mass balance or accumulation. Several studies indef several years it is necessary to drive the model with ac-
cate that local erosion can be on the same order of magnieurate precipitation amounts. As described above, measure-
tude as annual precipitation (for example, Petit et al., 1982)ments or estimations of precipitation in Antarctica are not
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straightforward. Furthermore, we know from the mentioned
studies and our own observations that wind plays a key role ;
eroding and depositing snow at the surface. But how can = e ‘éDomecu AWS
we represent this in a one-dimensional snow-cover model? ;

.
e,
ey

We suggest not to use the precipitation directly, but to add I SEaReS

snow to the modelled snow cover during events of drifting S

snow, hypothesizing that deposition is associated with pe-

riods of strong wind rather than with precipitation. A fur- V

ther issue within that context is the density of the “new” N

snow added to the underlying snow cover. Our observations

at Dome C show that the bulk density of snowfall is quite .

often lower than 60 kg m?, in contrast to the surface snow W a8

density mentioned above. The large difference in density of

solid deposits and the surface snow density can be ascribed 400 800m

to the wind. A few theories of the mechanisms behind this _—
densification have been suggested, (for example, Seligman, ] o O Concordia AWS
1936; Pomeroy and Gray, 1995). First of all, during drift- ‘ LA ,\\ BSRN Station
ing snow events, snow particles become smaller due to colli- N T 071 %13 Stakes
sions and enhanced sublimation. These effects have been fre- i‘"x\ T i 4 Surface boards
quently observed, but not often quantified (Sato et al., 2008). ) ;—" © Snow temperatures
The smaller particles may then pack closer together or fill B © concordia base

gaps between unaffected, larger ones that are already immo- . ) ) ) )

bilized, increasing the density. Another theory considers the 9 1- Top: plan of the immediate surroundings of Concordia

humidity. In drifting snow, the air is close to saturation Someresearch station indicating all measurement sites. The measure-

) ' S L ment site “Surface boards” includes the surface boardg&ihd

ﬁuthors,tgordexar:plg, KOtlyai;ov’t196t6)’_ mdlcategha:ct th,ll_st etn' Bclearand the tables used for measurements of solid deposits. Bot-
ances the density because 1ast sintering may be 1acilitat€Goy: map of Antarctica indicating Dome C.

However, in the snow cover, the air is close to saturation too

and it is questionable whether supersaturation will have such

a strong effect, especially at these low snow temperaturespjateau. The station is mainly used for research studies in
This is underlined by the generally small latent heat flux atgeodesy, glaciology, human biology, seismology, astronomy,
the surface. and for meteorological and geomagnetic observations

Below we will present a three-year study of the snow coveras well as for environmental monitoring. Near the base
at Dome C that includes meteorological observations, erothere are two Automatic Weather Stations (AWS), that is,
sion studies, snow profiles, and numerical simulations. Wepome C Il and Concordia AWS, and a station of the Baseline
start with a description of our data set in Sect. 2. In Sect. 35yrface Radiation Network (BSRN Station) (see Fig. 1).
we briefly describe the adaptation of the model SNOWPACK pther sites are dedicated to snow temperature measurements
to polar conditions. In particular, a new parameterization foror to observations of both solid deposits (tables above
event-driven deposition is introduced. We attempt to modekne surface) and drifting snow (snow boards lying on the
the rapid densification of surface snow by a suitable paramsyrface, indicated as surface boards in Fig. 1). In addition,
eterization depending on mean wind speed over a given peaccumulation is measured at two stake farms. According to
riod. We will thus account for some general effect of the wind gy observations between January 2005 and December 2009,
on the snow properties, but will not try to fully explain the extremely low air and snow surface temperature8X to
physical processes behind the densification found at the sur- 12°c and —80 to —19°C, respectively), and generally
face. Furthermore, care is taken to obtain realistic settlinggyy wind-speed conditions (5-yr mean 3.1 msmaximum
rates of the underlying snow cover. In Sect. 4 we then dis-hoyrly mean 16.2 ms) are recorded at Dome C. Under
cuss our results by comparing simulation output with mea-anti-cyclonic flow prevailing winds come from the SSW
surements like snow heights recorded at stake farms, emitirection (Genthon et al., 2010). Below we will only describe
ted longwave radiation, continuous records of snow tempermeasurements of interest to our study, covering the period
atures, and observed snow profiles. from January 2005 through July 2009.

2.1 Meteorological records
2 Data
Continuously recorded meteorological data next to Con-

Concordia research station (&S, 12324E, cordia research station at Dome C include air temperature
3233ma.s.l) is located at Dome C on the Antarcticand relative humidity, incoming shortwave and longwave
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radiation, and wind speed and direction. Air temperatureheight on two snow boards ($Bar and SBo placed flush

and relative humidity were measured at 2m height withwith the snow surface. To assess deposition at the surface,
a platinum resistance thermometer at Dome C Il and asnow board SBegris cleared daily and set level again with
HUMICAP® at Concordia AWS, respectively. Wind speed the surface while snowboard &Bis not. Thus SBearyields

and direction were taken from Dome C Il, where a me-the daily deposition and SB: gives the cumulated height
chanic Young sensor is located at a height of about 3 mof snow due to both deposition and erosion. Observations of
above the surface. Incoming long and shortwave radiatiorerosion and deposition events at the surface are available over
measurements were taken from the Dome C BSRN stationthe period from November 2008 through June 2009.

which is equipped with two normal incidence Kipp & Zonen

CM21 pyranometers and a Kipp & Zonen CG4 Pyrgeome-2-3 Snow temperatures

ter, all operated according to BSRN guidelines (Lanconelli . :
Snow temperatures were monitored continuously by means

et al., 2011). In addition, the Institute of Atmospheric Sci- f two strings of resistance temperature detectors (RTD
ences and Climate of the Italian National Research Counci T 100 DIN-A) placed into the snow cover at initial depths

(ISAC/CNR, V. Vitale) provided measurements of upwelling of 5, 10, 50, and 100 cm (at a location 3 to 4m away from

longwave and reflected shortwave radiation. All measure-
ments were recorded at different time steps and interval osbr:)eétrir)(;ng tc1>57or,nzf(r)(())r’nzt?1% ssfrg,ei?l%ltg(r))o,s?,l??e{cseoc(i)i,s;?fj
but we use hourly averages to drive the snow-cover modelb due to drifti d blowi ' d the shelt
Whenever necessary, data gaps were filled by interpolation. ances due to drifling and blowing Snow around the Shetter
are known to occur but were not recorded. The upper four
sensors were reinstalled in February 2006, February 2008,
and December 2008 to minimize the effect of settlement and
accumulation on their position relative to the surface.

2.2 Solid deposits, snow deposition, and erosion

Four methods of observing solid deposits as well as deposi
tion and erosion at Dome C provided data discussed in the2
current study. Figure 1 shows the location of the different™

measurement sites. By solid deposits we refer to precipitagayeral snow profiles were taken in the summers between
tion (snowfall), diamond dust and hoar. These have the popgcemper 2004 and December 2008. Snow profiles are
tential to be added to the snow cover. With deposition andigcqrds of the stratigraphy of the snow cover. Density, grain
erosion we refer to the changes in snow height, or the actualjane and size, temperature and hand hardness are usually
effect; on the surface of the snow cover, mainly induced by,,carved layer by layer on the wall of an open pit. Most snow
the qu . pits were about 1 m deep, but occasionally deeper pits were
We simultaneously measured the depth and the density ofy 4 |n addition, we took 16 series of 8 density measurements

solid deposits on wooden tables 1 m above the surface. Edg€s, 1, of the top 10 cm of the snow cover over a 12 months pe-
5cmin height on 3 sides of the tables helped protect the dey;qq

posits from being blown away by the wind. The density was \ye combined several profiles taken at different locations
measured through weighing. When there was too little Snow, 5,14 Dome C from December 2004 to January 2005 as

deposit for a reliable weight measurement, we estimated denz q|| as measurements from a shallow core to build an ap-
sity based on the snow crystal forms. For this purpose typi-

- ) proximately 10-m deep initial profile for our simulations.
cal densities were inferred from our set of measured data,
from 44 kg nT2 for needles (PPnd) to 107 kgTh for small
rounded particles (RGsr; for the abbreviations, see Fierz e8 The snow-cover model SNOWPACK: adaptation to
al., 2009). the Antarctic Plateau environment

Furthermore, two stake farms allow accumulation on a
larger scale around Dome C to be assessed. The first farm, ISNOWPACK is a one-dimensional physical snow-cover
cated about 500 m away from the base but close to Concordignodel. Driven by standard meteorological observations, the
AWS, consists of 13 stakes arranged in two 60 m lines form-model describes the stratigraphy, snow microstructure, snow
ing a cross. At this location observations were made weeklynetamorphism, temperature distribution, and settlement as
from January 2006 to March 2009. The other field, locatedwell as surface energy exchange and mass balance of a sea-
about 3km away from the base, next to Dome C I, includessonal snow cover. It has been extensively described in Lehn-
50 stakes placed 25 m apart from each other, also arranged ifig €t al. (2002a, b) and Lehning and Fierz (2008). In this
across (see Fig. 1). Due to the distance of the latter field fronection we focus on the adaptations made to make the basic
the base, those snow height measurements are only availapmodel (release 3.0.0) suitable for the Antarctic Plateau envi-
on a monthly basis during the summer seasons of 2005 tgonment.
2008.

The two last methods focus on the erosion and deposi-
tion of snow on the snow cover and involve measuring snow

4 Snow profiles
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3.1 Event-driven snow deposition 0.25 - -
I Surface snow
Single strong wind events at Dome C have a large im- 0l I Deposits
pact on snow properties and can erode more snow than the <
yearly precipitation (for example, Petit et al., 1982). We in- ?
corporate the effect of drifting snow events in our simula- % 0.151
tions by introducing event-driven deposition. This is based 2
on the assumption that longer periods of drifting snow al- £ 0.10}
ter the snow surface significantly and snow can only be- &
@

come immobile through densification during strong drifting 0.05
snow events, as discussed in the introduction. Observations

of dune formation from eroded snow as described by Birn-

baum et al. (2010) and our observations of deposition and 0 100 200 300 400 500
erosion combined with measurements of both wind and solid Density (kg m™®)
Sjraoes&sa(ta;;t? érs(;ﬁggr;::jlSdae;‘:’)usri:gtrlloonc'::reIgug:imirr\?vﬂﬁea‘ifﬁg. 2 Relativg frequency distribution of the measured density

. L . . ) of solid deposits (254 measurements, March 2005-March 2009)
is clear thgt preC|p|tat|on_ will partly contribute to _Iong-term and surface snow down to a depth of 10cm (128 measurements,
accumulation, local and time-accurate accumulation can onlyay 2008-March 2009).

be estimated if the deposition and erosion dynamics are con-

sidered.

To estimate the wind speed needed for an event to occussity. We use a logarithmic dependency on the wind speed as
we compared the snow height measurements on the boardge expect that there will be an upper limit on densification
placed on the snow surface (see Sect. 2.2) with the windhrough snow transport. The densiiy of the “new” surface
speed records. We chose to look at the 100-h average windnow added to the snow cover, for valueigfent between
speed, as observers indicate that strong erosion and depo-and 7 ms?, is thus estimated according to
tion events occur during storms of several days. Based on U
these two observations, a 100-h average wind speed of a3, = 361 |0910< e"e”t> 14250 (1)
least 4m st is required to eventually add snow to the under- Uo

lying snow cover. This wind speed limit is well below an of- where Up=4ms! Over the range of 250 to 340 kgTh,
ten assumed drifting snow threshold of 7 &t 10 m above density thereby increases by about 30 kgfrfor an increase

the surface (for exgmple, Pomeroy etal., 1993; Clifton et al.,; | wind speed of 1 msL. The coefficients in Eq. (1) are such
2006), corresponding to about 6 misat 3m above the sur- that (a) the minimum density corresponds to minimum val-

face (assuming a logarithmic wind profile with a roughness o5 ohserved in our and other studies mentioned in the in-

length of 1 mm). However, whereas the initiation of drift- y4,ction and (b) after a simulation period of about 10yr,

ing snow may require high wind speeds, maintaining it does,e snov reaches a mean density in the upper 10 cm of about
not (for example, Mellor, 1965) More |mp0rtant|y, a 100- 320 kg nT3. The impaCt of USing Eq (1) will be discussed
h average wind speed of 4 msimplies high wind speeds further in Sect. 4.2.

during sh(_)rte_r _periods_ a_nd therefore includes the gusts that only density, but also the microstructure parameters
could easily initiate drifting snow. In summary, we assume . newly added snow are adapted to drifting snow condi-
an event to occur whenever the 100-h moving averagsl of th@ons: dendricity and sphericity are initially set to 0.5 and

wind speed measured at 3m heighiéen; €xceeds 4ms. 4 75 regpectively, or to 0.15 and 1 if the mean hourly wind

During our total observation periofeventexceeded 4 ms speed exceeds 5 m In addition, whenever the 100-h mov-
about 23 % of the time. We only add snow to the snow COvering average of relative humidity of the air with respect to

in case of suqh an event: all solid deposits measured sinc%e is greater than 75 %, we assume increased bond growth,

the last event is summed ukp amlj added to the modelled snoyy»ging to a larger bond size. The introduction of events to

cover once a new event takes place. _ . add snow gives the modelled permanent snow cover a pro-
As discussed in the introduction, the wind densifies newy,q, \nceq stratigraphy with fewer single layers since snowfall

snow (see also Fig. 2), probably mainly through roundingig ¢ jiected between two deposition events (see Sect. 4.5).
and decreasing the size of the particles. Since we only add

snow that has been transported by the wind, we need to a@.2  Surface compaction by wind

count for this effect in the initial density of snow added to

the snow cover. We neither have measurements that allow ushe overburden pressure on surface snow is minimal and will
to formulate a precise dependency of snow density on windherefore produce little compaction. Low temperatures will
speed nor can we describe this process physically. Thereforeot promote a rapid settlement due to metamorphic processes
we looked for a simple relation to obtain an initial snow den- either. However, as Brun et al. (1997) pointed out, wind may
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further compact surface snow and they used that effect to rereritical phenomena near a phase transition. This results in the
der simulations of polar snow more realistic. SNOWPACK following relation:

also features such a compaction mechanism that enhances

the basic strain raté, down to a depth of 0.07 m below the y(Ty) « f(Ts) = exp(—gs <i — i))

snow surface according to R \Tret Ts
' ' (0.3(Tm — T9)P +0.4), (5)
genh= (1+g(u))e,

Aenn(d)(u — ug)", u > ug , 2 whereTs (K) is the snow temperaturé;es the threshold tem-
gl = 0 perature discussed above (265.15Ky),the melting point of

ice (273.15K),R the gas constant (8.31 JmdIK 1), g the

where u is the mean hourly wind speed (M4, ug is a  critical exponent (0.7), an@s the activation energy of snow.
threshold velocity (5m3s!) and Aenn(d) is a function of ~ From our calibrations with Alpine snow it turns out that a
depth,d (m), below the snow surface. In the basic ver- value of 26 130 J mot! works best throughout the full tem-
sion of SNOWPACKz = 1 andAenn(d) is a constant setto  perature range of interest. This value is higher than suggested
Aenh0=55nr1_ This proves to be quite inefficient if the by Schweizer et al. (2004), which may be due to the dif-
surface snow has already reached a density of more thaferent temperature ranges considered in their and our study.
250kgnT3. Thus, in this study, we run simulations with In Fig. 3 we compare Eq. (5) to both the previously imple-

n = 3 and the following depth dependence fynn(d): mented temperature term
d Ts) =9.0-87 0.015T7Ts—27315)), 6
Aenn(d) = 2.7Aenno [ 1 - ’ 3) Jod(Ts) exp( ATs 9) (6)
1.25dmax

and a pure Arrhenius term taking f@s the ice value and
that is, the effect decreases linearly with depth to reach263 K for Tref as in the original formulation (Lehning et al.,
20% of its surface strength at the deepest affected dept@002a). It appears clearly that at temperatures below roughly
dmax (0.07 m). Unfortunately, there are no data available t0245K, f(Ts) increases much less than the pure Arrhenius
test these model implementations; they simply represent daw for ice while being about 50 times larger thag(7s) at
conceivable additional compaction process for surface snow200 K. Thus the new temperature dependence of viscosity re-
based on current knowledge of drifting and blowing snow. sults in stiffer snow at low temperatures. Nearing the melting
For example, the exponemt=3 is taken from the well point, however,f(7s) shows a more pronounced tempera-
known dependency of drifting snow mass flux on wind speedture dependence than both the other parameterizations (see

(see, for example, Nishimura and Hunt, 2000). insert in Fig. 3). In other words, snow will still settle a lit-
tle at low temperatures while maintaining the properties of
3.3 Snow settlement seasonal snow as temperature is nearing the melting point.

Snow temperatures at Dome C hardly ever rise abe®@°C 3.4 Snow albedo

and the temperature dependence of the snow viscgsity),

dominates the snow settlement process: The current multi-linear regression for snow albedo used in
SNOWPACK is similar to the one proposed in Lehning et

t=0,nTs), (4) al. (2002b):

where o is the overburden stress. Below we describe a 12

new temperature dependence of snow viscosity that has rét = @0+ In (1-442+ Z“i Qi) (@)

cently been introduced in SNOWPACK. It covers the tem- i=1

perature range from-80 to 0°C. Parameterizations of the rap|e 1 summarizes the terms and coefficients of Eq. (7). For
Arrhenius-type are often used to describe the temperaturghe Antarctic application, however, we applied the following
dependence of mechanical properties of snow. However, {@hanges to the standard parameterization: we dropped the age
avoid a barely compressible snow cover at temperatures bgm 4, 0; that describes accumulation of mineral dust and
low roughly —50°C, the activation energ@ must be com- e “gark matter” at the surface. Based on a comparison
patible with the material snow. Schweizer et al. (2004) mea-yith the albedo measured at the BSRN station, we reduced
sured snow toughness fro20°C near to the melting point  the yajue ofg from 0.8042 to 0.7542 to get the mean mod-

and their results suggest a value of 16080 Jthdbr O glled albedo closer to measurements (see Sect. 4.4).
compared to 67 000 J ot for ice. The same authors also

showed that toughness drastically decreases for temperaturgss  |nitial and boundary conditions

above roughly—8°C, eventually reaching zero at the melt-

ing point. We take account of this fact by multiplying the We use Neumann boundary conditions at the surface of our
Arrhenius term by a power law as is often done to describemodel snow cover. Turbulent fluxes are computed using a
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300 T " deformation rate and snow temperature. At the end of this
! —Ea.5 spin-up run, we adapted the temperatures within the top me-
= 250} “ ='='Eq.6 _ ter of the simulated snow profile to the values measured by
< ~ =~ pure Arrhenius the upper four temperature sensors that were relocated about
5 2007 10 days earlier. This allows starting our main simulation with
° temperatures comparable to the measurements in the top me-
% 150} ter of the snow cover while hardly affecting the temperature
5 profile below this level. This profile then initializes our main
g 100 simulation that runs through 1 March 2009.
et 50} In order to compare modelled and measured snow tem-
peratures, we specially mark elements at those depths of our
ot 1 model snow cover that correspond to the location of tempera-
200 2éo 24;0 260 ture sensors on 15 February 2006. The marked depths of the

T (K) upper four sensors were reassigned whenever these sensors
were relocated. We further mark the first newly deposited el-

Fig. 3. Temperature term of the viscosity according to the currentement at the surface as a horizon to separate newly deposited
formulation (Eg. 5), the previous parameterization (Eg. 6) and asnow from the old snow cover. Finally, we mark the element
pure Arrhenius term as described in Sect. 3.3. The new temperaturgycated at 5m depth on 15 February 2006 to monitor settle-

dependence of viscosity results in stiffer snow at low temperaturesnant rate. All these marked elements then follow the settle-

while nearing the melting point a more preno_unce.d temperature de_'ment of the modelled snow cover.
pendence than both the other parameterizations is achieved (see in-

sert).

- ) o 4 Results and discussion
Table 1. Description of the termsd;) in Eq. (7). The coefficient

values correspond to the standard SNOWPACK implementation (reyye first discuss the results of the experiment where de-

lease 3.0.0). position on the surface is compared to measurements of
Index _ Coefficient  Description nits solid deposits above the surface, as this is _the basis for our
event-driven model approach. Then we validate the model
0 0.8042  Average albedo 1 by comparing modelled snow height changes to stake mea-
1 -0.000575 Age of surface snow, d surements, modelled to measured snow temperatures, and
limited to 30 days at most the modelled stratigraphy to snow profiles. We made several
2 0.00459  Snow surface temperature K . . L . s .
3 Z0.006  Air temperature K S|mulat|ens to d|St|ng|sh the eﬁ‘eets of initial snow densgy,
4 0.0333 Relative air humidity 1 event-driven deposition, and additional surface compaction.
5 0.00762 Wind speed mrd All simulations are listed in Table 2. We will discuss partic-
6 —0.000101 Reflected shortwave radiation W ular simulations in detail and will briefly address the perfor-
7 —0.000056 Snow density kgt mance of the others where adequate.
8 —0.2735 Volumetric liquid water content 1
9 0.175  Grain size mm 4.1 Precipitation, deposition, and erosion
10 —0.301 Bondsize mm
11 0.064 Dendricity 1 ; ; ;
12 00736 Sphericity 1 We start by comparing the estimated amount of daily pre-

cipitation with the 24-h ECMWF operational forecast for a
1.125% x 1.125 grid. Not considering hoar deposition but
including diamond dust, the observed solid deposits mea-
Monin—Obukhov scheme considering stability corrections,sured on tables 1 m above the surface represent the esti-
as described by Stearns and Weidner (1993). The deepestated daily precipitation. Forecasted and estimated amounts
available snow temperature record provides the lower Dirich-compare rather well from March to November 2006, espe-
let boundary condition. The snow temperature-64+ 1°C cially regarding the cumulated sums over this period, 6.6 and
at this depth of 10 m roughly represents the mean annual ai6.7 kg n 2, respectively. These results are encouraging with
temperature at Dome C. We further assume that settlement iegard to validating numerical weather prediction in Antarc-
negligible over a few years at this depth. tica with the method used here to measure solid deposits.
Our initial snow profile was constructed from several snow However, the deposits collection method may be prone to
profiles taken at several locations around Concordia researcsignificant error, which needs to be assessed in much more
station. We then used the first simulation year (28 Jan-detail in the future. A larger data set including in particular
uary 2005 to 15 February 2006) as a “spin-up time” for the more observations from the winter season is needed to con-
different parts of this profile to adjust to each other regardingfirm the above finding. We consider the measurement method
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Table 2. All simulations performed to test the adaptations made .30 ‘ ‘ ‘
to SNOWPACK. We define each simulation and summarize how £ l:] SB
show density of new snow was initialized, if the snow was deposited % 257 AHCS'ESB ]
at time of measurement or in events (Sect. 3.1) and if additional & 5 20t - acc |4
surface compaction (Sect. 3.2) was activated. '§ E 15 - Deposits
gz
Name of simulation Initial snow  Deposition  Surface E’ 2 10+
density during compaction, 8 2
(kgm—3) events Egs. (2) and (3) £o 5
5 D
Pn, measured Measured No No % % 0
Pn, measuredr SfcComp Measured No Yes S
£n, 250 250 No No - ‘ ‘ ‘ ‘ ‘ ‘
on. 250+ SfcComp 250 No Yes 18 Nov 19 Nov 20 Nov 21 Nov 22 Nov 23 Nov
pn, 250+ Event 250 Yes No
Pn, 250+ Event+ SfcComp 250 Yes Yes
£n, 320 320 No No 120 ‘ ‘ - '
pn, 320+ SfcComp 320 No Yes 100} - AHS SBacC
p(Uevend see Eq. (1) Yes No - Denosits
p(Uevend + SfcComp seeEq. (1) Yes Yes 80} p

to give a lower bound to the true precipitation as it is much
more likely that precipitation particles either do not land on
the table due to flow distortion or deposits are blown away -
from the table than that snow from the surface would addi-
tionally deposit on the table.

eight of deposit or
change in snow height (mm)
N
o

H

Next we compare the observed daily solid deposits (black ,:40
solid bars in Fig. 4) with the observed daily “new” snow T'w 8 ‘ ‘ ‘ ‘ ‘
height on the surface (open bars in Fig. 4). As can be clearly £ i’ YT A /\ i f‘/\\
seen in the upper panel of Fig. 4, the height of deposits on 5, A \f\\/\/\f\f/\/w |
the table is usually less than measured or&B the daily 35 ol \\”/ W MU

cleared board flush with the snow surface. This is mainly Dec Jan Feb Mar Apr May Jun Jul

due to the larger effect of drifting and blowing snow at the . . ) o

surface and Fig. 4 confirms that snow height changes at th§'9: 4. Height of solid deposits (mm) measured daily either on a
surface and amounts of solid deposits 1 m above the Surt_able 1m above the surface or at the surface on a daily cleared

P . . now board (SBegp), and change of snow heigitHS over an
face are not necessarily linked. Comparing the density Oﬁntouched snow board (S&). Top: 18-23 November 2008: mid-

the solid deposits to that of surface snow down 'to a depthya- 18 November 2008—July 2009, board B not shown. Bot-
of 10cm further corroborates the above (see Fig. 2). Thgom: 100-h moving average wind spedde(en; ms 1) in black,

daily observations of solid deposits cover the entire study pe1g November 2008-July 2009. The grey line represents the mini-
riod and the mean density of over 200 measured deposits ifaum wind speed (4 nTs!) necessary for an event (see Sect. 3.1).
83+ 43kgnT3, where the uncertainty here and henceforth

refers to one standard deviation of the mean. On the other
hand, all measurements of surface-snow density taken totion, we cannot fully rule out transport between the adjacent
gether averaged 35750 kg nT 3, covering the range from boards. In the middle panel of Fig. 4 we therefore removed
234 to 460kgm?, and the means of each series averagedall cases where there was deposition ory&Bbut erosion
357+ 14 kg n 3. These results suggest a considerable spaon SByc to analyse the results over a longer period from
tial variability but a minimal change in mean surface snow 18 November 2008 to 3 July 2009. Here we focus on the
density in time. These observations on surface snow agreehange of snow heigltHS on SBc.compared to the height
well with observations at other high elevation locations in of deposits measured on the table. Again, the heights of solid
Antarctica as mentioned in the introduction. deposits measured on the table clearly do not match the snow
The difference between the measurements on the two suheight changes at the surface. The bottom panel shows the
face boards is interesting. The observations on both 20 and00-h moving average of the wind speed and — in combina-
21 November 2008 show that in total over one day, there wagion with the middle panel — points at an effect of the wind
deposition on SBearWhile snow was eroded from S8, the on deposition and erosion.
accumulating board. This may indicate a large spatial het- The daily solid deposits are very small and occur quite
erogeneity of erosion and deposition. Although this would continuously, whereas the snow height changes are less fre-
require transport perpendicular to the prevailing wind direc-quent and generally larger. We frequently observed changes
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at the surface on the order of 10 mm, corresponding to about o35

3.6kgnT2 or 9.2% of the mean yearly accumulation as
0.30

341

+  Obser
— — —Sim:p

Sim: p

vation

n, measured

inferred from stake measurements between 1996 and 199¢ o
(39+ 14 kgnT2a 1, Frezzotti et al., 2005). Our simulations ~ o simp(U,,,) . -
should better represent this behaviour due to the introduc-z °*° Sim: p(U,,, ) + SfcComp S = 1
tion of events. But do we add the right amount of snow
on a timescale of several months when we use the sum oz
solid deposits? Over this entire period of 7.5 months, theé
height of solid deposits on the table cumulated to 164.5 mm.
Taking the mean deposit density of 83 kgfrmentioned in
Sect. 2.2, this amounts to 13.7 kgfor 35 % of the mean
yearly accumulation. On 3 July 2009, snow height on@B
amounted to 120 mm or 42.8 kgTh taking our measured
mean surface density of 357 kgth Since some transport
from SBycc to SByear may have occurred, we regard this as
the lower boundary of total deposition at the surface. The upFig. 5. Height of snowpack (m) relative to the snow layer which
per boundary can be obtained by summingAigS over the ~ Wwas at the surface on 15 February 2006. Stake measurements are
full period. This yields 348 mm or 124.2 kgTﬁ. We have indicate_d by cr_osses,_and Iin_es represent results from SNOWI_DACK
to note that this measurement is done on a single locatior}Mlations using as input either the measured density of solid de-
and may not be representative of the deposition at Dome PSS (Pn.measured, @ fixed density of 320kgm® (" pn, 320).
Nonetheless, these measurements are an indication that bx?th at pre”<:|p|tat_|on time, or the eventjdnven mechamsm without
timescales of a few months we may strongly underestimatc;Z p(vaem) ) orwith addltlogal compaction due towind at the sur-
“ace (‘o (Uevenp + SfcComp”).
the amount of snow added to the snow cover when using
measurements of solid deposits to drive SNOWPACK.

Summing up, both the sum of solid deposits and thesimuylations, that is, 42.4 kg™ over 36.5 months or about
snow mass deduced from snow height changes on a surfacg) kg nr2 a-1. Both event-driven simulationg(Ueven) and
board differ substantially from the mean yearly accumula- ,(t7,, ..) + SfcComp, use the surface snow density given by
tion. None of the measurements above thus seems to reliablgq. (1), resulting on 10 December 2008 in a density of the

represent the contribution from precipitation needed to drivetop 10 cm of 266 and 291 kg4, respectively.

snow-cover models. The solid deposits observed on the ta- |n simulation “on. measureds SNOWPACK clearly overes-
bles 1 m above the surface, however, are to a very large exjmates the changes in snow height. This indicates that the
tent available daily throughout our entire simulation period measured or estimated density of the deposits is too low and
of three years. This, and the fact that after subtracting thgnerefore not representative of the snow added to the snow
hoar deposition there is a good correspondence with cumugover. The very low initial overburden and the prevailing low
lated forecast precipitation, led us taking them as is to drivezjr and snow temperatures cannot overcome this shortcoming
SNOWPACK. by either settlement or a metamorphic process. In the event-
driven simulations p (Uevend” and “p(Uevend + SfcComp”,
snow height is increasing stepwise, unlike the simulation
“pn, 320" that adds snow at precipitation time with a fixed
To verify how the model performs during the complete pe- gensity of 320 kg m3. From the final difference of roughly
riod of simulation, we show in Fig. 5 the computed height g cm in measured to modelled snow height in ruR, 20",

of snow relative to the snow layer which was at the sur-ye infer that we may underestimate the deposited mass of
face on 15 February 2006 and we compare it with snow-snow despite the realistic snow density by at least 33 %,

height changes recorded at the 13-stakes farm since thghich is less than over shorter periods as discussed in
same date. The simulations named measured and “pon, 320" Sect. 4.1.

both use the standard SNOWPACK set-up to add snow dur- Nevertheless, the sudden changes in snow height intro-

ing snowfall periods, taking either the measured density ofgyced by the events correspond qualitatively to the measured
the snow deposit or a fixed initial density of 320 kg#n “snow height and the model roughly catches the mean snow
This means that the model adds the observed water equivheight increase, despite several drifting snow events leading

alent of a solid deposit to the underlying snow cover when-tq |arger mismatches as in June 2006 and October 2007.
ever the observation was made. In th& Ueyen)” Simula-

tion, the model adds snow only at times of events as de4.3 Settlement of the underlying snow cover

scribed in Sect. 3.1.4(Ueven) + SfcComp” applies in ad-

dition the surface compaction by wind described in Sect. 3.2 Even though the small overburden stress hardly contributes
The total amount of solid deposits is the same in all fourto the compaction of surface snow, settlement of the older,

ack (|
?

0.20

p

0.15F

Height

0.101

0.05

Jan 07

Jan 08 Jul 08 Jan 09

o4 ‘ :
Feb06  Jul 06 Jul 07

4.2 Stakes
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underlying polar snow has to be as realistic as possible (se
Sect. 3.3). Thus at initialization time we mark an element at
5m depth and the surface element (see Sect. 3.5) and follon
these throughout the simulation. That way we can compar¢g _
the model results to either other models or measurement
of snow settlement. Because models found in the literature
also require fitting (see, for example, Arthern et al., 2010),
we prefer to compare our results to measurements. Howeve
as Arthern et al. (2010) point out, there are surprisingly few

in situ observations of Antarctic snow compaction and, to _
our knowledge, none from Dome C. Their measurements o -,
compaction for the 0 to 5m depth range at Berkner Island .* ~
yield a mean compaction rate of about 6.80 10s~1. Af-
ter three years of ¢ (Ueven) + SfcComp” simulation, we re- 75 . s . s
trieve a compaction rate of 0.9710 19s~ 1 overthe 0to 5m 2ore e tareh ratareh 1o areh
depth range. This compares better with Giovinetto and Schw
erdtfeger (1966) who give a compaction rate at South Pole o
5mmnrlal thatis, roughly 1.6 101%s71, In addition,

the computed local deformation rate at 5m depth shows ar g
annual cycle of about 0.2 10 1°s~1in amplitude arounda ~ ,*
mean of 1.3x 10719571, the maxima being around Decem-
ber of each year. Although the rates above are of the sam
order of magnitude, the variability found between Berkner .
Island and South Pole may possibly be due to variations ir  -ss
both annual accumulation rates and mean annual air tempe 5 ~*°
atures. From this we may expect the compaction rate to be = ~°[
even lower at Dome C indeed. -

P, measured

10cm

Obs

Sim (]

—60 -

10em

—65 |-
—70 |

4.4 Snow temperatures -

75 L . . L |
20 Feb 27 Feb 5March 12 March 19 March

In view of the disturbances due to drifting and blowing snow Fig. 6. Observed (Obs) and simulated (Sim) snow surface tem-

at the measurement site (see Sect. 2.3), we need to identifjerature 7sic and snow temperaturdipocm at 10-cm  depth,

a suitable period to evaluate the performance of the model9 February—20 March 2008. The two upper panels relate to the

in reproducing the snow temperatures measured within th§'Mulation ‘o, measureg the two lower ones to the event-driven

top meter of the snow cover. The time span from 19 Febry-SMulation s (Uevend + SfcComp”, that is, with additional wind

ary 2008 to 20 March 2008 shortly after a repositioning of densification atthe surface.

the upper 4 temperature sensors (see Sect. 2.3) is quite ap-

propriate in the sense that during this period there were no

important deposition and erosion events as inferred fromtemperature swings and bias. The regression of modelled to

the 13-stakes farm measurements (see Fig. 5). The uppeneasured snow surface temperature over the time span of

and lower panels of Fig. 6 show comparisons of computedone month defined above corroborates this impression as for

to measured temperatures for simulatigh, measured @nd the simulation b (Ueven) + SfcComp” the slope is slightly

the event-driven run ¢(Ueven) + SfcComp”, respectively, closer to one, the intercept nearer to zero, and the mean abso-

each panel showing results for the snow surface temperatureite error (MAE) markedly lower (see Table 3). We attribute

(Tstc, upper frame) and the snow temperature at 10-cm deptthe difference to a marked change in simulated albedo be-

(Trocm lower frame). tween the two runs. Indeed, over this period, the mean pa-
We now first look at the simulated snow surface tempera-rameterized albedo (see Eq. 7 and Table 1) decreases from

ture that represents the closure of the modelled energy balB.86+ 0.02 in the ‘on measured Simulation to 0.83: 0.02 in

ance and compare it with the measured surface temperatutbe “o(Ueven) + SfcComp” run due to differences in mod-

obtained from the difference of measured upwelling and re-elled properties at the snow surface, primarily in dendricity

flected downwelling longwave radiation using a snow emis-and sphericity. The latter value is close to the observed mean

sivity of 0.98. It already appears from the short period shownalbedo of 0.810.02, while the same run without adapt-

in Fig. 6 that both runs do a very good job at reproduc-ing the albedo as mentioned in Sect. 3.4 yields a value of

ing the snow surface temperature even though the simulatiof.86+ 0.02 too. In other words, both simulations quite nicely

“ p(Ueveny + SfcComp” performs slightly better in terms of reproduce the energy balance but the combination of changes
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Table 3. Regression of modelled versus measured snow tempera- SfcComp Events _ Events +SfcComp
tures, slope intercept and mean absolute error (MAE), for the period
19 February to 20 March 2008, corresponding to Figsg, is snow
surface temperature arfggcm the snow temperature measured at
10-cm depth, both ifC. The simulation names are explained in
Table 2.

10.30

10.20

Snow height (m)

|
Simulation slope Intercept MAE 1010 }‘
(1) °C)  (°C) |
TSfC “pn measure'(’j 0.98 -3.5 2.3 10'000 150 300 450 0 150 300 450 0 150 300 450 0 150 300 450
“p(Uevem) + SfCComp” 1.01 -0.6 14 Snow density (kg m3)
T10cm " Pn, measured 1.19 11.3 1.8 Legend: _2b54 Sim: om0 Sim: U, )
“p(Uevend + SfcComp”  1.08 34 1.0 i P 1, mea SIM: P, 0

Fig. 7. Snow density profiles on 10 December 2008 as simulated
with SNOWPACK using all combinations of parameterizations de-
scribed in Table 2 and as observed at Concordia research station

o the albedo parameterization and our model approach fo[thick, light blue line). The snow height of the observed profile is

adding snow to the underlying snow cover yields better I’e'adjusted to the top of the event-driven simulation with wind com-
sults. _ . paction (o (Uevend + SfcComp”) but note that the density of the

At 10-cm depth, the §(Uevend + SfcComp™ simulation  topmost centimetre was not recorded in the field. The leftmost panel
almost perfectly matches the measurements not only withshows simulations where the initial snow density was either mea-
respect to the amplitude of the diurnal cycle but also re-sured or fixed and the snow added at the time of precipitation. The
garding the timing. Note that the maxima of temperaturesecond panel from the left shows the same simulations but account-
lag about 4 h behind the maximum of incoming radiation ing for surface compaction due to wind through Egs. (2) and (3).
that occurs around 01:00 p.m LT. Indeed, the model absorbd the third panel snow density was initialized at 250 kgthor ac-

the net shortwave radiation penetrating the snowpack withirferding to Eq. (1) and snow was deposited during events. In the
the top 5cm. This energy must then be transported by Conpghtmost panel surface compaction was additionally accounted for.
: olours indicate the initial snow density as described in the legend.

duction deeper in the snowpack resulting in the observecF
lag. To the contrary, the lower density of the top layers in

simulation “on, measured allow & deeper penetration of short-  .,nentional simulations. Further analysis is required to con-
wave radiation and thus the modelled temperatures at 10

, irm that this results from a better representation of stratifica-
cm depth show larger amplitudes compared to measurements,, (see Sect. 4.5).

and the maxima occur about two hours earlier than in the

“p(Ueveny + SfcComp” simulation. This comparison shows 4.5 Snow profiles

how valuable good measurements of snow temperature are

as they can reveal intrinsic deficiencies of a model. A rather qualitative validation of SNOWPACK is possible

From these graphs and Table 3 we can conclude that suby comparing observed and modelled snow stratigraphy. It
face and 10-cm-snow temperature are better reproduced iis important for such a comparison that we keep in mind
the “p(Uevenp + SfcComp” simulation. But to confirm this how they are retrieved. In the observed snow profile only lay-
and to show that all model adaptations were necessary, wers that could somehow be detected by the observer, that is,
computed for all simulations the MAE and the modified ver- show a sufficiently large difference in snow properties to ad-
sion of the coefficient of efficiencyH) of the snow tem- jacent layers, are included (Pielmeier and Schneebeli, 2003).
perature at 10-cm depth, the snow surface temperature, afNOWPACK layers, however, are comparatively thin and
the albedo (see Table 4). According to Legates and McCabeepresent a quasi-continuous snow profile, often showing no
(1999), these two measures are less influenced by outliersiarked differences from layer to layer. In future, model out-
than measures such as root mean squared error. We note thaits will have to be compared to objective measurements that
E ranges from minus infinity to 1, where higher values in- match the vertical resolution of the model, revealing, for ex-
dicate a better agreement aAdequal to O indicates that the ample, the small scale variability of snow density (see Brun-
observed mean is as good a predictor as the model. jail et al., 2008).

Simulations for which the initial new snow density was ob-  In Fig. 7 we compare a snow density profile recorded at
tained from measurements clearly perform worse than othe€oncordia research station on 10 December 2008 to vari-
simulations for all variables shown in Table 4, whereas dif-ous SNOWPACK runs as described in Table 2. The date
ferences are less pronounced between simulations with initials approximately 34 months after the starting point of our
densities greater or equal to 250 kg#nNonetheless, espe- main simulation period. We only show the top 15 to 35cm
cially concerning the snow temperature at 10 cm, simulationf these observed and modelled profiles as below a model
where snow was added in events perform slightly better tharheight of 10.05m, the modelled snowpack originates from
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Table 4. Values of mean absolute error (MAE) and modified coefficient of efficiedyf¢r snow temperature at 10-cm depth (19 Febru-
ary 2008-20 March 2008, = 728), snow surface temperature (4 May 2007-18 February 20893 834) and albedo (summer months
between May 2007 and February 2009, 10a.m.—2 p.m: EH793).

Name of Simulation T10cm Tsic Albedo
MAE (°C) E (1) \ MAE (°C) E (1) \ MAE(1) E (1)
Pn. measured 1.8 0.47 3.8 0.70 0.04 -2.0
Pn, measuredt SfcComp 15 0.56 3.6 0.71 0.04 -1.8
£n, 250 11 0.69 3.3 0.74 0.03 -0.9
on, 250+ SfcComp 1.2 0.65 3.2 0.74 0.03 -0.9
on, 250+ Event 0.9 0.73 3.2 0.74 0.02 -0.5
Pn, 250+ Event+ SfcComp 0.9 0.72 3.2 0.75 0.02 -0.5
£n, 320 11 0.68 3.2 0.75 0.02 -0.6
on, 320+ SfcComp 1.2 0.64 3.1 0.75 0.02 -0.6
0o (Uevend + SfcComp 1.0 0.72 3.2 0.75 0.02 -05

the common initialization profile on 15 February 2008 and profiles, but the fixed initial density of 250 kgTh impedes
therefore no large differences are expected there between dithe formation of higher density layers. Both the addition
ferent model runs. The snow height of the observed profile isof snow during events using a wind speed dependent ini-
adjusted to the top of the event-driven simulation with wind tial density and the subsequent compaction by the wind
compaction (p(Uevend + SfcComp”) but note that the den-  (“ p(Uevend + SfcComp”) cause a more pronounced and even
sity of the topmost centimetre was not recorded in the field.denser stratification as discussed above. Note, however, that
The figure reveals step by step the differences between difthe variability of the recorded profiles does not allow for a
ferent approaches to deal with the addition of snow to the unimore quantitative comparison.
derlying snow cover. While using the measured or estimated The middle and lower panels of Fig. 8 show grain size and
density of solid deposits is hardly conceivable, fixed densityshape, respectively. Here we only compare the mean aver-
cannot render any stratification effects (leftmost panel). Us-age grain size given by the observer as well as the majority
ing compaction by the wind in addition helps somewhat butgrain shape (Fierz et al., 2009). There are only small differ-
the effect weakens markedly as initial density increases (secences in grain size between the two simulations, including
ond panel from the left). The next panel shows that addi-surface compaction by the wind. They compare qualitatively
tion of snow during events produces a pronounced stratifiwell with the observed grain size profiles given the variabil-
cation only if the initial density depends on the wind speedity of the latter. The field records also show a large variabil-
as in Eqg. (1); the profile, however, remains static. Combin-ity regarding grain shape. Nevertheless, all three observed
ing event based addition of snow with subsequent surfacerofiles contain rather small, partly rounded, partly faceted
compaction results in the qualitative best agreement with thigyrains in the top layers. Note however, that we do not model
single observed profile (rightmost panel). Thus we are confiinstantaneous erosion and deposition at the surface (drifting
dent the latter two combined mechanisms have the potentighnd blowing snow). Thus we cannot expect to find a much
to be further improved to render a realistic evolution of snow closer match between observation and simulation. At Con-
compaction at and right below the surface of the Antarcticcordia research station (light blue), the observer did find a
Plateau. layer of larger grains below the top layers of smaller rounded
In Fig. 8 we compare three snow profiles recordedand faceted grains but classified the grains as FC (DH) or
at or in the vicinity of Concordia research station (A), that is, faceted crystals with a few depth hoar crystals.
around 10 December 2008 to three distinctly different Such a layer was also recorded in other places. It is ques-
SNOWPACK runs pn measureds - on, 250+ SfcComp”, and  tionable, however, whether this layer can be matched to the
“p(Uevenp + SfcComp” (all described in Table 2). The top layer of large depth hoar crystals found in the simulations as
panels show the snow density. First of all, simulation this model layer was originally surface hoar buried by a sub-
“ pn, measureds Which uses the measured or estimated densitysequent snowfall in March 2007. Later on the model turned
of snow deposits, has a mean density much lower than thatis surface hoar to the depth hoar seen in the three simu-
of the observed profiles. The agreement is better when in adiation runs. Except for the rather high modelled density of
dition to overburden stress another mechanism acts to comabout 290 kg m3, this process is quite similar to the one Al-
pact the solid deposits. The simulatiopn“2s0+ SfcComp” ley (1988) describes to account for low density depositional
therefore already has a mean density closer to the observedor surface hoar — layers in polar firn.
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5 Conclusions
SNOWPACK SNOWPACK SNOWPACK Observed profiles
+ SfcComp p(Uge,) + SfcComp

P, measus red Pr, 250

Over a three year period, the surface snow was intensively
1030 studied at Dome C. We put a large effort in assembling a
high quality data set containing information about the snow
cover as well as meteorological data from automatic weather
stations.

One focus of our work was the daily observation of depth,
10,10 density, and water equivalent of solid deposits on tables 1 m
above the snow surface. The density of these deposits could
oo bt L L L L be measured over 200 times during this period of 3 yr with a
Snow density (kg m*) mean value of 83 43 kg nt 3. This is much lower than the
density of the top 10 cm of surface snow that, from our mea-
1030 surements during this period, averaged to 354 kg nt 3.

Comparison of these deposits to daily measurements of
snow heights on two snow boards placed side by side on the

surface further confirmed that the measurements on the tables
% % 1 m above the surface are not representative of the change in

10.20

Snow height (m)

(m)

10.20

Snow height

10.10 snow height. We attribute the main cause of this mismatch to

drifting snow that does not affect the snow surface and the de-
0 posits on the tables alike. The surface is strongly influenced
orEEAs 012 sz o 0 °T 22 %% pythewind as erosion and deposition occur frequently while
the wind may blow away part of the shallow solid deposits on
1030 the table. This mainly affects the timing of deposition, which
e is continuous on the table, but very irregular on the surface.
— Nevertheless, because measurements are available through-
out our modelling period, we used the measured or estimated
— O mass of the deposits as precipitation input to SNOWPACK.
1010 — — | That way we may miss over 50 % of deposited mass dur-
N ing shorter time periods while the mismatch reduces to about
1000 Grain shape oo 33 % over the full simulation period.
Another aim of the present study was to model the snow-
Fig. 8. Snow profile on 10 December 2008 as simulated with cover evolution at Dome C with SNOWPACK. That first re-
SNOWPACK using, from left to right, either measured new snow quired making SNOWPACK suitable for the Antarctic re-
density as input (bn,measured), Or an initial snow density of  gjon, In particular, a new temperature dependence of snow
250 kg T3 (* pn, 250+ SfcComp?”), or the event-driven mechanism yiscosity has been introduced. We further defined a mech-
(“p(Uevent + SfcComp?”), the latter two with additional surface anism py which snow is not added at the time of precip-
compaction due to wind. For comparison, three observed Snow progiinn pyt only during periods of strong winds lasting for
files taken in the vicinity of Concordia research station around thlsl00 h. With this event-driven deposition, the model is suit-

date are shown in the rightmost column. Note that the colours cor- ble for | t tudi f cither th th
respond to those used in Fig. 7. The observation in light blue wadiP'€ Toriong-term studies ot either the snow cover or the sur-

thus done at Concordia research station close to the sites from whicitC& Mass balance in regions such as the Antarctic Plateau.
observations were taken as initialization to SNOWPACK. The otherFOr example, snow height measured at stake farms is better
observations were done at two locations 6 and 7 km NW from the refepresented by event-driven model runs than by a simulation
search station (dark blue and orange, respectively). The snow heigiwhere new snow is added at the time of precipitation. How-
of the observed profile is adjusted to the top of the event-drivenever, when looking at shorter timescales, erosion and depo-
simulation with surface compactiond(Uevent + SfcComp”) but  sition events are of major importance. These processes are
note that the density of the topmost centimetre was not recordegyrrently not implemented in the model and therefore model
in the field. Top panels show snow density (kg#, middle pan-  yeguits may not always be accurate on short term runs.

els grain size (mm), and bottom panels colour coded grain shapes: apyyway”a much better characterization of drifting snow
precipitation particles PR lime, rounded grains R& light pink, events is required to improve our knowledge about the pro-

faceted crystals FG= light blue, depth hoa# blue, surface hoar leading to the final inclusi f ts of
SH=fuchsia. Additionally, rounding faceted particles FCxr are de- Fesses eading 1o the Tinal Inclusion of new amounts of snow

scribed by a mixture of light blue and light pink. Symbols representi" the snow cover. We anticipate that future work on im-
the observed grain shapes. Both colour code and symbols followProving the parameterizations discussed in Sects. 3.1 and 3.2
Fierz et al. (2009). could lead to an even more realistic modelling of observed

wind crusts and maybe even glazed surfaces.

Snow height (m)
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