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Abstract. A total of 3 years of blowing-snow observations blizzards result from precipitating snow being transported by
and associated meteorology along a 7 m mast at site D17 ithe wind, some of the blowing snow also originates from the
coastal Adélie Land are presented. The observations are usattosion of previously deposited precipitation at the surface.
to address three atmospheric-moisture issues related to tHa places, the contribution of eroding and blowing snow to
occurrence of blowing snow, a feature which largely affectsthe surface mass balance (SMB) of Antarctica is a major
many regions of Antarctica: (1) blowing-snow sublimation one, to the extent that no snow can accumulate even though
raises the moisture content of the surface atmosphere close tmowfall occurs Genthon et a).2007). These are the wind-
saturation, and atmospheric models and meteorological analnduced “blue-ice” areas that affect0.8 % of the surface of
yses that do not carry blowing-snow parameterizations aréAntarctica Ligtenberg et al.2014). Over the bulk of Antarc-
affected by a systematic dry bias; (2) while snowpack mod-tica, although estimates have been suggested from remote
elling with a parameterization of surface-snow erosion bysensingDas et al.2013, only meteorological/climate mod-
wind can reproduce the variability of snow accumulation andels including parameterizations for blowing snow are likely
ablation, ignoring the high levels of atmospheric-moistureto provide a fully consistent evaluation of the contribution of
content associated with blowing snow results in overestimatblowing-snow processes to the SMB of the ice shéxiry

ing surface sublimation, affecting the energy budget of theand Yay2002 Lenaerts et al20128). Lenaerts et a(20123
snowpack; (3) the well-known profile method of calculat- computed that sublimation of blown particles removes al-
ing turbulent moisture fluxes is not applicable when blow- most 7% of the precipitation, considering the whole ice-
ing snow occurs, because moisture gradients are weak dusheetGallée et al(2005 found about 30 % along a 600 km

to blowing-snow sublimation, and the impact of measure-transect in Wilkes Land. Yet, because the processes are com-
ment uncertainties are strongly amplified in the case of stronglex and varied, such parameterizations and models must be
winds. carefully evaluated with in situ observations.

The fact that Adélie Land is one of the windiest and
most blizzard-plagued regions in the worlM/éndler et al.
1997 was already recognized back in the early days of
1 Introduction Antarctic exploration flawson 1915. This is because of

the long fetch from the plateau, combined with topographic
In Antarctica, surface cooling and smooth sloping Surfacesfunnelling of the katabatic windsP@rish and Bromwich
over hundreds of kilometres induce strong, frequent and Per199y). Adélie Land is thus a favoured region for an ob-
sistent katabatic winds. More often than not, such windssepational characterization of blowing snow. Yet, access
transport snow and induce blizzards. Although some of the
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and logistics are difficult in Antarctica in general, and J— L L L . L | J
operations in Adélie Land are no exception. In addition, to
observe blowing snow, one has to deploy and run measuring 100
devices in the harsh weather conditions. One of the French
permanent Antarctic stations (Dumont d’'Urville station) is
located on an island 5 km offshore from the coast of Adélie
Land, allowing significant logistical support in the area.
Thanks to this support, an SMB monitoring programme
has been run since 2004. The GLACIOCLIM-SAMBA
observatory Ifttp://www-lgge.ujf-grenoble.fr/ServiceObs/ —100 -
SiteWebAntarc/GLACIOCLIM-SAMBA.php has collected
annual SMB data stretching from the coast to more than
150 km inland, which, combined with historical data, have —500
shown no significant SMB change over the last 40 years
(Agosta et al. 2012. On the other hand, comparing the
GLACIOCLIM-SAMBA observations with various models,
including some that carry blowing-snow modelling, suggests
that blowing snow does indeed contribute significantly to the
SMB (Agosta et al.2012).
To what extent do climate models that do not take into ac-Figure 1. Topography of the area, with the location of the D17 site.
count blowing snow fail to reproduce the characteristics of Altitude lines are reported in metres.
the surface meteorology and climate of Antarctica? While
blowing snow likely contributes to the SMB, it also impacts
the near-surface atmosphere by further decreasing its neg@|L ACIOCLIM-SAMBA and good logistical support from
tive buoyancy and reducing turbulendgglée et al.2013.  the nearby Dumont d’Urville research station were major as-
The negative buoyancy of the air is further increased becausgets in initiating a multi-year blowing-snow monitoring cam-
it is cooled by the evaporation/sublimation of the airborne paign. Blowing snow and meteorological observation sys-
snow particles. This is positive feedback for the katabatictems have been deployed and maintained since 2010. In-
flow. Besides transporting solid water, the near-surface atmostruments were deployed from the coast to 100 km inland
sphere transports more water vapour than it would without(Trouvilliez et al, 2014. Here, we concentrate on the data
blowing snow due to the sublimation of blown-snow parti- obtained at site D17, about 10 km inland from the coast, be-
cles. Some authors demonstrated through observations studause this is where the most extensive observation system
ies that snowdrift sublimation can exceed surface sublimawas deployed. This is described in the data and model sec-
tion in coastal and windy Antarctic areaBifitanja 2001, tion (Sect2). An analysis of the data in terms of the relation-
Frezzotti et al. 2004. In fact, the issue of blowing snow ship of atmospheric moisture with the occurrence of blowing
is not limited to Antarctica, and historical studies first took snow is made in Sec. The inability of various models with-
place in mountainous regions. On the basis of direct inout blowing snow, to reproduce the observed atmospheric
situ measurement§chmidt(1982 calculated that sublima- moisture, is also demonstrated in this section. In S&ca
tion amounts to 13.1% of the blowing-snow transport ratesnow-pack model with a parameterization of blowing snow is
in Southern Wyoming during blizzard events. Schmidt alsoused to evaluate the importance and contribution of blowing
cites results byfabler(1979 in the same area, estimating that snow at D17. In Secs, latent heat fluxes are computed from
57 % of the winter snowfall is evaporated during transport af-profile observations and compared to the snow-pack model
ter remobilization from the surface. This is over flat surfacesresults. The uncertainties of the profile calculations are dis-
exempt of katabatic wind. On the Antarctic slopes, air com-cussed. Sectio provides the general conclusions.
pression due to down-slope gravity flow induces adiabatic
warming Gosink 1989: the air is warmer than it would be
at rest or flowing over flat surfaces. As the air warms, it be-2  Data and model
comes more undersaturated. This is partially compensated by
the sublimation of blowing snow. Thus, models that do not2.1 Observation data
account for blowing snow are very likely to underestimate
surface-air moisture in Antarctica. Site D17 (664326’ S, 1394221"E; ~450ma.s.l.) is lo-
Observations are needed to characterize not only theated~ 10km inland from the coast of Adélie Land (FiD.
various aspects of the impacts of blowing snow on theAccess is relatively easy in summer, but the site is not acces-
SMB, but also surface meteorology and potential biases irsible in winter. Thus, the bulk of the instruments deployed
models. Background surface-mass-balance information fronat D17 must run in an automatic mode. A 7m mast was
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Figure 2. Schematic representation of the meteorological profiling and blowing-snow measurements at D17.
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erected early in 2010 (FigR). Profiles of wind, tempera- humidity (RH) with respect to ice (Rk#), using the sensor
ture and moisture are recorded along the mast. Temperatutemperature reports in the conversion. Conversions occasion-
and moisture are measured using Vaisala HMP45 sensors ially yield values above 100 %. These values are attributed
MET?21 radiation shields. Because winds are remarkably perto instruments and Goff—Gratch conversion accuracy limita-
sistent at D17, wind ventilation of the radiation shields thattions. Indeed, while supersaturations have been reported in
house the thermometers prevents warm biases, as reportéhtarctica Anderson 1996 Genthon et a).2013, they only
by Genthon et al(2011) on the Antarctic plateau. Texas In- occur in very cold clean atmosphere devoid of cloud conden-
strument NRG40C cup anemometers were initially used tosation nuclei. They cannot be sustained at D17 because of
sample wind. They proved to be insufficiently robust for the relatively high temperatures. Moreover, while snow is blow-
extreme Adélie Land environment and were later replacedng, snow crystal particles provide a large number of cloud
with Vector A100 cup anemometers. Information on blowing condensation nuclei. Therefore, the result of the conversion is
snow was obtained using 1AV Technologies FlowCapt sen-capped to 100 %. Some of the observations, after such post-
sorg. Although FlowCapts are very good at detecting blow- processing, are shown in Fig.
ing snow, the original design resulted in significant errors in  The elevation of the instruments above the surface has
estimating the blowing-snow fluxe€ierco et al.2007). The  changed with time due to snow accumulation and ablation.
sensors at D17 are of a more recent design, which signifiThe profile initially ranged from 87 to 696 cm. The instru-
cantly improves, although not necessarily solves, problemsnents were raised back to original height each summer, when
with estimating blowing-snow fluxe§fouvilliez, 2013. access was possible. No information on local temporal varia-
Data are sampled with a 10s time step, and the 30 mirtions is available before 2013 or the deployment of a Camp-
statistics are stored by a Campbell CR3000 data logger. Theell SR50A acoustic depth gauge (ADG). A small stakes
30 min averaged data are used in the present work. All innetwork (nine stakes over 200 m) was deployed in early
struments were set up within manufacturer-stated operatin@011, but this is surveyed in summer only. A basic automatic
range of temperature and wind at D17. The HMP45 areweather station (AWS, single level temperature, moisture and
factory calibrated to report relative humidity with respect wind) equipped with an ADG runs about 500 m away. The
to liquid water rather than to ice, even below@ Goff AWS location is too remote from the mast for the snow-
and Gratch(1945 formulae are used to convert to relative height data to be confidently used to correct changes in the
elevation of the mast instruments above the surface. Indeed,
the GLACIOCLIM-SAMBA observations reveal very strong

http:/Amvww.flowcapt.com/
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Figure 3. D17 meteorology, 2 m temperatur€)(and relative humidity with respect to ice (RH), and 10 m wind, through two 30 day
samples in 2011, in austral summer (left panels) and winter (right panels). Observations (D17 OB) are in black, ECMWF operational
analyses (D17 EC) in red. See text for approximation and extrapolation to 2 and 10 m for the observations.

variability of accumulation at sub-kilometre scale in the area(4.8 m) wind, rather than the top one ¥ m), is extrapolated
(Agosta et al. 2012, clearly related to the distribution of because of significant gaps in the record from the latter.
blowing snow by the wind. Nevertheless, we used this data to
compare results from a snow pack model in terms of variabil-2.2 Meteorological-analysis data
ity (Sect.4); we checked that the way the data are used here )
is not strongly affected by sub-annual changes of the eleval N& ECMWF (European Center for Medium-Range Weather
tion of the instruments above the surface. Such changes a,léoreczasts) operational meteorological analyseEMWF,
thus neglected and the initial, annually readjusted instrument989° compare well with the observation for tempera-
heights are used. ture and reasonably for wind (Fig). Th.e .me.teorolo'g|- '
Data at standard levels (2 m for temperature and moistureS@l @nalyses are the results of the assimilation of in situ
10 m for wind) are necessary to compare with other source@nd satellite observations into a meteorological model. The

of meteorological information (Se@.2) and to force a snow daily radiosour_1ding at Dumo_nt d’Urville station, and reports
model (Sect2.3). Reports from the third mast level (256 cm) from 2 Antarctic Meteorological Research Center (AMRC)

are used as proxy for 2m meteorology. Because of instru_AWSs3 within less than 100 km of D17, are both transmitted

mental uncertainties, and the fact that wind and turbulent© the global telecommunication system and thus, in princi-

mixing are often strong, this is considered an acceptable apP!€; available in time for operational analysis at ECMWF.
proximation of 2 m for our purpose. The 10 m wind is extrap- This probably contributes to the good agreement with obser-
olated using log-profile approximation: vation. On the other hand, atmospheric moisture is underes-

timated, suggesting that it is not properly assimilated. Persis-
In (10/z0) tent large discrepancies between the model and the observa-
In(h/z0) ’

tions may result in the rejection of the latter in the analysis
o process.

where V;, is wind speedh metres above surface (10m for * e gnerational analyses are used here, rather than reanal-

standard level, mast level for observation) agds the sur-  ygaq hecause horizontal resolution is highe7Qkm for

face roughness. This is an acceptable approximation for OUER A interim versus~ 16 km for operational analysis since

purpose, since the boundary layer is under near-neutral Cor2‘010). Near the coast, resolution is an important issue with

dition most of the time (Se_cS_). U_sing z0=0.25cm, the respect to contamination by the ocean surface: grid points
10 m wind would be very similar if extrapolated from the

fourth or higher mast levels. Further discussion of this es- 2http://data-portal.ecmwf.int/
timation for zg is provided in Sect4. Here, the fifth level Shttp://amrc.ssec.wisc.edu/

1)

Vio=Vj
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that “see” the ocean, particularly when it is free of sea ice, 100}
are likely affected by larger heat and moisture exchange
than grid points located inland. Also, the katabatic winds do o[
not persist over the ocean and may thus be underestimatec L
The meteorological analyses from the grid point nearest to

D17 on the model's T512 reduced Gauss grid, the surfacez
of which is 100 % continental ice (no ocean), are used here.g
The grid point is centered within less than 20 km of the real £
D17, model surface elevation being 540 m, close to that of i
D17. The ECMWF analyses are used in Sdcas surface 60 -

70

atmospheric boundary conditions for a snow-pack model de- i
cm

scribed in Sect2.2 The snow-pack model needs input of so-
near-surface temperature, moisture and wind, but also pre- L. L
cipitation, radiation and cloudiness. For the first group, ob- ~ **" Toar

servational data are used alternatively with meteorological

: Figure 4. Relative humidity with respect to ice (RJ#) at the lower
analyses. For the second group, only meteorological analy: :
Y group y 9 Y %z cm) and upper (696 cm) measurement levels. A 10-day running

ses are used (comprehensive observational data sets are rg . . ; .
. . . . average is used to filter out the faster (diurnal, synoptic) components

available). It may be important to note that cloudiness is r€~of variability.

ally analysed, whereas precipitation and radiation are not;

they are, in fact, forecast by the ECMWF model initialized

by the analyses.

[S]
ol
w

and upper (6.96 m) levels on the mast. A 10-day running
2.3 Snow-pack model average is used to smooth out the shorter-term variability,

including diurnal and fast synoptic variability. For the en-
The Crocus snow-pack modediun et al, 1989 1992 was  tjre duration of the 2-year observations, relative humidity is

initially developed to simulate Alpine seasonal snow andyery high in the range about R ~ 70 %, and 10 % larger
assist in avalanche-risk evaluation. Crocus has also beefyen measurements are performed close to the ground sur-
used in various studies outside the originally planned do5ce A zoom on a summer episode and a winter episode is
main of application, including studies of polar snow over shown on Fig3. Very low RH values below Rigi = 30 %

ice sheets[pang et al. 1997 Genthon et a).2001, 2007. o occur, which one would expect to be related to katabatic
Crocus is a horizontally one-dimensional, vertically multi- \\inds that are to be relatively dry in terms of RH, due to
layered physical model of the snow cover. It explicitly cal- agiapatic warming as pressure increases downslope. Obser-
culates the surface-snow height, mass and energy budgefgions show that RH values close to or at saturation occur
at hourly steps, including turbulent heat and moisture sUrrequently as well, which is not a direct effect of the katabatic
face exchanges with the atmosphere and outgoing radiationyrcess. We presently analyse the effect of blowing snow on
and the internal balance of mass and energy. There are up ;¢ an increase of relative humidity. The FlowCapt instru-
50 subsurface layers through which mass and energy are enents on the D17 mast allow to sort data according to oc-
changed to account for physical processes, such as heat difyrence of blowing snow. One of the instruments failed and
fusion, radiation transfer or liquid-water percolation. Phaseyata from this instrument were unavailable over a major por-

changes are taken into account and snow densification angy, of the observation campaign. Thus, only one of the two
metamorphism are parameterized, affecting mass and energysiruments — the one near the surface — is used to evaluate
transfer and changing surface albedo. blowing snow.

Atmospheric moistening by sublimation of blown snow
is expected to depend on blown-snow quantities. A large
blowing-snow flux threshold at 300 gTAs ! is used here
to highlight the saturation effect, but this threshold is only

An analysis of the data in terms of the relationship betweerP2ssed 2 % of the time. _ _
atmospheric moisture and occurrence of blowing snow is Figure 5 shows the mean vertical profiles of R

3 Atmospheric moisture in relation to blowing snow,
observations and models

made in the present section. when large amounts of blowing snow are detected
(flux>300gm?2s1), respectively weaker amounts
3.1 Relationship between atmospheric moisture and (flux <300gnT2s™1). Large blowing-snow quantities and
occurrence of blowing snow in the observations high relative humidity are clearly related, with a mean

moisture content very close to saturation. fHs strongly
Figure4 shows the 2011-2012 records of observed relativereduced when blowing snow is weaker and decreases more
humidity with respect to ice (Rk}i) at the lower (0.87 m) significantly with height, as well. This process is consistent

www.the-cryosphere.net/8/1905/2014/ The Cryosphere, 8, 190819 2014
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T Without blowing smow [T a shprter wind fetch and thus a weaker development of the
[ ]| — With blowing snow ] blowing-snow layer.
600 — . 3.2 Relationship between atmospheric moisture and
- 8 occurrence of blowing snow in atmospheric model
E 500~ ] The atmospheric model used to produce ECMWF analyses
E’ r ] ignores blowing snow and its moistening effect. This is likely
Lf:: 00l B the reason why relative humidity is underestimated and fre-
- - . guent saturation is not reproduced. Most meteorological and
E i ] climate models ignore blowing snow, and are thus likely to
= 00 ] similarly underestimate atmospheric moisture on the Antarc-
= i ] tic slopes. Comparing simulations with a same meteorolog-
= B ] ical model running with and without a parameterization for
200 |- - blowing snow, including blown-snow sublimatiobenaerts
- 8 et al. (20123 report a significant increase of RK at the
- ] coast of Queen Maud Land in better agreement with the ob-
100 = )} servations in the latter run. The occurrence of blowing snow

TN ANV SRS W W and the blown-snow quantity depend on various snow and at-
73 g 8 90 55 100 h GAllé 2013, obviously includ

RH w.ri. (%) mosphere parameterGdlliée et al.2013, obviously includ-

ing wind speed. For models that do not parameterize blow-

Figure 5. Profiles of mean 2011-2012 observed relative humidity ing snow, the most straightforward proxy for blowing-snow
with respect to ice, Whe_q blowing snow occurs to large (blue) andoccurrence is probably wind speed. Figérshows the dis-
weak or null (red) quantities. tributions of RRy values for wind speed above or below
12ms 1, an arbitrary blowing-snow proxy threshold, and for

all values of wind. The distribution is plotted for the obser-

with a major source of moisture by surface sublimation whenvations and the ECMWF analyses at D17, and for two cli-
there is no blowing snow. Moistening by the sublimation of Mate models in the CMIPS (Climate Model Intercomparison
the wind-blown snow particles results in a vertical profile Project ) archive. Their continental grid point closest to

to be much more homogeneous. A residual gradient mayP1? is used. _ o ,
be due to either a contribution of surface sublimation, or 1he data are sorted in 10% wide RH bins, from 0-10

vertical gradients of blowing snow and thus of blown-snow [0 100-110%, frequencies in the latter bin obviously be-

sublimation. ing 0. A strong maximum of the distribution in the 90—
The present results are consistent with observations at00% Rhui bin shows that conditions close to saturation
the AMRC AWS at site D10, 7 km downslope from D17, 9ccur frequently_ln the observations. The dlstrlbutlpn shoyvs

where RHy is above 90 % more than 40 % of the time. At l0Wer frequency in the range 7080 % for weaker winds, with
D47, ~100km upslope and reputedly one of the windiest still significant contrlbutloqs in the 90—-100 % bin. All moq-
places in Adélie LandW/endler et al.1993, it is above 90 % els and analyses are consistently dryer than the o_bse_rvan(_)ns.
more than 77 % of the time. At Halley on the Brunt Ice Shelf None of the models or analyses reproduce a distribution with
in West Antarctica, R is reported to increase with wind |&rge counts in the high RH bins, as observed. ECMWF and
speed, as well\lann et al, 2000. This is interpreted as the C2nAM4 tend to produce slightly higher, rather than lower,
sighature of the sublimation of blowing snow when the wind V&lues of RH when the wind is weaker, possibly a signa-
is strong enough to lift snow from the surface. In their study, {Ure of the relative dryness of the stronger katabatic winds.
relative humidity is shown to decrease along the vertical pro-MRI-GCM3 is consistently too dry. Thus, all models lack
file above the surface (betweer=1.5m and; = 11 m), and a source of atmospheric mms?emng, and they f?.l| to show a
the vertical gradient reduces when the wind is stronger, condefinite increase of atmospheric moisture with wind speed, as
sistently with observations at D17 (Fif). The present re- observed. Among the possible interpretation is the fact that
sults are qualitatively consistent, as well, with observations"©n€ of the models account for occurrence and evaporation
performed in southern Wyoming (continental USA) during a ©f Plowing snow.

nocturnal blizzard 70 cm above the snow surfa@ehfmid
1982. They report events of blowing-snow flux from 90 to
400gnm?s~! and RHy; ranging from 80 to 88 %, and they
consider these as relatively high values of relative humid-
ity that attribute to sublimation of blowing snow. Differences
in saturation level with the present study may be related to  *http://cmip-pcmdi.linl.gov/cmip5/

The Cryosphere, 8, 19053919 2014 www.the-cryosphere.net/8/1905/2014/
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Figure 6. Frequency distribution of RH wri values, for 10 m wind speed above (red) or below (green) 1% or=ll cases (black), in the
D17observations, the ECMWF operational analyses, and simulations by two general circulation models from the CMIP5 archive, CanAM4
and MRI-GCM3. The simulations are of the AMIP (Atmospheric Model Intercomparison Project) type; that is, the atmospheric component
of the climate models is used with prescribed observed monthly sea-surface boundary conditions, but turbulent fluxes on continental surfaces
are simulated. Results are shown for two models in the archive for which the 3-hourly AMIP results for both surface wind arg;fardRH
available.

3.3 Relationship between atmospheric moisture and between visits, is always significantly less than 10 m. A lower
wind speed wind threshold is thus a very approximate correction for a
lower sensor height.

Even the dry Va'ues in the ECMWEF ana'yses may be Surpris_ The Counteracting effects of the katabatic wind comes out
ing considering that, although the moisture holding capacityfor D10, similarly to D17 (Fig6), with a clear bimodal distri-

of the katabatic air increases through adiabatic compressiorpution of RHyi. At Gill, moisture is much more consistently
the flow is a very turbulent one over an infinite source of po-high, with virtually no sensitivity to wind speed. This indi-
tential sublimation at the surface. A number of AMRC AWSs cates that blowing snow, if any, does not affect air moisture,
report atmospheric moisture. AWSs D10, Gill and Bonapartewhich is close to saturation anyway because of surface sub-
Pointdo. D10 is 0n|y\, 7 km from D17, ina very similar en- limation and no katabatic dry|ng SenSItIVIty to wind Speed
vironment, although closer to the coast and the ocean. Thié also very low at Bonaparte Point, and a broad distribution
is a proxy for D17 in the following intercomparison of data Suggests that moisture is added to the air by a combination
from AMRC AWSs. Station Gill (178.59W, 79.93 S) is lo- of surface sublimation and synoptic advection. The observa-
cated on the Ross Ice Shelf. The mean temperature is lowdfons in Adelie Land (D10) are the only ones consistent with
by about 10C, and the mean wind is about one-third of & major impact of blowing snow: values are high when the
that at D10. Bonaparte Point (640, 64.78 S) is the only wind is strong and blowing snow occurs; they are lower with
AMRC AWS at a latitude close to that of D17, besides D10. weaker winds, when less or no blowing snow occurs and the
Itis located on an island on the western side of the Antarctickatabatic drying effect takes over.

Peninsula. Temperature is about®@higher, and the mean

wind speed is about half that of D10. The three stations are

near sea level. Only D10 is exposed to strong katabatic flow4 Snow-pack modelling

Figure 7 shows the distributions of Rk for wind speed

above or below 8 ms. The threshold wind is less than for In this section, the snow-pack model Crocus (S€cB

Fig. 6 because the height of the wind sensor on the AMRCis used with a parameterization of surface-snow erosion.
AWSs, although not well known due to snow accumulation Crocus requires 2m atmospheric temperature and relative
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Figure 7. Same as Figb for three AMRC automatic weather stations. A lower wind threshold (8H) & used because the measurement

height is less than 10 m.

humidity, 10 m wind speed, precipitation quantity and phase,

Here, the same parameters a&ienthon et al(2007) over

downwelling solar and thermal radiation, and cloud cover.blue ice are used, except for the following:

This is all available from the ECMWF analyses and short-
term forecasts, as described in S&R, but only partially
from the observations. First, for some parameters of the
model, the surface-snow-erosion parameterization and input
of atmospheric fields have been adapted to Antarctic snow
and conditions. Then, Crocus is alternately run with full in-
put meteorology from ECMWF analyses, a&danthon et al.
(20079, or from a combination of the D17 mast observations
and, where and when missing or not available, the ECMWF
analyses. The input meteorology is interpolated to the re-
quired hourly time step from the 6 h analyses, or sampled
from the 30 min observations.

4.1 Method: model adaptation for Antarctic snow and
blowing-snow parameterization

Various aspects of the Antarctic snow-pack significantly dif-
fer from those of Alpine snow. Previous work&énthon

et al, 2007 for a comprehensive description) adapted the
parameterizations for the roughness and albedo of surface
snow, and snow density at deposition. A parameterization for
snow erosion by wind was developed and implemented by
Genthon et al(2007) to simulate accumulation and ablation
on a stretch of blue ice at the coast of Adélie Land. Yet, be-
cause Crocus is a one-dimensional model, it cannot explic-
ity handle the horizontal transport and exchange of blown
snow. Over the blue ice, due to the proximity of the ocean,
blown snow was assumed to be fully exported. At D17, a
large net contribution from snow blown upstream is param-
eterized. Along with other atmospheric surface parameters,
air moisture is prescribed. Thus, the model has no explicit
(and no need for) parameterization for the sublimation of
airborne snow. Observations reported in S&cshow that
blowing-snow sublimation increases atmospheric moisture,
often to saturation level. The feedback on surface sublima-
tion is taken into account in the model when the observed
meteorology is used as input.

The Cryosphere, 8, 19053919 2014

— Consistently with the evaluation of the 10m wind
from mast observation (Se@.1), a roughness length
z0=0.25cm is used in the calculations of the friction
velocity u, for bulk heat and moisture-turbulent ex-
change at the surface and for the parameterization of
snow erosion. This is significantly larger than over blue
ice (0.016 cm) inGenthon et al(2007), because snow
dunes and sastrugi increase roughness, and also pos-
sibly because of more significant topography (glacier
through) upstream. Althougfy has been suggested to
increase with friction velocity Bintanja and van den
Broeke 1995, this results was challengedridreas
2011). The value ot is kept constant here.

The short-term forecasts of precipitation are ampli-
fied by a factor of 1.2. No such multiplication factor
was found necessary over blue ice. A precipitation-
formation (condensation) increase of such amplitude,
from the coast to D17 upslope ormy10 km in distance
and~ 400 m in elevation, is not likely. IGenthon et al.
(2007, observations of the accumulation and ablation
on blue ice were taken from a stake network, which
was surveyed less than 10 times a year and only two to
four times in winter. Here, an ADG provides a contin-
uous high-resolution record of accumulation/ablation,
which, despite limited spatial significance, yields an ac-
curate local estimate of snow-height increase during
events having time scales of snowfall. The multiplica-
tion factor is necessary to, on average, account for the
observed amplitude of those events (F8)y. There are

no in situ observations of precipitation to directly eval-
uate ECMWEF in AntarcticaPalerme et al(2014) re-
port good agreement between ECMWF ERA-I reanaly-
ses and annual mean snowfall estimated from satellites,
but not with the spatial resolution required for an assess-
ment at the scales considered here.
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O L A B L 7 4.2 Results
ol T s N Crocus is alternately run with full input meteorology from
i ‘ AW ' . ECMWEF analyses or from a combination of the D17 mast
a0l A g ‘ - observations and the ECMWEF analyses. Fig8reisplays
s | : y ] the observations and simulations of snow-pack-height vari-
§ o . ations at D17. The reference snow pack is that of 1 Jan-
° 1 uary 2011, about when the D17 nine-stakes network was de-
o ) N . ployed (green circles). Observation and model series are ad-
oo ke EA 1 justed to this reference on theaxis. The GLACIOCLIM-
80 - RoclsonntemwE | SAMBA data confirm that the mean annual accumulation
r 1 is positive at D17 Agosta et al.2012. The green squares
] TR Lyt q in Fig. 8 show the measured snow accumulation at the
2010 20T eorstarting 1ston 201 GLACIOCLIM-SAMBA stake near D17 having the mean

accumulation closest to that reported by the ADG (blue
Figure 8. Observed (ADG in blue, GLACIOCLIM-SAMBA and  ¢yrye). This allows one to extend stake information 1 year
D17 stakes in green) and simulated (Crocus model with ECMWFpack in time, from the nine-stake network at D17, show-
meteorology in red d.aShed "n?‘ V.V'th combined ECMWF and (.’b'ing significantly more accumulation in 2010 than in 2011
served meteorology in red solid line) snow-pack height evolution .
over 2010—2012. or 2012. In fact, the mean 2010 accumulation along the
GLACIOCLIM-SAMBA stakes system was the highest on
record.
Agosta et al.(2012 show a 5 to 25% underestima-  The ADG also reports larger accumulation in 2010 than in
tion of precipitation minus surface sublimation in ERA- 2011 and 2012, although it is not quite the increase the stake
| reanalyses compared to the GLACIOCLIM-SAMBA- suggests. Both pieces of information have very limited spa-
stake observations of SMB averaged at the spatial restial significance, though, and thus cannot be expected to fully
olution of the analyses. On the other hand, the spacompare due to small-scale spatial noise in accumulation
tial variability within a model grid box, at a kilome- (Genthon et a).2009. A Crocus simulation using meteoro-
tre scale, can be large. Over the 10 GLACIOCLIM- logical boundary conditions purely from the ECMWF anal-
SAMBA stakes within 5km of D17, the relative SMB yses and short-term forecasts (red dashed curve) misses the
variance is~ 30%. The strong katabatic winds trans- stronger accumulation in 2010. On the other hand, a simula-
port and redistribute snow and can locally concentratetion using the observed meteorology, as available (Qett.
deposition, whether this is snow eroded from the sur-complemented with ECMWF data when missing in the ob-
face or fresh snowfall. A significant yet local multipli- servation (Sect4.1) reproduces the 2011-2012 mean accu-
cation factor for snowfall is thus not inappropriate; the mulation and yields more accumulation in 2010 than in 2011
factor 1.2 is used to amplify the ECMWF short-term and 2012. Using the observed meteorology, rather than the
forecasts of precipitation. analysed meteorology, thus makes a difference. Sensitivity
tests (not shown) swapping observed and ECMWF compo-
— On blue ice, the eroded snow was fully lost by the sur- nents of meteorology show that differences in the wind, on
face, either by sublimation or by export to the oceanthe one hand, and of the temperature and relative humidity
right next to the blue-ice field. At D17, 11 % of the pa- (together), on the other hand, equally contribute (by about
rameterized erosion only results in a net local loss, as5( o, each) to the differences in the model results.
some of the snow originating upstream feeds the local pe expects surface sublimation to differ when
snow pack. This is an adjusted parameter in the modeltmospheric-moisture  saturation differs. In  particular,
to produce rates of snow-pack reduction during abla-pg syplimation can occur if the atmosphere is saturated. In
tion periods, which, on average, agree with observationgact, in that case, in a katabatic flow, inverse sublimation
(Fig. 8). A long snow-pack reduction period in the first (girect solid condensation of atmospheric moisture) may
partof 2011 is overestimated though. On the other handeyen be expected. Indeed, because the near-surface air is
shorter periods, e.g. at the end of 2011 and beginning ofyarmer than the snow surface due to compression, the
2012, agree well. Again, one has to keep in mind thatpear-surface relative humidity is greater than that of the
the ADG data are very local observations, and may notoyerlying air. The mean simulated surface latent heat flux,
have sufficient spatial significance to expect a consis-gnd conversion in water equivalent, are given in Table
tent agreement. Also, uncertainties with the other com-for four simulations that combine observed and analysed
ponents of the snow-pack balance contribute to someneteorology differently. Differences between observed
disagreement. wind (S2) and analysed wind (S3) have a small impact on
sublimation. Thus, the high sensitivity of the snow pack
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model to small differences in wind (Fi@®) are due to the Table 1. Simulated 2010-2012 annual mean latent heat and water
high sensitivity of blowing-snow erosion to wind. On the equivalent exchange at the surface in 4 Crocus snow-pack model
other hand, and not unexpectedly, differences in atmospherigins using different input atmospheric surface boundary conditions:
moisture make up for most of the difference in surface S1: Purely ECMWF data _ » _

sublimation. Using observed moisture rather than ana|y2e(§52: Observed data of temperature, relative humidity and wind, oth-

. . . N erwise ECMWF data
moisture, cuts sublimation by almost 50 %. S3: Observed data for temperature and relative humidity, otherwise

ECMWEF data, including wind speed
S4: Observed data for wind, otherwise ECMWF data, including

5 Bulk and profile moisture flux calculations |
temperature and moisture.

In this section, the moisture-turbulent fluxes calculated by

the snow-pack model are compared to fluxes calculated with Simulation  WnT?  cm
th_e profile method. The_n, th_e impact of measurement uncer- s1 _257 _31.3
tainties on flux calculations is discussed. s2 111 -134
S3 —-13.0 -15.8
5.1 Method s4 —239 -291

Turbulent surface fluxes are computed in the Crocus model

(Table 1) using a bulk formulation Martin and Lejeung whereu,, g. andd, are characteristic scales of wind, specific

1998 humidity and potential temperature. They are computed from
SHF = pc, Cug (Ta — Ts) (2)  the measured gradients of wind speed, temperature and spe-
M cific humidity, between levels, andzi, solving iteratively
LHF = p Lsﬁv Cua(ga— qs)- (3) the following set of equations:
a

Us
p is the air density, the specific heat of air.s the ice ~ “2—U1= -~ [In(z2/21) — ¥m (z2/L) + ¥m (z1/L)] @)

latent heat of sublimationf2 is the ration of water vapour 0,

and dry-air molecular WeiglaﬁC is a turbulent transfer coef- 02— 01= © [In(z2/21) = ¥n (z2/L) + ¥n (21/L)] ©)
ficient depending on surface roughnegsnd on the stabil- G

ity of the surface boundary layer through a bulk Richardson?2 — 91 = "~ [In(z2/21) = ¥ (z2/L) + ¥ 21/ L)] ©
number Martin and Lejeungl998. u,, T, g4 are the forced uf N mechanical production

(10)

atmosperic wind speed, temperature and specific humidityL =
The temperaturés is calculated closing the surface energy

balance Brun et al, 1989. The atmospheric moisture atthe  ; is the Monin—Obukhov length. The functions are

surfacegs is assumed to be that of air saturation at the tem-yhe - gyratification corrections to the logarithmic profile

perature of the snow surfads. _ (Berkowicz and Prahm1982 Andreas 2002. We make
For ua, Ta andga: the third level of the mast is used. The he usual assumptions theh, is the same for both tem-

mast provides several observation levels, allowing an altemaperature and humidity. In case of moist air, to account
tive and independent evaluation of the turbulent fluxes usingq, the weight of water vapour, the potential temper-

the profile method. _ ature is replaced by the virtual potential temperature
The profile method is a frequently used method for;, the buoyancy term of the Monin-Obukhov length.

turbulent-flux estimations, using standard meteorologically gur case to a first order. the air is approximately dry

measurements at two levels. Itis based on the“ﬂux—grad|ent“qNOIGQJkg—l_)9\/2(1_,_0.61{1)_Q,V(l_,_olg7>< 1074 -9,

relationship of the Monin—Obukhov (MO) similarity the- ¢g that we assumet) ~ 0.

ory for the atmospheric surface lay@d¢nin and Obukhoy The MO theory, on which the profile method is based, was
1954. _ developed under the assumptions of horizontal homogene-
Berkowicz and Prahn1982) outlined the procedure for iy ang stationarity. Both assumptions are questionable in a
the estimations of the sensible heat and the momentungatapatic flow. In particular, in the MO theory, mechanical
fluxes, SHF and. It is adapted here for the latent heat flux gnq puoyant forces are assumed to act only in the vertical di-
(LHF) (Eq. 5). In the present study, heat fluxes towards the ection, and the turbulent transport is neglected compared to

K %9*14* " buoyant production’
0

snow surface are counted as positive. the local mechanical and buoyancy productidvisnro and
_ Davies(1978 raised the point that horizontal buoyancy gra-
SHF = pcpuy by (4) . - o -
dients are precisely the driving force of a katabatic flow. Cou-
LHF = p Lsuqx (5) pling between the dynamics and thermodynamics should be
T = pu’, (6) taken into account, but is not included in MO theoBriso-

gono and Oerlemans200]). Denby and Greuel(2000
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Table 2. The observed range and gradients (difference between levels 5 and 2 on the mast) of temperature, RH wri and wind speed, and
factory stated range of instrumental accuracy.

Sensor Observations Accurack)(
Range Gradient Range Mean
TemperatureC) Vaisala HMP45 —-20to—2 —0.04t03.9 0.2t00.4 0.35
Relative humidity (Yowri) Vaisala HMP45 30 to 100 Oto-18 2t03 25
Wind speed (ms?) Vektor A100LK  0to 30 Oto4 0.1t004 0.2

compared fluxes obtained from profile and bulk calculation s T T T
with results from a one-dimensional second-order-closure
boundary-layer model. The model second-order prognostic
equations account for the turbulent transport terms and the
two components of the buoyancy terms, parallel and per-

-50

pendicular to the sloped surfad@gnby, 1999. The model ook . : E
proved able to reproduce observed eddy fluxes on two high-g | '{?. LI e SN L
latitude glaciers (in particular). With the model as a refer- B.lso} * vi ]
ence,Denby and Greuelf2000 find a strong underestima- F “’ ~;'7 1
tion with the profile method, particularly when approaching -C < : E
the wind maximum. They conclude that the profile method g Obs profile : 1
should be restricted to measurements at heights below one [ | - Ot pofile lowing suow i E

third of the h6|ght of the wind maximum. Furthermore, Y FE RN PN R P N R NN RS PR RN RENEE A PR RS FARE PR RS

GriSOgono et a|(2007) pointed Out that, for SlOpes Iarger 1234567829 101112l3}}ivl§()11621718192021222324252627282930

than %, the MO length may be larger than the height of the

wind maximum and may thus miss the jet-related turbulenceFigure 9. Surface latent heat flux in November 2012, evaluated
This is not likely in our case. The observed katabatic from buI}( parameterization in the Crocus model (red line) and from

flow at the coast of Adélie Land is generated 1000 km up_the profile method when blowing snow occurs (blue dots) or not

stream, so that, when reaching D17, the katabatic layer i§green dots).

thick. Radiosounding at Dumont d’Urville generally reports

a jet height in the range of 50 to 500m above the sur-

face (Fig.10a). The short mast is well below this. The first 5.2 Results and discussion

measurement-point height is 2 orders of magnitude greater

than the roughness lengtl, itself 2 orders of magnitude For November 2012, Figd compares the latent heat flux

greater than the viscosity length scalg/v. Wind profiles  from Crocus (bulk parameterization) and the profile method,

are quasi-logarithmic (FiglOb) and fairly consistent with  the |atter using wind, moisture and temperature at second and

the theoretical predictions of rough turbulent flow theories fifth levels on the mast, which are separated by 2.5 m. For the

and, in particular, the MO theory. On the other hand, the masthird level being used in the Crocus calculations, the bulk and

shallowness limits the height over which gradients can be esprofile evaluations are fully independent in terms of observa-

timated, raising the issue of instrumental accuracy beyondijon data input. A diurnal cycle shows clearly in the Crocus

blowing-snow cases. data: sublimation is positive during the day and often slightly
Factory-stated instrumental accuracies are reported in Tanegative (inverse sublimation) at night, when the snow sur-

ble 2 and compared with the observed gradients alongface cools. The profile calculations produce a less definite di-

the mast. Assuming that measurement errors follow a noryrnal cycle and no inverse sublimation. The comparison em-

mal distribution, the propagation of the uncertainty to the phasizes the large scatter of the profile-estimated fluxes. The

moisture-flux estimate using the profile method can be evalstandard deviation is much larger (60 W#) than in Cro-

uated using a Monte Carlo method. A set of 200 series, basegys results (22 W r?). Profile fluxes reach-300 W n2,

on the records artificially contaminated by measurement unwhile the Crocus results range froml80 to 22 W n72. In

certainties, are produced and the profile method is appliedrig. 9, occurrences with and without blowing snow are dis-

At each time in the record, the spread (standard deviation) ofinguished. A FlowCapt threshold of 4 gths~* is used to

the flux with the 200 series set is used as an estimate of thaistinguish blowing from not-blowing snow events. This is

induced error. The contamination errors for each meteorologmuch lower than the threshold used in Setto separate

ical variable are randomly drawn from a normal distribution the strongest blowing-snow cases. The threshold here allows

of a given standard deviation. one to characterize a strong impact of even light quantities

ST
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Figure 10. (a) Wind velocity profile from radiosounding performed at 08:00 LT (local time) on 6 and 23 Novefhéiormalized wind
profile on a semi-log plot, from the 7 m mast data at 08:00 LT on 6 and 23 November.

of blowing snow on flux estimation by the profile method. ¢

The agreement between bulk and profile evaluations tends |, pneedtie

to be better when no blowing snow is detected: both exhibit Wind Speed - 1
comparable daily variability and standard deviation (22 and |~ ree e . !
27 W2, respectively). One may expect confidence in the . * . ¥
profile method to decrease during blowing-snow events, be-g - i ‘T 1 < b
cause the vertical moisture gradients are weaker gyigais- E i ¥ 1 v J
ing instrumental accuracy as a serious issue. The fact that the i zﬁ T, = ‘
profile fluxes particularly diverge when blowing snow is de- =T 1

tected may indicate such a difficulty. Tl- |

Sensitivity experiments with several assumptions on mea- *’ T
surement errors have been performed for November 2012, 1) . ' ' (o oo 0 42 14 1e 18

Measu reme‘m error / Factory stat'ed accuracy

The results are summarized in Figl. A relative humidity
error of 2.5 % induces a standard deviatiort&i0 W m™2 on Figure 11. Uncertainty propagation into the latent heat flux from
the latent heat flux, up &80 W m~2in case of strong winds.  measurement uncertainties via profile calculations. The mean un-
For a temperature error of 0.3€, the standard deviation certainties in LHF are represented by symbols. Vertical bars illus-
on latent heat fluxes average80 W m 2, often exceeding trate the spread around the mean (standard deviation). Gretkis,
4200 W nT2. Because the observed temperature gradientshe measurement uncertainties of temperature (red diamond), rela-
are very small, measurement uncertainties induce compardive humidity (blue square) and wind speed (green triangle) are re-
tively large flux uncertainties. Figutl shows that humidity po_rted as multiples of the factory-stgted accuracies. For _instrument
and temperature-measurement uncertainties have the largdi/ght (black star), the uncertainty is reported as a multiple of the
direct repercussions on latent heat flux computations. estimated accumulation during the month {0c¢m). Note that a
The uncertainties due to the different types of meteoro—logamhmlc scale s used on theaxis.
logical measurements are not easily comparable. We choose
to set, on ther axis, the input errors for temperature, rela-
tive humidity, wind speed and sensors height as multiples oheight were not measured in November 2012, an estimate
a reference uncertainty for the corresponding variable. Foof the height of fresh snow, which could have accumulated
meteorological variables, the factory stated accuracy is takemntil the next measurement in December, is made. Taking
for the reference uncertainty. The factory stated accuraciean average snowfall of 30 mm water equivalent per month in
depend on the values of the measured quantities: temperahe areaRalerme et al2014), we estimate a height of snow
ture, wind and relative humidity. We choose the mean overapproaching 10 cm. This is a debatable choice for the refer-
the studied period (Tablg). Because variations of sensor ence uncertainty of the sensor height, but the fact that the
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impact of height errors are weak compared to those of tem- 7o . — .

perature, wind velocity and humidity errors is way beyond F *ﬁg

this uncertainty. ® o %i?*
A relative humidity error of 2.5% induces a standard 5, *3?% Fx

deviation of £50Wnm2 on the latent heat flux, up to
+80W 2 in case of strong winds. For a temperature error
of 0.35°C, the standard deviation on latent heat fluxes av-
eragest80 W m2, often exceeding:200 W nT 2. Because
the observed temperature gradients are very small, measure
ment uncertainties induce comparatively large flux uncer-
tainties. Figurell shows that humidity and temperature-
measurement uncertainties have the largest direct repercus ‘ ‘ s
sions on latent heat flux computations. P Oindapeea i ¢ et

The uncertainty propagation is amplified as the wind gets
stronger, as illustrated in Fig2. This is primarily because Figure 12. Uncertainty propagation into the latent heat flux from
fluxes are computed proportional to the wind sealéEq.5). measurements uncertainties via profile calculatiasPropagated
Secondly, strong mixing and blowing snow during strong uncer_tainties intq LHF_versus wind speed: results qfa Mon_te_ Carlo
winds induce a decrease in the temperature and humidity graZPe"iment starting with an error @f2.5 % for relative humidity
dients, so that measurement uncertainties become importaargl?Iue Square).(b) Propagated uncertainties into LHF versus tem-
compared to gradients, leading to a heightened uncertaint@erature gradients (difference between level 5 and level 2). Results

; " . f a Monte Carlo experiment starting with an error-08.35 for
propagation. This is supported by Fida and b, which show temperature (red diamond).
that the propagated uncertainties are amplified with wind ve-

locity or decreasing temperature gradients.

In addition, strong wind episodes generally go along with et a1, 1985 Gosink 1989 and decreases the MO length. In
an increase of relative humidity (Fig). When approaching  that case, in the profile calculations, one should directly con-
100 % of relative humidity, accuracy of the Humicap sensorsjder the density (including the blown-snow effect), rather
deteriorates£2 % to+3 %). than the potential temperature. Uncertainties on blown-snow

This study demonstrates a strong sensitivity of the pro-concentration measurements (Séxt) are too large to ex-
file method to measurement errors, particularly in the caseyect a reasonable estimation of the density gradient. Conse-

of small gradients in conjunction with strong winds. Special quently, this particular point is not addressed here.
attention has to be devoted to temperature measurements.

In Fig. 9, discrepancies between the latent heat fluxes, cal-
culated with the two methods, on the 7 and 23 Novembers Discussion and conclusion
may be explained by enhanced uncertainties permitted by
the strong wind episode (Fid.0a). Nonetheless, discrimi- Stearns and Weidn€t993 report calculated latent heat flux
nating the part of uncertainty propagation due to strong windfor several AMRC AWSSs, using both the station-recorded
and that of computation inaccuracies due to the presence demperature, moisture and wind, and a bulk parameteriza-
blowing snow is not straightforward. The Crocus model usestion. The results range from close to 0 or even inverse sub-
both a bulk method, which is essentially an integrated formlimation (water deposition, positive heat flux for the sur-
of profile method, and surface energy budget closure to comface), to—21 W n1 2, generally significantly less in abso-
pute the surface temperature. As such, the Crocus calculdute value than found here for D17 if the ECMWF mete-
tions are less prone to measurement-error amplifications andrology is used. Howevetearns and Weidn€d993 re-
then more reliable in the present working conditions. sults are for sites on the Ross Ice Shelf, none of which be-
Finally, one more issue should be raised here with respecing as directly exposed to katabatic winds as D17. A limited
to the profile method calculations in the case of blowing survey of published evaluations of monthly or seasonal ob-
snow: the direct impact of airborne snow on vertical gradi- served latent heat flux in Antarctica is provided\an den
ents of air density on the evaluation of the MO length. SnowBroeke(1997. The numbers again range from virtually O to
sublimates, which cools the air, increases its density and af—22 W m2, and again in better agreement with results in Ta-
fects density gradients depending on blown-snow concentrable 1 if the observed, rather than the analysed, meteorology is
tion gradients; this is the temperature effect, which is ac-used. Quotingsenthon et al(2007), who present observed
counted for because the temperatures are measured. Densipd modelled time series of surface snow and ice balance
gradients are also affected because ice is denser than the aaver a coastal blue-ice field in Adélie Land near D17, “subli-
the weight of an air parcel is the sum of that of the air and ofmation [...] accounts for 38 cm [.. .] possibly overestimated
the ice within the parcel. As the concentration of blown snowdue to missing sublimation of blown snow and saturation ef-
decreases with height, this has a stabilizing effsdtdama  fect [in the model used]”. This figure accounts for a period

0, (Wim2)
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of 2 years, in 2004-2005. Considering differences betweemithout the logistical support and additional funding by the French
the blue-ice field and snow-covered D17 site, including, inpolar institute IPEV (programme CALVA/1013).
particular, differences in albedo (bare ice has a much lower
albedo than snow), this is consistent with the numbers in TaEdited by: M. van den Broeke
ble 1. The words of caution about atmospheric-moisture sat-
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