w

12

15

18

21

24

27

30

33

Ferweiser AL.: Greenland mass balance modeling 04/05/2007 - 11:16:11

Greenland surface mass balance
simulated by a regional climate model and
comparison with satellite derived data in 1990-1991.

Xavier Fettwei§ Hubert Gallég Filip Lefebré, Jean-Pascal van Ypersele

Abstract. The 1990 and 1991 ablation seasons over Greeal@nsimulated with a
coupled atmosphere-snow regional climate model wib km horizontal resolution. The
simulated snow water content allows a direct comsparwith the satellite derived melt
signal. The model is forced with 6-hourly ERA-40amalysis at its boundaries. An
evaluation of the simulated precipitation and a parison of the modelled melt zone and
the surface albedo with remote sensing observatisngresented. Both the distribution and
qguantity of the simulated precipitation agree wihservations from coastal weather
stations, estimates from other models and the ERAednalysis. There are overestimations
along the steep eastern coast which are most liketyto the "topographic barrier effect".
The simulated extent and time evolution of the sraw zone compare generally well with
satellite derived data, except during rainfall égean the ice sheet and because of a bias in
the passive microwave retrieved melt signal. Altjffousatellite based surface albedo
retrieval is only valid in the case of clear sKkye fnterpolation and the correction of these
data enable us to validate the simulated albedih@scale of the whole Greenland. These
two comparisons highlight a large sensitivity of tlemote sensing observations to weather
conditions. Our high resolution climate model haserb used to improve the retrieval
algorithms by taking more fully into account thenasphere variability. Finally the good
agreement of the simulated melting surface with ithproved satellite signal allows a

detailed estimation of the melting volume from #imulation.
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1. Introduction

[1] The 2001 Intergovernmental Panel on Climate Change (IP&©)trpredicts

heavier snowfalls in winter and an increase of the summer meleentand as part of a

projected global warming due to anthropogenic forcing (Houghton et al., 2001). Without

qguantifying it precisely, the IPCC predicts that the summelt will dominate. A sub-
sequent mass loss (due to ice melt and ice discharge) ofekaléhd ice sheet will oc-
cur, with an impact on sea level and possibly on the Adadtean circulation. This
motivates the increasing interest to understand and esthwoat the Surface Mass Bal-
ance (SMB) and the ablation rate will respond to a cknudiange. It is generally be-
lieved that about half of the annual mass loss comes from/iseomelting. The rest
comes from ice discharge. According to Zwally et al. (2002)nereasing melt will in-
crease the ice discharge. Indeed the melt water reatttenglacier bed lubricates the
ice/bedrock interface, facilitating glacier sliding. Thiglvalso thin the margin and
cause the ice sheet retreat from the coast as pointed out by Krabill et al. (1999)

[2] A number of issues make the modelling of Greenland climatemplicated
task. Indeed models with high horizontal resolution are neejleali(hprove precipita-
tion simulations (Christensen et al. (1998), Bromwich et(2001), Murphy et al.
(2002)) and (ii) to represent explicitly the ablation zone. Ttierlegs not wider than 100

km in Greenland. Snow and ice melt modelling requires eltb@iaysics (Xue et al.

(2003)). Cassano et al. (2001) mention that the use of a fixed albedo leads to lasge error

in the simulated net radiation budget over melting ice sesfadeglecting to take into
account the night-time refreezing of retained meltwater otreraes melt (Pfeffer et
al.,, 1991 ; Gallée and Duynkerke, 1997). Katabatic winds playnportant role in the
surface energy balance (Duynkerke and van den Broeke, M@vden Broeke et al.,

1994). Consequently their modelling must be detailed. A Regionata@i Model
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(RCM) nested in a General Circulation Model (GCM) or oson-based reanalysis
(Giorgi and Mearns, 1999), answer some of these issues,ghertspatial resolution
(improved orography), more sophisticated atmospheric physicsuafate parameteriz-
ations designed for polar regions. That is why the RCMs are mdrenare used to es-
timate the Greenland ice sheet mass balance (Hanna22G),(Box and Rink (2003),
Mote (2003), Box et al. (2004)).

[3] Remote sensing observations can be used to validate & lmmbdemodel can
also improve satellite retrieval algorithms. We preserthis paper an evaluation of a
coupled atmosphere-snow RCM having an horizontal resolution of 26vikemGreen-
land. The model is referred to as MAR (Modele Atmosphérigugdral) and is nested
into the ERA-40 reanalysis for the period including the 1990189 summers. These
years are rich in measurement campaigns (ETH-Camp : Ohehata(1992), GIMEX
Oerlemans and Vugts (1993)) which is useful to validateodei Moreover, the MAR
snow model was already validated during these years lepteekt al. (2003) at ETH-
Camp and comparison with in situ observations over Greenlambdhe 1991 abla-
tion season was performed by Lefebre et al. (2004). We egdiea¢ the modelled pre-
cipitation and compare the melt zone and the surface alleddated by MAR with
satellite remote sensing observations. Satellite datar dbee whole ice sheet and
provide validation over the entire model domain, in contrast sptrse local observa-
tions. Remote sensing of the polar regions since the late msvprbvides researchers
with a continuous temporal and spatial data set to investigaighlysical characteristics
of the poorly accessible ice sheet surface.

[4] Section 2 describes the coupled atmosphere-snow RCM ansintléation
setup. A description of the satellite data used in thisdateparison is given in section

3. In section 4 we evaluate the 1990 modelled precipitationcstistal weather station
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84  observations, results from other models (Bromwich et al. (20GthI@ff et al. (2002))
and with the ERA-40 reanalysis. We compare the microwaek signal from Special
Sensor Microwave/Imager (SSM/I) data (Abdalati and Steffé8y) and the surface al-
87 bedo derived from the Advanced Very High Resolution Radiem@&VHRR) data set
(Fowler et al. (2000)) with the MAR simulation in section 5. Remarks on the medel
formance and the interest of using a regional climate moakdtéxt bias in satellite de-

90 rived data and to improve the retrieval algorithms are discussed in tHasionc

2. Regional climate model MAR

2.1. Model overview

93 [5] The model used here is the RCM MAR (Modele Atmosphérique Régiona
coupled to the Surface Vegetation Atmosphere Transfer scl8¥AT (Soil Ice
Snow Vegetation Atmosphere Transfer). The atmosphericgbaMAR is fully de-

96 scribed in Gallée and Schayes (1994) and Gallée (1995), whileISNAT scheme is
detailed in De Ridder and Gallée (1998) and Gallée et al. (2001).

[6] MAR is a hydrostatic primitive equation model in whibk vertical coordinate

99 is the normalized pressute= (p-p)/(psp) Wherep, p andps are respectively the actual
pressure, the constant model top pressure and the surfacergarddse solar radiation
scheme is that of Fouquart and Bonnel (1980). The longwave radiekiems follows

102  a wide-band formulation of the radiative transfer equation (Morcrette, 188dhydro-
logical cycle based on the Kessler (1969) and Lin et al. (1983) praragons is fully
described in Gallée (1995). The boundaries are treated acctodingynamic relaxa-

105  tion scheme that includes a Newtonian term and a diffusiom @avies, 1983 ; Mar-
baix et al., 2003). The parameterization scheme for the surface |&#geseid on Busing-

er (1973) and Duynkerke (1991) formulations. In view of the comgtieicture of the
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katabatic layer, the E-order closure from Duynkerke (1988) is used. Finally, the con-
vective parametrization is that of Bechtold et al. (2001).

[7] Sea Surface Temperatures (SST) are prescribed egrdod Reynolds and
Smith, (1994). They are used to deduce sea-ice distributioAc&eamperatures are
computed with SISVAT scheme. The soil-vegetation module of AISig used over
the tundra. It is detailed in De Ridder and Schayes (1997) and Gallée et al. (2001, 2004)
It simulates the heat and moisture exchanges over land in the case offeesnsuvface
(with an albedo of 0.15). The snow-ice module of SISVAT is usdble case of snow
deposition on the tundra, the sea ice, or the ice sheet.

[8] The snow-ice module is a multi-layered energy balaneedonensional snow-
ice model and determines the exchanges between the sd®it® sheet surface, the
snow covered tundra, and the atmosphere. Its physics and validatidesaribed in de-
tails in Gallée and Duynkerke (1997), Gallée et al. (2084, Lefebre et al. (2003). In
particular, the surface albedo is a function of (i) the sitedlanow grain form and size
represented by the CROCUS snow metamorphism laws (Brun et al., 1998% $inow
depth and (iii) the cloudiness. In case all snow has meltediawag ablation zone, the
meltwater accumulated upon the ice lowers the surface albeldav the ice albedo
(fixed to 0.55, Van de Wal and Oerlemans, 1994).

2.2. Model setup

[9] The simulation starts in September 1989 and ends in Deca&r®91 without re-
initialization, contrary to Cassano et al. (2001). We use the BERAeanalysis to initial-
ize the meteorological fields on 1 September 1989 and to floecBIAR lateral bound-
aries every 6 hours. A linear interpolation is made in between. Wehsaintulation at
the end of the previous summer to reduce the problem of snow mdagization as

pointed out by Lefebre et al. (2004). The domain (see Figuoevirs the whole of
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Greenland at a horizontal resolution of 25 km. It is a good compeobegtween the
computing time and a reasonable representation of the diffexBtz8nes. The MAR
topography and the soil mask for Greenland are based on Batrdde{2001). The ini-
tial location of the Equilibrium Line Altitude (ELA), i.ethe boundary between the ice
sheet ablation zone and the percolation zone is based on Znalgiavinetto (2001).
The percolation and the dry snow zones are initialized byn I no-dendritic snow,
and in the ablation zone, an ice pack is prescribed inltladan zone at the beginning
of the simulation (see Lefebre et al. (2004) for more gtdiater, the snow pack
evolves during the simulation. In this short simulation,ltivation of the mass balance

zones quoted in the text is fixed and comes from the initialization.

\Figure 1

3. Satdlitedata

[10] We present here the satellite data used in sectmeatuate the melt and the
surface albedo simulated by MAR. The remote melt sigmiales from the SSM/I data
set (Armstrong et al., 1994) and the surface albedo is ddrwedthe AVHRR data set
(Fowler et al., 2000) available from the NSIDC.

3.1. SSM/I passive microwave melt signal

[11] Liquid water forms in the snow pack when snow mélthanges dramatically
the snow microwave emissions to approach blackbody behavidaby(land Stiles,
1980). This change in emission characteristics appear$ydledine satellite microwave
data. Algorithms can derive very effectively the melieat over the ice sheet (Mote et
al., 1993; Mote and Anderson, 1995; Abdalati and Steffen, 1995 and 199@htiast

to visible remote sensing, microwave remote sensing offeradvantage of not being
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156  strongly affected by clouds, cloud shadows, haze and ground fog as telleadended
polar night when visible image collection is unavailable.

3.1.1Data
159 [12] To evaluate the MAR simulated melt zone, we use her@nterpolated melt

fields from Abdalati and Steffen (1997) based on data from 8M/ISon the Defense
Meteorological Satellite Program (DMSP) F-8 satell@mmbined with satellite data

162  from the Scanning Multichannel Microwave Radiometer (SMMRi§ tlata set is con-
tinuously available since 1979 and the images are provided widhizontal resolution
of 25 km. This unique remote sensing data set, which is nove@4lgng, enabled Ab-

165 dalati and Steffen (2001) to study the melt extent evolutidheolast 21 years over the
whole Greenland ice sheet. Their results show a slight yesitelt extent trend of 1%
year',

168  3.1.2Methodology
[13] The approach of Abdalati and Steffen (1995, 1997) is used hdegeldce the

melt extent over the ice sheet from the SSM/I data. lased on the cross-polarized
171 gradient ratio (XPGR), which is defined as the normaldiéi@rence between the 19-
GHz horizontal channel and the 37-GHz vertical channel:

T,(19H)-T,(37V)
T,(19H)+T,(37V)
174  whereT, equals the brightness temperature which is defined as the pojdbetphys-

XPGR=

ical surface temperature and the microwave emissivityXPGR threshold value
(XPGR > -0.0158) is then used to distinguish melt from non-metitgor his threshold

177  value was determined by Abdalati and Steffen (1995) witkitin measurements of li-
quid water content (LWC) at ETH-Camp during summer of 1990, 1991, 1993 and 1994.
It corresponds approximately to a LWC of 1 % by volume in the top metre wf($1n

180  dalati and Steffen, 1997).
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the

[14] The DMSP F-8 satellite which carried the SSM/I sensor in 1990-1991 flew over

Greenland ice sheet early morning at about 0600 LT on descenteaafidatoon at

about 1800 LT on ascent when the melt is maximum. A daily aeef®§R value was

calculated from those two signals before processing the SSM/ITzerefore, the daily

SSM/I derived melt signal could result in an overestimadibtine melt region consider-

ing

that the afternoon melt can mask the night-time reinge This is an issue espe-

cially at the beginning and at the end of the melt season thieemelt period may last

only a few hours during the mid to late afternoon.

[15] To compare the model results with the satellite deénwelt area, the daily av-

erage modelled LWC of the top metre of snow is used ingittte surface temperat-

ure.

The surface temperature variable is often used to de¢ectodelled melt area. But

preliminary analysis of MAR output showed that the use ofwvthigable would lead to

an unrealistic determination of the simulated melt area compardeG®, because this

algorithm is sensitive to both surface and sub-surface nairwAt the beginning of

the

ablation season, the surface temperature is a good indicator because watenist

mainly situated at the surface. But in late summer,ld ftont or a clear night can re-

freeze the surface while the subsurface remains wet, which idielhss wet by XPGR

until the snow is frozen at greater depths. According toakttidand Steffen (1997), we

use a mean LWC of 1 % by volume as a threshold value tiaglissh melt from non-

melt points in the simulation. The bare ice in the ablation zone is assumed to be wet.

3.2.

AVHRR derived surface albedo

[16] As the surface albedo depends on the nature of the ss@sain size, water

content and thickness, it is therefore an excellent indicétitvecsnow pack properties.

In addition, it is one of the most critical parameters ofsiimace energy equation since

most energy needed for melting is supplied by solar radiation. So Yatherdurface al-
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bedo from some weather stations on the ice sheet has beerousddidate a model
(Bugnion and Stone, 2002, Lefebre et al., 2004)). We compare ipaper the mod-
elled surface albedo with the surface albedo derived fnemAVHRR Polar Pathfinder
(APP) data set (Fowler et al., 2000). This is based on tvar’ced Very High Resolu-
tion Radiometer (AVHRR) flown on the National Oceanic anthddpheric Adminis-
tration (NOAA) operational meteorological satellites (in @ase from NOAA 11).
However, the latter are only valid in clear-sky cases, which limitsdhgarison.

3.2.1Data
[17] Here we use the AVHRR Polar Pathfinder Twice-DayrbEqual Area Scal-

able Earth-Grid Composites product (Fowler et al., 2000) availlabin the National
Snow and Ice Data Center (NSIDC). This data set includasnel reflectances (chan-
nels 1 and 2 in visible and near-infrared), brightness terysesa(channels 3-5 in in-
frared), clear sky surface temperature and albedo, saldh zngle, satellite elevation
angle, sun-satellite relative azimuth angle, cloud antheamask, and time informa-
tion. These products are available twice a day (approxiyn@#0 UTC and 1400
UTC) at 5 km resolution using global area coverage (GA & the period July
1981 through December 2000. They are fitted to the Equal AreabBedtarth-Grid
(EASE-grid) (Armstrong and Brodzik, 1995). This data set is us&itroeve (2001) to
study albedo variability of the Greenland ice sheet from 1981 to 1998.

3.2.2Methodology
[18] The methodology used by the APP product team to derive estefaperature,

albedo and cloud masking is based on the Cloud and Surface ParameteaREAS-
PR) system (Key, 1999; Key et al., 2001). In brief, theeedli of clear-sky surface al-
bedo involves the following four steps:

1. normalization of AVHRR channels 1 and 2 with respect to the solar zenith angle;
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2. conversion of the calibrated channels 1 and 2 reflectan@op-of-the-atmosphere
(TOA) broadband reflectance;

3. correction of the dependence of the sun-satellite-surface geameiQA broadband
reflectance, using an anisotropy factor;

4. conversion of the TOA broadband reflectance to a surfaasliband albedo, using a
linear relationship;

For more detailed information on the derivation of the surédisedo, we refer to Key
(1999), Stroeve et al. (2000) and Stroeve (2001). See also Fowler et al. (2000).

[19] In contrast with microwave data, the current algoritbnretrieval of surface
albedo is only valid during clear-sky periods. This makesdloud detection critical.
Clouds over Greenland are particularly hard to detect in the infraredf et spectrum
because their temperature is often similar to that of the surface.dbuelemasks using
a combination of time series analysis and multichanneshbid tests are provided in
the 5 km APP products. One is based on multichannel and mulédagiques in the
CASPR algorithms; another is obtained by using a long timessef channel 4; and a
third is a modified method of replacing the channel 4 statistic requitbeé CASPR al-
gorithm with the channel 4 series from the second method. Tinesemethods are de-
scribed in more detail in Stroeve (2001).

[20] Following the recommendations of Stroeve (2001), the seclond mask
(based on a temporal thermal filter) is used here tacteleuds. The other two cloud
masks tend to overestimate clouds over Greenland (Stroeve, Blafdgver, the cloud
detection remains imperfect and an albedo filter is appdietiscard pixels with a too
low albedo or an albedo greater than 1.0. We consider thatittimum albedo is 0.15
in the tundra area, 0.3 in the ablation zone, 0.6 in the percolatioraadr@®7 in the dry

snow zone. The albedo of dry snow varies generally bet@eeand 0.9 (Wiscombe
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and Warren, 1980), the wet snow albedo between 0.6 and 0.8 abdr¢hize albedo
between 0.3 and 0.55 (depending on the liquid water present surfaee). The APP
surface albedo is interpolated on the 25 km MAR grid for ttebeomparison with
MAR results and the gaps due to the presence of clouds ateHillinterpolation. The
daily MAR albedo is defined as the ratio of the daily total shatemeflected radiation
and global radiation. It is clear that the i) cloud detection, ii) the estimatiAPP para-
meters at extreme viewing angle and iii) the interpolatiocledr skies to cloudy areas
can result in a large source of uncertainty in the cuestimates of surface albedo us-

ing AVHRR data.

4. Evaluation of Precipitation

[21] Precipitation directly influences the Surface Masarig® (SMB) by adding
snow or liquid water to the ice sheet. It also conditions the sgpeaof the low albedo
zones in summer such as the tundra and the bare ice in the ablation zemasTdirect
impact on the melt intensity. Mote (2003) further concludes thataldation years are
more likely associated with high winter accumulation. Theipr&ation needs therefore
to be modelled as accurately as possible to be able to study the entire SME>oée¢n-
land ice sheet. Here, we evaluate the MAR precipitatioh990. The conclusions are
the same for 1991.

4.1. Data

[22] Direct precipitation measurements are mostly collected on déiselmpthe Dan-
ish Meteorological Institute (DMI) weather stations anel @ften influenced locally by
wind effects and snow drift during snowfall. Therefore theyreot really representative
for the Greenland ice sheet conditions. For these reasonsusleeis not sufficient to
validate a model at the scale of the whole Greenland. On thehathd, the classical

climatologies based on extrapolated weather station measusare not so useful in
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Greenland. Ice core measurements (see Figure 2 in Kiilskéioih, 2003) show an ac-
cumulation of 300-500 mm/year at the top of the ice sheeteirstiuth and along the
North-West of the ice sheet. In the North-East, theimedation is about 100 mm/year.
None of the three climatologies plotted on Figure 2 shows tliisrpaThe climatolo-
gies agree better with observations along the coasts. Hence, our optsantes e oth-
er (regional) models to assess the precipitation simuigtédiAR. To do so, we use the
modelled precipitation from i) Bromwich et al. (2001) (noted B@te after), ii) results
from the regional climate model HIRHAM4 (Dethloff et al., 20@2d iii) the forecast
precipitation from ERA-40 data set. This later is obtaifredh the 12-24h period of
each forecast. The BO1 data set is available at a resoloti50 km and is based on a
statistical-dynamical and topographic forcing of preciptatiChen et al., 1997) using
ERA-15 reanalysis. It was successfully validated wiidasured accumulation from 11
ice core sites. Cassano et al. (2001) used these datadmterdtolar MM5 simulations
on Greenland and recently Mote (2003) estimated the Greenland ice sli@etitB\the
same data set.
4.2. Results

[23] Table 1 lists for 12 coastal DMI weather statiaigwn on Figure 1) the cu-
mulated total precipitation in 1990 observed and simulatechéyfdur models cited
above. The DMI data and the HIRHAM4 outputs are from Detldofl. (2002). The
BO1 and ERA-40 values come from an interpolation on the MA@Ragrd are taken at
the grid points closest to the stations. MAR agrees veliywitl other models, and is
even the closest to the observations (see the RMSE ie Tabin view of the weather
station sites, the assessment of the models ability to reprpdepitationis limited to

the Greenland coasts while the aim of these models isidy Hte ice sheet mass bal-
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ance. Moreover, these observations are very likely mdoyedaiases because it is very

difficult to measure snowfall with standard precipitation gauges.

Table 1

[24] Figure 2 shows than simulated amount and distribution of precpitatcom-
parable to that of BO1 and ERA-40 in 1990, except in southermfaree MAR simu-
lates 111 % of the BO1 precipitation and 99 % of the ERA-4Qijtation on average
over Greenland. Precipitation occurs mainly along the westers@rlbleastern coast in
the three models. There is a minimum in north central Gnegnidere it is known that
the annual accumulation is smaller than 200 mi(BPethloff et al., 2002). Maxima of
precipitation are found in the far south and along the eastarst of Greenland in the
MAR model, ERA-40 reanalysis, CRU (New et al., 2000) and GR@¥D-climatolo-
gies and in the Dethloff et al. (2002) estimations (see figure 4). Bromwich et al.
(2001) simulates two maxima of precipitation respectively alsogthwestern and
southeastern coasts, and comparatively little precipitatidhe far south of Greenland.
The same occurs in 1991 (not shown here). The local minimysreoipitation simu-
lated by MAR in southern Greenland near Narsarsuaq (geeeFl) is also present in
the Dethloff et al. (2002) estimation (their Figure 4). MAR regémates precipitation
above the ice sheet (South-Dome and Summit regions) when aampiin both other
models and Dethloff et al. (2002) estimations. MAR simulatesralsth more precipit-
ation than the other models along the eastern coast ang wiedward margins.
However the location of the MAR maxima agrees very well with thteoothers mod-
els (particularly the ERA-40 reanalysis). The analysis oMAR precipitation in 1991
shows the same overestimations as in 1990. This is assowdltethe "topographic
barrier effect” which modifies the horizontal flow, or contrémito raise air masses and

to produce condensation and thus precipitation during their faseeht (Brasseur et
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al., 2001). This excessive precipitation is also presemteriPblar MM5 model simula-
tions (Cassano et al., 2001) and HIRHAM4 model (Dethloff et al., 2002).dleedhis
error, MAR should be coupled with a rain disaggregator matdziqted RDM) as de-
scribed in Brasseur et al. (2001). A RDM takes into acconmtra accurate representa-
tion of the subgrid orography (notably the presence of valleysgh reduces the topo-

graphy barrier effect (Sinclair, 1994).

\Figure 2

5. MAR and satellite observations

[25] The melt zone intercomparison between MAR and SSMiltedkdata is lim-
ited to the ablation period, i.e. May-September. The san&lion is applied to the as-
sessment of the surface albedo because it remains coraiant 0.8 = dry snow al-
bedo) during the other seasons.

5.1. Melt zone

[26] The satellite derived melt extent evolution is ptbite Figures 3a and 4a to-
gether with the modelled daily melt average during the 1990888 summers. Three
different threshold values (represented by the error barused to detect melt in the
MAR snow pack: a LWC of 0.5 % (upper limit of the error barPo (the solid curve)
and 1.5 % (lower limit of the error bar) in the top metfsnow. The timing and amp-
litude of the simulated melt compare generally well wiile Abdalati and Steffen
(1997) data. In 1990 and 1991, the melt season begins at the eng ahdlands at the
beginning of October with respectively a maximum in early sidl990 and in mid-
July 1991. Secondary maxima, respectively in mid-July 1990 and thevéedt of June

1991, also agree with the derived satellite data set.

Figures 3& 4
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[27] The satellite derived melt signal is extremely lowseveral occasions, i.e. July
22-27" 1990, August 5471990, June 26-29991, August 83 1991 (Figures 3a and 4a)
by comparison with MAR. The SSM/I derived melt pattdoes not show melt in the
southwestern ablation zone during these periods (see also Figlitasbis most likely
an error in the satellite estimates since the southwestern melt zoseldsvet elevation
than the southeastern one. Moreover, melt was observed in the sstutbgion just be-
fore and after this period (Figure 5c). One possible explanation for #sisstihe occur-
rence of rainfall events on the ice sheet. Indeed, significgunt precipitation events
(see Figures 3b and 4b) occurred along the Greenland western coast. Theycatedss
with the presence of a low pressure in Labrador Sea andidmiwith the secondary
minima in the satellite derived melt extent. For exammte26 July 1990 and 27, 29 of
June 1991, 19 and 21, 8.5 mm W.E. of rainfall were respectivelgradzs at ETH-
Camp, West Greenland (Ohmura et al., 1992). This type of dianulacalled barrier-
type flow, tends to increase ablation on the ice sheéah (den Broeke and Gallée,
1996). This leads us to conclude that "no melt" in the westeati@blzone during this
period is unrealistic. This hypothesis is confirmed by FEdin (resp. 4c) and Table 2.
MAR and SSM/I derived data are much more consistent during thiegall days when
these zones are not considered. The zones where MAR simulatgstgtien higher
than 1 mm/day (Figure 5 bottom) correspond with the zones whergeaeiived data
do not detect melt. Note that such a problem was pointed obppler et al. (1992)
who mention that sea-ice concentration retrieval from passicrowaves becomes un-
reliable during precipitation events larger than 10 mm/day.

[28] In polar regions, optically thick clouds are scarce and riggjebeir influence
in passive microwave analysis is generally a good appetion. Currently, none of

passive microwave melt algorithms have included atmospharigbiity. The normal-
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ized nature of the XPGR method should mitigate the impacioaticcover. Although
the 19-GHz channel is the less sensitive to the atmosphetienc# (rainfall events), it
is not the case for the 37-GHz channel used also in the XP@mdne€hevallier and
Bauer (2003) use the latter to detect rainfall over ocedh$utdre passive microwave
analysis and/or algorithms to derive melt should try t@iporate atmospheric variabil-

ity especially during rainfall events.

Table 2

Figure 5

[29] Figures 6 and 7 compare the total number of ablation daysased by MAR
(Figures 6a and 7a) with the satellite-derived estim@iggires 6b and 7b) during the
period May-September in 1990 and 1991. The dotted line on the SSWIsplows the
MAR ice sheet margin to enable a better comparison between bothetdslt Melt dis-
tributions are very consistent with the satellite estw®dor both years and the melt is
well limited to the ablation and percolation zones. Althoughite sheet masks are not
the same, there are clearly less melt days in Abdalatsgeften (1997) fields along the
ice sheet margin than in MAR. These low altitude regions amts¢ sensitive to rain-
fall events that shadow the melt signal in Abdalati andf&tgfLl997) fields as shown
before. Therefore, this data set underestimates melt in those zones.

[30] MAR underestimates melt along the (south)eastern mouiigim summits, as
the ECHAM 4 model (Bugnion and Stone, 2002). On the one hand, MAR ovettestima
(solid) precipitation in this region. This decreases the LW@e snow pack, raises the
albedo and therefore reduces the melt. In view of the adtitdidhis region, no rainfall
events are simulated. On the other hand, the satelliteedevaues may constitute an
overestimation of melt in the high percolation area. Thestiwld LWC value of 1 % in

top metre of snow to detect melt was only validateBTdd-Camp in the ablation zone
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and should be compared with in situ data from a site Idaatéhe higher percolation
area. The snow pack characteristics in the ablation difez a lot from those in the
percolation zone and a similar LWC could have a different sighal. Table 2 and the
error bars in Figures 3a and 4a highlight the importance otli&e of the melt
threshold value. In addition, as pointed out by Torinesi ef28I03), the microwave
brightness temperature could be biased by numerous rock outcrops (®otddad in

this mountainous region.

Figures 6 & 7

5.2. Surface albedo

[31] The surface albedo observed at ETH-Camp in 1991 (Ohrmata £992), de-

rived from APP products and simulated by MAR is showniguie 8. Small-scale os-
cillations in AVHRR in Figure 8a fields are a known atif in the APP products (Stro-
eve, 2001). The comparison between these two plots supportgenpoiation method

of APP products to the MAR grid. Figure 8b also confirms the albditfAR to simu-

late the surface albedo at ETH-Camp (see also Lefebre et al., 2004).

Figure 8

[32] In Figures 9 and 10 are plotted the time evolution oftittace albedo aver-
aged in 1990 and 1991 over the four zones shown in Figure 1: abldéteon zone, b)
the percolation zone, c) the dry snow zone, and d) the tundra.

a) As observed in Figures 3 and 4, the surface melt stiatt® end of May in the abla-
tion zone in 1990 and 1991. This is in good agreement with the begiointhg al-
bedo decrease (Figures 9a and 10a). The sharp transdgmnafdry snow pack in
May to a wet snow pack in June is clearly visible in 1991is metamorphism is
more gradual in 1990. The albedo variations in June are assbwih snow falls

that temporarily raise the snow albedo. Bare ice (albederltiwan 0.55) begins to
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429 appear from the end of June and the albedo continues to decreasé the@gamim-
um value at the beginning of August, when the snow pack has deiypteelted in
many places. Two significant snowfall events found in bottHRR and MAR
432 fields at the end of July and at the beginning of August in sastie Greenland
temporarily increase the mean ablation zone albedo in 1991. Anthef August
1990 and in mid-August 1991, the melt season is over and fresh snow begins to cover
435 the bare ice. Then the albedo increases to reach thaltypiue of dry snow at the
beginning of September. During summer months, MAR overestimageslbedo
compared to that derived from satellite. Firstly the cloudaraintation in APP fields
438 tends to underestimate snow albedo. Secondly MAR can overestimasnow pack
height in some places because of overestimated snowvefalishown in Table 1.
Therefore, this restores the appearance of bare ice (Wotheat albedo) in the abla-
441 tion zone (Lefebre et al., 2004). Thirdly, the AVHRR albedae&slimay constitute
an underestimation. Stroeve et al. (2000) mention that theaff®ido values are on
average 10 % less than those measured by AWS stationsdrarary 1997 to Au-
444 gust 1998. This bias can be reduced to 6 % considering that the dpased-meas-

urements are also biased.

A N,
Py

b) In the percolation zone, there is a small albedo dexssociated with the moisten-
447 ing of the snow pack in June and July. But no bare iceaap@ad the albedo re-
mains above 0.7.
c) The snow pack remains dry in the dry snow zone (Figdoesnd 10c) and therefore
450 no significant variations are observed. The very small vanatin AVHRR albedo
are most likely due to cloud contamination. For example, splagoi clouds (di
Sarra et al., 2002) are abundant over the Greenland ice ghaeitdut are not de-

453 tected by the CASPR algorithm.
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d) The albedo evolution in the tundra area (Figures 10d and 11d) iargionihat in the
ablation zone with dry snow that becomes wet snow at thmriag of spring. A
grass surface appears in August once all snow has meltad Awvet snow pack
again covers the soil at the end of summer. MAR overagtgnunderestimates) the
albedo in May and June (in August and September). Besidessiblgooverestim-
ated MAR snow pack at the beginning of the spring, very fevectons are applied
to the satellite derived albedo in the tundra (albedo mimim 0.15). It is likely that
errors in the cloud mask significantly bias the APP fieldthis often cloudy region
located near the coast. These errors lower the derived albedo wisenil tekeovered
with snow and raise it when all the snow has melted theegrass. The cloud con-
taminated albedo varies generally between 0.3 and 0.7 aredotigeis higher than

the grass albedo (0.15) and lower than the snow albedo (0.6-0.8).

Figure 9 & 10

[33] Figures 11 and 12 illustrate the albedo evolution througtotire summer
months, i.e. (i) the transition from dry snow albedo to weirsalbedo first in the tun-
dra and ablation zone (May) and afterwards in the percolatina (June), (ii) the drop
in the albedo due to the complete melt of the snow pack abdva the tundra and ice
in the ablation zone (July), iii) the progressive increasalliédo at the summer end
(August) because of new snowfalls. As explained earlier, M#&estimates albedo on
the tundra when compared to the AVHRR estimates.

[34] In conclusion the retrieval of the snow surface allfexio satellite data is use-

ful for validating MAR over the ice sheet, but is difficult to interpretioudy areas.

Figure 11 & 12
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6. Conclusion and discussion

[35] The evaluation of three SMB parameters (precipitatiett, and albedo) simu-
lated by the coupled atmosphere-snow regional climate model M&een presented
for both the 1990 and 1991 ablation seasons over Greenland. MAR stas m&o
ERA-40 reanalysis with an update every 6 hours without reinittadizalhe simulation
starts at the end of the previous summer (theflSeptember 1989) to reduce the im-
pact of the snow pack initialization on the results. T¢tmumulation of the 1989-1990
winter is therefore simulated explicitly. Indeed previous sitiuia initialized on the*1
of May 1990 showed a very large sensitivity to the init@hditions used in the snow
model. The results are particularly sensitive to the Ingreow height and the snow
properties above the tundra and the ablation zone because tifetie feedback (Le-
febre et al., 2004). Precipitation has been compared wittuirolsservations and with
results from other models. Simulated melt days and albedo lbesere evaluated with
SSM/I-derived data (Abdalati and Steffen, 1997) and AVHRR all{€dwler et al.,
2000) respectively.

[36] MAR simulated precipitation agrees well in quantitg aistribution with res-
ults from i) the regional model HIRHAM4 (Dethloff et al. (20Q2)) the model from
Bromwich et al. (2001) and iii) the ERA-40 reanalysis. Whercarapare all four mod-
els with the observations from the DMI coastal weatheiosisit MAR is the closest to
the observations. However, MAR overestimates precipitatiosouthern Greenland
along the steep margins of the Greenland ice sheet, $yntdathe Polar MM5 model
(Cassano et al., 2001), and above the ice sheet near theD®mugh This is most likely
associated with the "topographic barrier effect” (Brassewl., 2001). This should be

investigated in the future by coupling MAR model with a rain disaggregaidein
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[37] The simulated extent and time evolution of the wetwvsnone is compared
with SSM/I-derived data (Abdalati and Steffen, 1997). MAR ueslEmates melt along
the southeastern mountain range, likely because of excessivetsaraiawfall. On the
other hand, the presence of nunataks in this region biases thes reemsing signal.
Melt retrieval algorithm detects very little melt compa@rto MAR along the ice sheet
margin. In fact rainfall events were found to perturb gtelste melt signal. This leads
to underestimated melt in SSM/I-derived data, espedialthese low altitude regions.
In addition, the threshold LWC value of 1 % in the top mefrenow to detect melt in
MAR fields was only validated at ETH-Camp situatedha ablation zone and should
therefore be further validated, e.g. for a higher percolaime site. Future passive mi-
crowave analysis algorithms used to derive melt shouldpocate atmospheric variab-
ility (as for example rainfall) that currently bias their results. Anaspheric model run-
ning at a sufficiently fine resolution could be used, to datEofall events on the ice
sheet and to improve melt retrieval algorithms.

[38] The comparison with AVHRR data enabled the validatiom theswhole ice
sheet of (i) the modelled surface albedo, (ii) the snow paokution and (iii) the snow
accumulation simulated by MAR. If the simulated snow paeight is too high at the
beginning of the summer, it delays the appearance of low alloess,zsuch as grass in
the tundra, and bare ice in the ablation zone, with an impattteoBMB. MAR snow
pack evolution agrees generally with AVHRR data. The l#atelerived albedo is prob-
ably still too contaminated by clouds over the tundra despite the siask. The cloud
detection, correction and interpolation in the AVHRR data nemafortunately a large
source of uncertainty in this comparison.

[39] Satellite data offer many advantages: continuous covee sheet in time and

space, compared to in situ observations, to validate moeiis. But, the comparison
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with MAR results also highlighted the large effect of weaitmnditions. Once valid-
ated, a model like MAR could be used to detect and correct bsadalite derived data
and to make new improved retrieval algorithms taking atiwount atmospheric variab-
ility.

[40] Currently, the satellites easily detect the mett rmt the melting volume.
However, it is more and more necessary to estimateaetuthe fresh melt water flux
from Greenland to study its impact on the Atlantic Ocaesulation and on sea level
rise. In view of the good agreement of the MAR simulatetting surface with the im-

proved satellite signal, MAR could provide a detailed estimation of thengeiblume.
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Table 1: Total 1990 precipitation (mm) for Greenland from tla@i€h Meteorological
714 Institute (Cappelen et al., 2000), ERA-40 reanalysis, MAR sititul, Bromwich et al.

(2001) and HIRHAM4 simulations (Dethloff et al., 2002). Belotwe tRoot Mean-

Square Error (mm) between observations and modelled preapitdtt bold are
717 modelled results closest to observed DMI data.

Station name Station DMI ERA40 MAR BO1 HIRHAM4
number (1°x1°) (25km x 25km)  (50km x 50km) (0.5°x0.5°)
Pituffik 4202 46.4 323.6 273.8 352.0 192
Tulissat 4216 4333 364.9 780.9 432
Aasiaat 4220  361.7 400.9 286.4 420.6 416
Sismiut 4230  358.1 606.7 566.9 361.9 344
Kangerlussuaq 4231 152.6 467.2 385.1 452.9 412
Nuuk 4250  690.2 904.6 729.1 679.5 936
Paamiut 4260  934.0 1089.0 811.8 1094.5 1435
Narsarsuaq Lufthavn 4270  794.6 1165.0 944.4 1059.2 1140
Qaqortoq 4272 998.5 1291.1 909.8 1093.4 1652
Station Nord 4312 3215 350.6 474.9 233.6 800
Danmarkshavn 4320  308.9 427.9 378.4 373.8 612
Tasiilaq 4360  906.3 1186.2 1008.2 1477.0 1596
RMSE: 238.42 147.87 239.24 398.4
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Table 2. The Root Mean-Square Error (in percentage of thenlanekice sheet area)
between melt extent simulated by MAR and derived from &3BmMmote sensing
observations (Abdalati and Steffen, 1997) in 1990 and 1991. Five ediffé\WC
thresholds (0.5%, 0.75%, 1%, 1.25%, 1.5%) are used to detect meltRnsiMidw pack.
In 3¢ and 4' column called "with rain correction", all the grid pointgh MAR daily
liquid precipitation greater than 1 mm/day have been not condidetke computation.
This table should be examined in conjunction with Figures 3 and 4.

Without corrections ~ With rain corrections

RM SE
1990 1991 1990 1991
MAR - LWC 0.50
% 5.08 5.32 4.10 4.70
MAR - LWC 0.75 3.83
% 3.85 4.36 2.94
MAR - LWC 1.00 3.92 3.54
% 3.10 2.34
MAR - LWC 1.25 3.76 3.56
% 2.77 2.26
MAR - LWC 1.50 3.80
% 2.80 3.86 2.54
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Figure 1. Map of the domain of the simulation showing the MA&ss balance zones
distribution used to initialize the snow model according éfebre et al. (2004) and
locations quoted in the text. From dark grey to light grey eni¢k sheet: ice sheet

ablation zone, percolation zone and dry snow zone.
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735 Figure 2. Cumulated precipitation (mm) from January 1990 to rbDeee 1990, a)
simulated by MAR, b) modelled by Bromwich et al. (2001),from the ERA-40
reanalysis, d) from monthly 1990 CRU climatology (New et al., 20€)0from monthly

738 1990 GPCC climatology (see http://www.dwd.de/en/FundE/Klima/Kht&PCC/)
and f) from monthly 1990 CMAP climatology (Xie and Arkin, 1997). Tésolution is
indicated in brackets. The MAR results are shown ontitudie-longitude grid for a

741  better comparison.
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Figure 3. a) Comparison between MAR simulation (solid liaefi SSM/I satellite

derived observations (Abdalati and Steffen, 1997) (dashed dingily average melt
extent zone in 1990. Melt is expressed in percentage of the Greenlahdatargea that
lies in the intersection of both MAR and SSM/I grids. Thald&erent LWC thresholds

represented by the error bar (0.5%, 1%, 1.5%) are used td ohetiein the MAR snow

pack. b) Percentage of Greenland ice sheet area where M#tRat@s daily rainfalls

greater than 1 mm/day. c) The same as a), but whetleearid points with MAR daily

liquid precipitation greater than 1 mm/day have been rethovaverage computation
of both MAR and SMM/I fields melt extent.
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Figure 4. The same as Figure 3 for 1991.
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756 Figure 5. Melt extent (in dark grey) derived from SMMdtedlite observation (Abdalati
and Steffen, 1997) (top row) and simulated by MAR (bottom rmwifferent dates.
The dark gray zones in MAR fields represent melt zones wWéfe simulates daily
759 liquid precipitation higher than 1 mm/day. The ice sheet extent is dravghtrgliey.
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Total number of melt days in 1990

Figure 6. Total number of ablation days from May 1990 to Sdperh990 simulated

762 by MAR (left) and from Abdalati and Steffen (1997) (righthe dotted lines represent
the MAR mass balance zone boundaries in the MAR figure (left) andAlReice sheet
extension in the SSM/I figure (right).
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Total number of melt days in 1991

Figure 7. The same as Figure 6 for 1991.
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Figure 8. Top: Observed (solid) and AVHRR (dotted) surfdioed® at ETH-Camp in
771 1991 (Ohmura et al.,, 1992); no corrections have been applied HKRRVproduct
(Fowler et al., 2000). Below: The surface albedo at ETH-Camulated by MAR
(dashed), observed (solid) and derived from AVHRR data (dottel)iaterpolation on
774 the MAR grid, removal of cloud contaminated pixels and cowastifor unrealistic
values (see section 3.2.2).
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777 Figure 9. Time evolution in 1990 of the surface albedo averaged a) on the abdaigon
b), on the percolation zone, c) on the dry snow zone, and diednridra simulated by
MAR (solid) and derived from APP products (Fowler et al., 2@68shed). See Figure

780 1 for the definition of the zones.
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Figure 10. The same as Figure 9 but for 1991.

v1.0

5 10 15

AUG

20 25 30

5 10
SEP

41/43



Fertweiset aL.: Greenland mass balance modeling 04/05/2007 - 11:16:11

a) May 1990 b) June 1990 c) July 1990 d) August 1990
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Figure 11. Monthly mean surface albedo for May, June, July amgligk 1990, from
786  AVHRR remote sensing observations (top) and simulated by N&w). AVHRR
values correspond to an average of available pixels after applicationabdaidernask.
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a) May 1991 b) June 1991 c) July 1991 d) August 1991
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789  Figure 12. The same as Figure 11 but for 1991.
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