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The 1988-2003 Greenland ice sheet
melt extent using passive microwave
satellite data and a regional climate mode

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

Abstract. Measurements from ETH-Camp and JAR1 AWS (West @aed) as
well as coupled atmosphere-snow regional climateilsitions have highlighted flaws in the
cross-polarized gradient ratio (XPGR) techniqueduse identify melt from passive
microwave satellite data. It was found that derdseds (causing notably rainfall) on the ice
sheet severely perturb the XPGR melt signal. Tloeeefthe original XPGR melt detection
algorithm has been adapted to better incorporat@sgiheric variability over the ice sheet
and an updated melt trend for the 1988-2003 péeraxibeen calculated. Compared to the
original algorithm, the melt zone area increaseight times higher (from 0.2 to 1.7 %%r
The increase is higher with the improved XPGR téplm because rainfall also increased
during this period. It is correlated to higher asipleric temperatures. Finally, the model
shows that the total ice sheet runoff is directtppwortional to the melt extent surface
detected by satellites. These results are impoftanthe understanding of the effect of

Greenland melting on the stability of the thermatectirculation.
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1. Introduction

[1] Understanding and estimating how the surface mekigignes of the Greenland
ice sheet respond to climate variability and change become=asingly important, to
accurately evaluate the impact of modified meltwatereffugn the thermohaline circu-
lation. Remote sensing has an enormous potential to monitoom#ie Greenland ice
sheet. Microwave data is particularly suited becausenbt obstructed by clouds. Ab-
dalati and Steffen (1997, 2001) developed the cross-polarizecegradiio (XPGR)
method to study interannual melt extent variations.

[2] We present here an intercomparison between the Greenldindxteat simu-
lated by a regional climate model and the one derived from satitidewith the XPGR
method. The model used is the MAR regional climate model (RCMghwwill be
briefly described in section 2. The MAR has been extensuadigated over Greenland
in 1990-1991 with in-situ measurements (Lefebre et al, 2003btest al., 2005) and
satellite derived data (Fettweis et al., 2005). The passierowave satellite data come
from the Special Sensor Microwave/lmager (SSM/I) which lbesen operational since
July 1987. They are available at a resolution of 25 km, equaktdIAR's resolution.
Section 3 presents the XPGR technique from Abdalati and Stgf89Y) used to re-
trieve the melt. The comparison with the melt extent simulated by MAR girgilinad-
equacies in XPGR during rainfall events on the ice sheett{dtie presence of dense
clouds). Improvements to the XPGR algorithm are presentedtiorsé. A high correl-
ation was found between MAR simulated runoff and satelliterel® melt extent. In
section 5, this allows us to deduce the total ice sheet rtroaifthe melt extent detec-
ted by satellite. Finally, updated trends of a melt extent increashawn in section 6.

2. MAR description

[3] The model used here is the RCM MAR (Modéle Atmosphérique Rdégiona
coupled to the SISVAT (Soil Ice Snow Vegetation Atmospheendfer) scheme. The
atmospheric part of MAR is fully described in Gallee @uwhayes (1994), while the
SISVAT scheme is detailed in De Ridder and Gallée (1998)raGallée et al. (2001).
The simulation starts in September 1989 and lasts till SeeteB02 with a resolution
of 25 km. We have used the ECMWF ERA-40 reanalysis to initialize theonadogical
fields on 1 September 1989 and to force the MAR lateral bowsdavery 6 hours. The
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schemes and the setup used here are fully described ireisettizval. (2005) that used
the first two years of this simulation.

3. Passive microwave satellite data

3.1. Data

[4] The brightness temperatures used for the remote sendingnomi&oring come
respectively from the SSM/I F-8 satellite (1987-1991), th®18E-11 satellite (1992-
1994) and the SSM/I F-13 satellite (1995-2003). These data arelgudyy the Nation-
al Snow and Ice Data Center (NSIDC, Boulder, Colorado). Thegreaaged on a regu-
lar grid of 25 km x 25 knand are available twice a day (Armstrong et al., 1994). Before
interpolating these data to the model grid, we have averaghdobtite satellite pas-
sages per day as Abdalati and Steffen (1997 and 2001) (nopedtresly AS1997 and
AS2001). Missing data have been corrected through lineapatédion in time if the
gaps were shorter than three days as in Torinesi et al. (2003).

3.2. XPGR method

[5] The approach of AS1997 is used here to deduce the melt extanthe ice
sheet from the satellite data. This technique has beenogedefor the Greenland ice
sheet by comparison with in-situ observations in the snok pad uses multiple fre-
guencies and polarizations to take advantage of their ddfeesponses to the Liquid
Water Content (LWC) increase inside the snow pack. Whemibthod detects melt, it
gives the LWC of the snow pack which is very useful to compare with a nfadather
algorithm has recently been developed by Torinesi et al. (2)8y only the 19-Ghz
horizontal polarized brightness temperature. But i) this technibas been
calibrated/validated only in Antarctica, ii) it detectsimhathe surface melt and not the
massive melt as observed in Greenland and iii) it does wettige LWC equivalent of
the snow pack. For these reasons, we use the AS1997 retrieval melt algorithm.

[6] The AS1997 method is based on the cross-polarized gradien{X8GR),
which is defined as the normalized difference between tHeH®horizontal polarized
brightness temperature (T19H) and the 37-GHz vertical polabrgtitness temperat-
ure (T37V):

T,(19H)-T,(37V) [1]

XPGR=—>
T,(19H)+T,(37V)
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A XPGR threshold value is then used to distinguish melhfnon-melt points. The
threshold values were determined by comparing XPGR to LWtheosnow pack at
ETH-Camp (Greenland) and by intercalibration between tferelnt data sets. The
XPGR threshold was determined by AS2001 to be -0.0158 for both SSM/I FF8EIhd
satellites and -0.0154 for the SSM/I F-13 data. The SSM/I Brightness temperatures
need to be intercalibrated to the F-8 baseline before tisesg thresholds (AS2001).
When XPGR detects melt, it corresponds approximately to a LWy volume in
the top metre of snow (AS1997). We use this last criteriodidtinguish melt in the
MAR simulation. According to AS1997, bare ice (i.e. when theatev snow pack has
completely melted and the ice appears) in the ablation zassusned to be melting in
the model.

4. Modedled and satellite observed melt extent

4.1. Improvingtheoriginal XPGR method

[7] Fettweis et al. (2005) found that the MAR simulated extent and time evolution of
the wet snow zone compare very well with the XPGR derivechatgs during the 1990
and 1991 melt seasons. During rainfall events on the ice sheetatellite retrieved
melt was however found to be underestimated by XPGR. The 19-GHzetl&known
be not very sensitive to the atmospheric variability (AS1997%)tha wavelengh of the
37-GHz channel is of the order of the diameter of water dropietise clouds which
contaminates the signal emitted by the surface.

[8] This bias can be seen in 1991 at ETH-Camp, located sokra d&ay from the
ice-sheet margin, close to the long-term equilibrium line, at 1154 m ARGR detects
melt when the LWC is above 1% by volume in the top metrenofv. Figure 1 plots
here the LWC of the observed snow pack above the ice (Ohmura et al., 1992). The LWC
reaches values above 1% during the whole period shown in Figure 1, except in mid-June
although XPGR detects melt. During this period, the heightebbserved snow pack
is about 1.4 m and the LWC of the top metre of snow is hittear the LWC of the
total snow pack because the melt water has not yet retuheldpths of the snow pack
at the beginning of the melt season. That is why XPGR deteddtdaring this event.
At the end of August, although the 2m-temperature is below degoees, the snow
pack is still detected as melting by XPGR because #eziing surface temperatures are
not low enough to refreeze the liquid melt water from deepea. &owever, XPGR
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123  fails several times to detect melt because the T37¥oisvarm, while the LWC of the
snow pack is above 1% and the 2m-temperature is aboveet@niy point. Rainfall
was observed at ETH-Camp in most of these cases whigestsgoerturbations in the

126  remote observed melt signal.

\Figure 1

[9] Some abnormal short gaps in the melt season detected by XPGR can also be seen

129  in Figure 2 at the JAR1 automatic weather station (AW&nfthe Greenland Climate
Network (GC-Net). This AWS is situated underneath ET&dnp at 962 m a.s.l. in the
ablation zone. During the warm 1998 summer, the snow paclobserved to melt

132 about 2.4 m of water equivalent, continuously from May @dtil the end of September
(Steffen et al., 2001). XPGR fails several times to detexdt during some days in the
melt season when i) it detects melt some days beforetaéielay considered and ii) the

135 observed (and simulated) 2m-temperature remains positive deacigof these small
episodes. Therefore the snow pack should continue to be detecteelting during
these days as it was observed on the site (Steffen 208all). For almost each of them,

138 low shortwave incoming radiative fluxes were measuredAf&1Jindicating dense
clouds, and rainfall was simulated by MAR most of the titeeainfall/snowfall epis-
ode at the end of May postpones the melt onset to thef28ay in XPGR fields. After

141  September Tthe snow pack begins to refreeze from the surface due to lower air temper-
atures, but the snow pack is still detected as meltezqause of the deeper liquid melt
water. The improved XPGR algorithm (see below) and MARaetuccessfully melt

144  continuously from May 22to the end of September (not shown here). Finally, a good
agreement between the measured and modelled 2m-tempevatuhéghlighted in Fig-
ure 2.

147 \Figure 2

[10] The perturbations, as discussed in the paragraph before, are largelyelset
clouds in the XPGR melt signal. This is also highlighte&igures 3 and 4 where ab-

150  normal low melt signals detected by XPGR are mostly agsacia rainfall events sim-
ulated by MAR. Hence the XPGR algorithm must be improvecettebincorporate the
atmospheric variability. During rainfall events notably, XPGR doesletaict melt most

153  of the time because T37V is abnormally high. The ideal solutiouldvbe to correct
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T37V but it is difficult to detect efficiently the perturbats due to atmospheric variab-
ility. Therefore, we propose four different improvements toXR&R algorithm. The
original XPGR melt retrieval algorithm from AS1997 togethethwthese fours im-
provements is denoted hereafter InpXPGR.
i) We impose the continuity of the melt season to remove glapder than three
days between two melting days. The XPGR method is aimddtext massive melt
i.e. when the LWC is higher than 1% in the top metre of siitverefore short gaps
in the middle of the melt season detected by XPGR, as stoawvn at ETH-Camp
and at JAR1 AWS, are mostly unrealistic. They are in general found tedaaed
with dense clouds mostly causing precipitation on the icet.shae clear that the
snow pack continues to melt when it is raining. When shiswing, the fresh snow
layer above the melting snow pack is normally insufficierddorease the LWC be-
low 1 % in the top metre of snow. In the middle of the semra snow pack with a
LWC of 2 % and more is usual and therefore more than 50 cmesth Snow is
needed so that the pixel is not detected as melting any. Ratker than dry fresh
snow addition, lower temperatures that refreeze the nakrvdeeper in the snow
pack can efficiently mask the melt signal. However, asvshat ETH-Camp and at
JAR1 AWS, periods of refreeze during the melt seasomtptss than three days
are too short to refreeze in depth the liquid melt watechvprolongs the remote
detection of the melt (AS1997). XPGR without corrections detects ssfatg melt
during these refreeze events. The satellites stops ta detéicat the end of the ab-
lation season until the subsurface snow has refrozen. Thection constitutes the
main improvement as shown both in Figures 4g and 5.
i) Pixels situated at lower altitudes than three adjapes where XPGR detects
melt are classified as melting pixels. Indeed, the tegelution of T19H is 69 x 43
km? and 37 x 28 krhfor T37V. These values are then interpolated on a regrithr g
(25 km x 25 kmpy the NSIDC. Therefore, the signal emitted by the icetshee-
gin pixels near sea, fjord or fresh melt water lakethie tundra or on the ice sheet
are contaminated by the water signal which is very diffefremt the snow/ice sig-
nal. This second correction allows to resolve this problem leoge extent. Never-
theless, the intersection of both MAR and AS1997 ice shedt (ramoving a part
of MAR ice sheet margin pixels) is used in both Figures 3 and 4 forex bethpar-
ison between XPGR and the improved XPGR.
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iii) For each year, we compute the mean T19H temperature¢hanstandard devi-
ation over time and over all the grids points where XPGRoffections i) and ii))
detects melt. We add half of the mean standard deviatittmstaverage. This com-
puted value is spatially constant and varies only interannualiynd 235K to take
into account differences between the three satellites b/IS$ata as the XPGR
threshold. If T19H is above this value, we assume that mels galace. On the one
hand, to remove eventual anomalies in SSM/I brightness tetapefeelds. On the
other hand, to detect melt along the ice sheet marginalt@rection a la Torinesi
et al (2003). The 19-GHz channel is chosen because it is thedeagive to the at-
mospheric variability. As for the second improvement, thisection improves the
remote melt detection along the ice sheet margin (see Figure 5).

iv) As for the third improvement, we compute the mean T19rperature and the
standard deviation but now when XPGR does not detect Weltsubtract half of
the mean standard deviation from this average. To remove &esnraremote
sensing observation, "no melt" is imposed if T19H is lowen tihés value (around
176 K). The third improvement adds melting pixels to the me#ated by the ori-
ginal XPGR at the beginning of the ablation season whereastitth fmprovement
removes rather melting pixels at the end of the ablation season (See Figure 4g).

Figure 3,4& 5

4.2. Comparison

[11] The agreement between the MAR simulated and thditeatefrieved melt be-
comes significantly better (Figures 3, 4 and 6) when ImpXR&GEsed. The statistics
are summarised in Table 1. MAR compares better with RR@en rainfall/snowfall
pixels are removed according to Fettweis et al. (2005).r&mval of rainfall pixels
does not improve the comparison with ImMpXPGR because thisdastts the melt de-
tection during rainfall. When snowfall pixels are removbe, agreement with ImpXP-
GR is better but the number of pixels taken into accourttancomparison is signific-
antly reduced. The yearly RMSE are shown in Figures 3 dredo#v each plot. The ab-
normally low satellite derived melt signal due to rainélents are now corrected in a
large part. See for example in Figures 3 and 4 the imprerts during the following
time periods: July 22-271990, June 27-301991, August 23-241993, July 11-12
1995, September 9-111996, August 31999, July 28-292000, and multiple episodes
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during the melt record years 1998 and 2002. The maximum melt exttin July
2002 (Steffen et al. , 2004) is well simulated. The minimum occurs imsurt992 due
to the eruption of Mount Pinatubo (AS2001). The rainfall perturbatioriee XPGR
signal become insignificant at the end of melt season wieemelt signal is then emit-
ted only by sub-surface melt water (see both last plotsgofré-4). When the surface
begins to refreeze, the melt signal comes mainly from the Tct@tdnel which is less
sensitive to the cloud liquid water contrary to the T37V channel.

[12] Both MAR and ImpXPGR detect much more melt than XR@GRg the ice
sheet margins (Figure 6). Indeed, the closer a pixel ietaérsheet margin, the higher
the probability to have rainfall or clouds with liquid water andHigher the probability
that XPGR is biased. As already pointed out by Fettwesd. €2005), MAR simulates
less melt along the eastern and south-eastern mountainous regibasaaf sheet than
the XPGR and the ImpXPGR estimates (Figure 6). MAR yikelerestimates (solid)
precipitation in this region which reduces melt (Fettweialgt2005), but microwave
brightness temperatures could be biased by numerous rock outooofe¢s) found in
this mountainous region (Torinesi et al., 2003).

Figure 6

5. Runoff

[13] Mote (2003) uses a Positive Degree Day (PDD) model tacddta runoff of
the Greenland ice sheet from the satellite derived mé&the Here we propose an es-
timation of the total ice sheet runoff coming from the neslient surface detected by
ImMpXPGR. It is clear that ImnpXPGR can not be used directly to tiuadmtally the run-
off because it is based on a threshold value. Moreoverutiedfrcomes mainly from
the low altitude regions along the ice sheet margin while IRPR sometimes detects
melt up to the crest of the ice sheet. However the more extemeleaett area, the high-
er the melt takes place, the stronger the melt will bevahdye the runoff. This hypo-
thesis is confirmed in Figure 7 where a high correlatb®.93 (resp. 0.84) is found
between the 1990-2002 daily total ice sheet runoff simulatddAfR and the ImpXP-
GR (resp. XPGR) melt area. Based on this hypothesis atiteddAR results, an em-
pirical estimation of the Greenland ice sheet runoff is nfemta the ImpXPGR melt
extent via this linear regression:
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Rugg,,,=ME g, < 80.48107—0.19 [2]

whereRusswi is the total ice sheet runoff in Rar' andMEsswiis the melt extent in km2
yr' detected by ImpXPGR. The coefficients of the regressimndie of course "model
dependent”. But, as far as we assume the linearity in tiisa¢®n to be correct, an in-
crease of the melt extent (easily detected by safetidrresponds to an increase of the
ice sheet runoff in the same proportions, no matter the runbhfévahe 1990-2002
RMSE between the MAR runoff and the IMpXPGR (resp. XPGRyele runoff estim-
ation is 0.53 (resp. 0.75) RnBy comparison with Mote (2003) and Box et al. (2004)
estimations, the runoff simulated by MAR (and then derivethfSSM/I) is lower (see
Figure 8), but it must be noted that the agreement with the satellite naei$ datod.

[14] The linear relation has a negative intercept. ImpXRi&tects melt when the
LWC of the top metre of snow is higher than 1 %. Before running off, a part of the mel
water is retained inside the snow pack assuming a maxinalua for the LWC or can
accumulate above ice or snow layers having high densitibsing saturated by liquid
water. The runoff of excessive internal and accumulatechaimneltwater in MAR
model is based on the work of Zuo and Oerlemans (1996) anddesanore in detail
in Lefebre et al. (2003). The maximum value of the LWC is chosen to be 0.0diagcor
to Colbeck (1974) and corresponds approximatively to a LWC of 3.y Yelome in
the top metre of snow that has a density of 500 kghmch is a typical value for a melt-
ing snow pack. Therefore, IMpXPGR detects the meltwatedt¢ginning of the abla-
tion season before it can be run off in MAR, which explains @gative constant in the
regression.

Figure 7

6. Mdt trend estimates

[15] Between 1988 and 2003, XPGR and ImpXPGR respectivelgt dater the
Greenland ice sheet an average increase of the cumulalieexteat of 0.2 % yt (+

0.003<10" km? yr') and of 1.7 % yt(+0.038x10" kn? yr?) (Figure 8a). The cumulated
melt extent is defined as the annual total sum of every dalgheet melt area. This

trend corresponds to a melt area increase of respectiQeddx10’ knm? and+0.581x
10" km? from 1988 to 2003 with a significance of about 85% for ImpXPGke Jigni-
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ficance has been tested using a Monte-Carlo method with 1,000r@0&tons of
autocorrelated data series with the same autocorrelasidhe ImpXPGR time series.
According to the previous section, we find this same trerttlartotal runoff of the ice
sheet. The positive trend is higher with ImpXPGR becaaseshowing the ERA-40
reanalysis and MAR, rainfall on the ice sheet increastts temperature (Box, 2002).
For the summers 1990-2002, MAR simulates an 0.20 “Gngrease of the mean air
temperature above the ice sheet and an increase of theatofall ron the ice sheet of
1.2 mm yr*. The trends of the mean melting area in June-July-August asalbfinS-
1997 (Figure 8b) and of the maximum melting area as Ste?@d2] (Figure 8c) are
also shown. But the cumulated melt area parameterettex Indicator of the total melt
of the year.

Figure 8

[16] The melt zone extension lies mainly in the northern pa@reénland (espe-
cially the Humboldt Glacier) and along the western coast in the highéoaltane and
in the percolation zone (Figure 9). In the lower wesgdation zone, no change is de-
tected by the satellites because melt occurs already almostsalwayg the melt season
(see Figure 6). Except near Tunu in the percolation zone, the changesydaswalong
the eastern coast and the trend is even negative on the Gtateau. In this region, the
trends (1990-2002) simulated by MAR are an increase of the alhowfdecrease of
rainfall and no temperature change which can explain thewaskarelt trends. Indeed,
more snowfall and less rainfall decrease the LWC in the snow p&xthe albedo and
therefore reduce the melt. Finally, these regional trendsagreement with AS2001
(see their Figure 3).

Figure 9

7. Conclusion

[17] A comparison between the Greenland melt extent sieaulst the regional cli-
mate model MAR and derived from SSM/I satellite dataldiesen performed. This has
highlighted some biases during rainfall events in the XPGR digofiAS1997) used to
retrieve melt area from passive microwave satellita.dehe XPGR technique has been
improved to correct the abnormally low satellite derivedtragnals during rainfall
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events. The agreement with the model has became cleady. @dte improved XPGR

method shows a cumulated melt area increase of 1.7 W038x10" kn¥ yr?) for the
period 1988-2003 (with a significance of about 85%). This increase is nséumyed in
the North and along the West coast of Greenland in the ice sheet percolatiom zoae. |
lower western ablation zone, no change is detected by tilbtea because melt occurs
already almost always during the melt season. The non-modifR@R technique
shows a lower change because the rainfall on the ice sheetldmaincreased which
partly masks the melt increase.

[18] Since 1988, the cumulated melt extent on Greenland has increased by almost 30
%. This trend agrees with recent observations highlighting rapid andstélsthanges
on the Greenland ice sheet due to a climate warming (Ketlal. (2000), Rignot and
Thomas (2002), Schiermeier (2004)). Moreover, the melt of thenlzned ice cap may
be irreversible (Toniazzo et al., 2004). By using model resuttishave shown that the
total Greenland ice sheet runoff is directly proportionahi melt extent detected by
the satellite. Therefore it is probable that the runoff e iacreased in the same pro-
portions which, combined to an ice discharge increase (Zwadlly,e2002) gives an in-
creasing fresh water flux to the North-Atlantic ocean. These reselisnportant for the
understanding of the effect of Greenland melting on the stability of the thdmmotia-
culation.
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Table 1. The 1990-2002 mean melt extent, correlation coeffieiadt Root Mean-
Square Error (RMSE) between melt extent simulated by MAR derived from SSM/I
remote sensing observations by XPGR and ImpXPGR algorithmeording to
Fettweis et al. (2005), MAR vs. XPGR "without rainfall/srallvpixels” means that all
the grid points with MAR daily liquid/solid precipitation greattan 1 mm/day have
been not considered in the computation. The RMSEs and averagegpaessed in
percentage of the Greenland ice sheet area that lies intdrsection of both MAR and
AS1997 ice mask (which covers 1.56 ¥ kfn?).

MAR XPGR I mpXPGR
Mean melt extent 8.73% 6.33% 8.62%
Mean melt extent 7.66% 6.08% 7.72%
(without rainfall pixels)
Mean melt extent 6.01% 4.79% 6.3%
(without snowfall pixels)
Correlation coefficient with MAR 0.87 0.95
qurelatio_n coefficient with MAR 0.90 0.95
(without rainfall pixels)
qurelation coefﬁcient with MAR 0.90 0.95
(without snowfall pixels)
RMSE with MAR 4.76 % 2.56%
RMSE with MAR 3.64% 2.44%
(without rainfall pixels)
RMSE with MAR 3.04% 210%

(without snowfall pixels)
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Figure 3. Daily mean melt zone extent detected by XPGR A840D97 (dotted), by the
improved XPGR (ImpXPGR) (solid) and simulated by MAR (a&hhfor 1990-1997.
Melt is expressed in percentage of the Greenland ice dreat that lies in the
intersection of both MAR and AS1997 ice mask (which covers 1.56¢° xm2). Also
shown is the percentage of Greenland ice sheet area MA&eimulates daily rainfall
greater than 1 mm/day (grey bars).
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f) Mean Melt Area [1990-2002] g) Improvements of ImpXPGR [1990—2002]

Figure 4. Same as Figure 3 but for 1998-2002. The last two platsd(g) show the
mean melt area for 1990-2002 and the mean relative effects of the foovements of

438 ImpXPGR to the original XPGR algorithm (AS1997) presented inisgeet.1. Also
shown in g) is the 1990-2002 mean percentage of Greenland ieeasha in which
MAR simulates daily rainfall greater than 1 mm/day ygbars). Note that the vertical
441  axis scales of the last two plots are different than before.
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Improvement n°l (55%) Improvement n°2 (18%) Improvement n°3 (21%) Improvement n® (6%)
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Figure 5. The number of ablation days per year, averaged lwef980-2002 period,
changed by the four corrections of IMpXPGR in comparisorh¢oariginal XPGR
algorithm detection. The first three improvements of ImpRP&Id melting days to
original XPGR algorithm detection. The last one from which theoklte value is
shown here removes melting days. The relative effeatagh improvement is also
indicated in brackets. Finally, this figure explains theedéhces between Figures 6.a
and 6.b.
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XPGR (AS1997) ImpXPGR MAR model
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Figure 6. Yearly mean total number of ablation days detegteXPiR from AS1997
(left), by ImpXPGR (middle) and simulated by MAR (right).
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Figure 7. Comparison between the total ice sheet runoff simulated by(IMAfn) and
the melt extent detected by XPGR (left) and ImpXPGRBh(i (in 1G km?) for the
period 1990-2002. The regression line is also plotted.
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Figure 8. a) Annually cumulated melt area detected by XPGR fr§&®87 (dotted), by
ImMpXPGR (solid) and simulated by MAR (dashed). b) Annually averagethsumean
melt extent defined by AS1997 (June, July, August). c) Maxirmet extent of the ice
sheet as in Steffen (2002). d) Total ice sheet runoff simulated by &aRlerived from
the melt extent detected by ImpXPGR. The trends for XR@&Red) and ImpXPGR
(solid) are also shown.
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Figure 9. Melt trend in (ablation days) (yletected by ImpXPGR for the period 1988-

468  2003. Negative trends are hatched. This map shows also thiersdatalic) quoted in
the text.
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