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Abstract. To study near-surface melt changes over the
Greenland ice sheet (GrIS) since 1979, melt extent estimates
from two regional climate models are compared with those
obtained from spaceborne microwave brightness tempera-
tures using two different remote sensing algorithms. Results
from the two models are consistent with those obtained with
the remote sensing algorithms, at both daily and yearly time
scales, encouraging the use of the models for analyzing melt-
ing trends before the satellite era (1958–1979), when forc-
ing data is available. Differences between satellite-derived
and model-simulated results still occur and are here used to
identify (i) biases in the snow models (notably in the albedo
parametrization, in the thickness of a snow layer, in the
maximum liquid water content within the snowpack and in
the snowfall impacting the bare ice appearance in summer)
and (ii) limitations in the use of passive microwave data for
snowmelt detection at the edge of the ice sheet due to mixed
pixel effect (e.g., tundra or rock nearby the ice sheet). Results
from models and spaceborne microwave sensors confirm a
significant (p-value = 0.01) increase in GrIS surface melting
since 1979. Melt extent recorded over the last years (1998,
2003, 2005 and 2007) is unprecedented in the last 50 years
with the cumulated melt area in the 2000’s being, on the av-
erage, twice that of the 1980’s.

Appendix A Missing data

Correspondence to: Xavier Fettweis, Département de
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Table A1. Knowing that we have two passages by day for each pixel of the GrIS, this table lists the percentage of missing pixels in the raw
data set, the percentage of pixels which are linearly interpolated by filling gaps of 1-5 days and the percentage of remaining missing pixels
after the linear interpolations (i.e. percentage of gaps larger than 5 days)

Year Missing data linear interpolation over remaining
in the raw data set 1 day 2 days 3 days 4 days 5 days missing data

1979 56.9 37.3 0.0 12.3 0.0 1.3 5.9
1980 54.0 41.2 0.1 12.0 0.0 0.7 0.1
1981 54.9 41.3 0.0 13.0 0.0 0.6 0.0
1982 57.8 34.3 0.0 20.0 0.0 2.4 1.0
1983 54.8 41.5 0.0 12.3 0.0 1.0 0.0
1984 61.2 32.8 0.0 11.4 0.0 3.4 13.5
1985 56.2 38.9 0.0 12.1 0.0 0.8 4.4
1986 55.7 39.9 0.0 13.8 0.0 2.0 0.1
1987 29.6 19.2 0.8 8.0 0.1 1.0 0.5
1988 5.3 3.9 0.6 0.1 0.0 0.0 0.0
1989 9.9 3.2 2.3 2.3 0.5 0.6 1.0
1990 5.5 2.1 1.7 1.5 0.0 0.0 0.0
1991 9.4 6.3 2.6 0.3 0.2 0.0 0.0
1992 6.2 2.6 2.7 0.9 0.0 0.0 0.0
1993 1.9 1.8 0.1 0.0 0.0 0.0 0.0
1994 25.5 5.2 2.4 3.9 1.9 1.0 11.0
1995 3.4 2.9 0.5 0.0 0.0 0.0 0.0
1996 5.1 3.4 0.9 0.8 0.0 0.0 0.0
1997 2.1 2.0 0.1 0.0 0.0 0.0 0.0
1998 0.6 0.6 0.0 0.0 0.0 0.0 0.0
1999 0.6 0.6 0.0 0.0 0.0 0.0 0.0
2000 0.3 0.3 0.0 0.0 0.0 0.0 0.0
2001 0.1 0.1 0.0 0.0 0.0 0.0 0.0
2002 0.1 0.1 0.0 0.0 0.0 0.0 0.0
2003 0.3 0.3 0.0 0.0 0.0 0.0 0.0
2004 1.1 1.0 0.1 0.0 0.0 0.0 0.0
2005 0.9 0.9 0.0 0.0 0.0 0.0 0.0
2006 1.3 1.2 0.0 0.0 0.0 0.0 0.0
2007 1.4 1.1 0.2 0.0 0.0 0.0 0.0
2008 8.5 3.4 1.9 1.3 1.1 0.7 0.2
2009 14.2 3.8 1.2 1.6 1.4 0.8 5.4

Average 18.9 12.0 0.6 4.1 0.2 0.5 1.4
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Appendix B Passive microwave melt retrieval algo-
rithms

B1 Description

1. The most elementary approach to detect the presence of
meltwater within the snowpack is to use a spatially and
temporally fixed threshold value of T19Hthsd in Eq. (1)
over the entire GrIS. The threshold value can be esti-
mated either from theoretical considerations or from the
comparison between satellite data and ground observa-
tions.

2. Several authors (Zwally and Fiegles, 1994; Torinesi
et al., 2003; Picard and Fily, 2006; Tedesco, 2009)
proposed an adaptive T19H-threshold using the mean
brightness temperature over the previous cold season
(T19Hcold season) plus a ∆T19H as following:

T19Hthsd=T19Hcold season+∆T19H (B1)

This ∆T19H can be fixed (e.g. Zwally and Fiegles,
1994; Tedesco, 2009) or proportional to the winter
T19H standard deviation (Picard and Fily, 2006). Dif-
ferences in the ∆T19H values account for the different
sensitivities of the algorithms to the minimum amount
of liquid water content within the snowpack.

3. The difference between brightness temperatures col-
lected during ascending and descending passes (diurnal
amplitude variations = DAV) can be used to detect early
and late melt in the season (Tedesco, 2007).

4. Mote (2007) used a microwave-emission model to de-
termine the T19H threshold associated with a 1% vol-
umetric water content for each grid cell and each year
over the GrIS.

5. Abdalati and Steffen (2001) proposed a method based
on a combination of the K-band horizontal polar-
ized brightness temperature (T19H) and the Ka-band
(36.5 GHz) vertical polarized brightness temperature
(T37V) (called cross-polarized gradient ratio, XPGR)
to detect liquid water:

XPGR=
T19H−T37V

T19H+T37V
(B2)

An XPGR threshold value (XPGRthsd) is defined to
separate pixels containing wet snow from those with dry
snow. The threshold values were originally determined
by comparing XPGR values to the liquid water con-
tent (LWC) of the snowpack at the ETH-Camp (West-
Greenland, 69.6◦ N, 49.2◦ W) during the 1990 and 1991
melting seasons and correspond approximately to a
LWC of 1% by volume in the top meter of snow (Ab-
dalati and Steffen, 1997). Bare ice (melting or not) in

the ablation zone is also detected as melting by XPGR.
The XPGR threshold varies with the spaceborne pas-
sive microwave sensors according to Abdalati and Stef-
fen (2001). According to (Abdalati and Steffen, 2001),
the XPGR algorithm is sensitive to (sub-)surface melt-
ing and to the presence of liquid water in the snowpack
when the snow is refreezing at the surface at the end of
the summer.

In the following, we discuss more in details some of the
above-mentioned algorithms.

B2 Discussion

B2.1 Constant T19H melt threshold

In addition to the discussion made in the manuscript, an alter-
native to cross-calibrate the five sensors is to homogenize the
passing time in the SMMR-SSM/I data set. Picard and Fily
(2006) proposed a methodology to estimate the diurnal cycle
of the brightness temperatures from the two passes, by using
time series acquired by four different microwave radiome-
ters after 2002. However, uncertainties are still present no-
tably due to differences in the spatial resolution used by the
SMMR and SSM/I radiometers. Moreover, the inter-annual
variations of the brightness temperatures daily amplitude is
only known after 2002, which is not enough to apply reli-
ably this methodology to the whole spaceborne passive mi-
crowave data set.

B2.2 Adaptive T19H melt threshold

Another solution to the problem of uncertainties linked to the
sensors inter-calibration is the adoption of an adaptive T19H-
threshold, re-computed every year. However, the approach of
Picard and Fily (2006)

∆T19H=2.5σ T19Hcold season
(B3)

might overestimate melting over the dry snow zone, where
the winter standard deviation (σ T19Hcold season

) is very low.
For example, the algorithm in object detects more than
>100 days of melting at Summit (see Fig. B1) while no melt-
ing generally occurs at that location. If we increase the multi-
plicative factor (currently 2.5) in ∆T19H or if we use a fixed
∆T19H value (e.g. 30 K according to Zwally and Fiegles,
1994), the T19H-threshold becomes too high to detect melt
in the ablation zone where the annual cycle is very small as
pointed out by Mote and Anderson (1995).

B2.3 DAV

Over the SMMR period, the DAV-based technique using a
static DAV threshold value might not work properly (Fig. B2)
because the acquisition hours between SMMR and SSM/I are
shifted by about 7 h and the mean DAV is much lower for the
SMMR sensor. Moreover, over the ice sheet, there is often
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Fig. B1. The T19H time series for a cold area of the ice sheet (near Summit: 72.4◦N, 37.4◦W, 3250 m) and for a warmer area along the
east coast (near KULU: 65.8◦N, 39.6◦W, 87 8m). In red, the 10-day running mean. The annual threshold T19Hthsd using the approach of
Picard and Fily (2006) for Summit and using the approach of Zwally and Fiegles (1994) for KULU is plotted in dashed blue. Melting occurs
according to the previous cited algorithms if T19H is above this line.

a delay of 2–3 h in the acquisition time between the western
and the eastern coasts. Therefore a dynamic approach when
using DAV should be adopted (Tedesco et al., 2010).

B2.4 Edges tracking in T19H time series

An edge-detection approach might be detecting melting
events during winter as shown Fig. B1 where there are sev-
eral significant changes in the KULU station winter time se-
ries not corresponding to a melt event in most of the cases
(e.g. in December 1999 and 2001). The Automatic Weather
Stations (AWS) KULU comes from the Greenland Climate
Network (GC-Net) (Steffen and Box, 2001). Hoar, accumu-
lation, wind direction and surface temperature variability can
also induces large changes in the dry snow microwave emis-
sivity (Bingham and Drinkwater, 2000). In addition, along
the western ice sheet margin, the inter-annual variability is
low and the melt season is not delimited by clear edges in the
T19H time series.

B2.5 Microwave-emission model for estimating a T19H
melt threshold

The methodology of Mote (2007) is less sensitive than other
approaches to discrepancies due to changes in the passing
time over the years and pixels because the microwave scatter-
ing coefficients of the snowpack are derived from the T19H
at the beginning of every melt season. However, given the
lack of data, several properties of the snowpack (tempera-
ture, density and grain size) are empirically derived and used
in the retrieval, this being a source of uncertainty. Eventually,
results from the RCMs could be used to take into account the
inter-annual variability of the snowpack properties before the
melt season in this algorithm.

B2.6 XPGR-based melt detection

See discussion in the manuscript.
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Fig. B2. Time series of the GrIS June–July–August (JJA) mean of DAV for the five satellites of the spaceborne passive microwave data set.
In dashed blue, there is the average over the period covered by the four microwave satellites.

Appendix C Yearly melt extent analysis

In the list hereafter, we focus on single years (compared to
Figs. 5 and 6 of the manuscript) and discuss specific cases
when the RCMs outputs and remote sensing results agree or
not:

1982. The models favorably simulate a melting season limited to
the period June-August as detected by T19Hmelt. As mentioned
above, generally the melting season starts in May and lasts until
September. However, we see that MAR overestimates the melt ex-
tent in June and RACMO2 overestimates it in July.

1983-1992. During these summers, a very low melt extent value
is suggested by both the models and satellite after the El Chichon
(1983) and Mont Pinatubo (1992) eruptions. Volcanic eruptions are
known to induce cooling and low melting rate by injecting large
amounts of aerosols in the atmosphere, reducing the amount of solar
energy reaching the Earth surface.

1984. In July 1984, the melt extent simulated by RACMO2 is very
high compared to MAR and satellite.

1986. The models simulate successfully no melt on the north-west
of the ice sheet where the number of days with melt detected by
T19Hmelt (resp. ExtXPGR) is usually about 30 (resp. 60) days.

1987. Models underestimate the number of melt days along the east
coast compared to satellite. However, results from both satellite and
models agree regarding the highest melting event, occurring in June.

1989. A the end of May 1989, a very large melt extent is simulated
and observed (∼ 15% of the GrIS area) compared to the average
(<5% of the GrIS area).

1995. The succession of two high melt events interrupted by a
colder period at the beginning of July 1995 is well reproduced by
the models.

1996. MAR overestimates the number of melt days (detected with
the LWC threshold) compared to RACMO2 and ExtXPGR over
southern Greenland.

1997. The highest melt event occurring during mid-August (which
is very late in comparison with other years) is well captured by the
models.

1998. The melt extent is overestimated by RACMO2 (if LWC is
used as melt threshold) with respect to MAR and microwave data.

1999. The performance of both RCMs is antagonistic in 1999 with
an overestimation (resp. underestimation) of the melt extent simu-
lated by MAR (resp. RACMO2) at the end of June and the contrary
at the beginning of August.

2000. Both models and satellite agree to show three significant
melt events in 2000 while MAR overestimates the first one.

2002. Spaceborne microwave data shows a melt area at the north-
east of the ice sheet larger (reaching 2000m a.s.l.) and longer
(about four times the standard deviation) than normal. This positive
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anomaly is well simulated by the models while they underestimate
the melt period of 10 days.

2003. At the end of September 2003, satellite-based observation
and modelisation show a high melt event when the cold season has
normally already begun.

2005. In July 2005, the largest melt area is retrieved from satel-
lite although it is underestimated by 10% of the GrIS area by the
models.

2007. Summer 2007 presents an abnormal high number of melt
days (at least two times the norm) at the south of the ice sheet ac-
cording to Tedesco et al. (2008) . This is confirmed by the models.

2008. The 2008 melt season is about one month longer at the north
of the ice sheet than the average.

The legend of the figures hereafter are the same as Fig. 5
and 6 of the manuscript but for each year from 1979 to 2009.
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Fig. C1. The same Fig. 5 and 6 of the manuscript but for the Summer 1979.
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Fig. C2. The same Fig. 5 and 6 of the manuscript but for the Summer 1980.
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Fig. C3. The same Fig. 5 and 6 of the manuscript but for the Summer 1981.
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Fig. C4. The same Fig. 5 and 6 of the manuscript but for the Summer 1982.
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Fig. C5. The same Fig. 5 and 6 of the manuscript but for the Summer 1983.
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Fig. C6. The same Fig. 5 and 6 of the manuscript but for the Summer 1984.
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Fig. C7. The same Fig. 5 and 6 of the manuscript but for the Summer 1985.
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Fig. C8. The same Fig. 5 and 6 of the manuscript but for the Summer 1986.
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Fig. C9. The same Fig. 5 and 6 of the manuscript but for the Summer 1987.
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Fig. C10. The same Fig. 5 and 6 of the manuscript but for the Summer 1988.
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Fig. C11. The same Fig. 5 and 6 of the manuscript but for the Summer 1989.
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Fig. C12. The same Fig. 5 and 6 of the manuscript but for the Summer 1990.
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Fig. C13. The same Fig. 5 and 6 of the manuscript but for the Summer 1991.
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Fig. C14. The same Fig. 5 and 6 of the manuscript but for the Summer 1992.
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Fig. C15. The same Fig. 5 and 6 of the manuscript but for the Summer 1993.
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Fig. C16. The same Fig. 5 and 6 of the manuscript but for the Summer 1994.
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Fig. C17. The same Fig. 5 and 6 of the manuscript but for the Summer 1995.
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Fig. C18. The same Fig. 5 and 6 of the manuscript but for the Summer 1996.
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Fig. C19. The same Fig. 5 and 6 of the manuscript but for the Summer 1997.
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Fig. C20. The same Fig. 5 and 6 of the manuscript but for the Summer 1998.
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Fig. C21. The same Fig. 5 and 6 of the manuscript but for the Summer 1999.
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Fig. C22. The same Fig. 5 and 6 of the manuscript but for the Summer 2000.
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Fig. C23. The same Fig. 5 and 6 of the manuscript but for the Summer 2001.
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Fig. C24. The same Fig. 5 and 6 of the manuscript but for the Summer 2002.
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Fig. C25. The same Fig. 5 and 6 of the manuscript but for the Summer 2003.
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Fig. C26. The same Fig. 5 and 6 of the manuscript but for the Summer 2004.
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Fig. C27. The same Fig. 5 and 6 of the manuscript but for the Summer 2005.
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Fig. C28. The same Fig. 5 and 6 of the manuscript but for the Summer 2006.
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Fig. C29. The same Fig. 5 and 6 of the manuscript but for the Summer 2007.
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Fig. C30. The same Fig. 5 and 6 of the manuscript but for the Summer 2008.
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Fig. C31. The same Fig. 5 and 6 of the manuscript but for the Summer 2009.
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Appendix D Cloud droplets/rain concentration

See Fig. D1.
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Fig. D1. Time series of the GrIS summer average of the cloud droplets/rain concentration simulated by the MAR model. The value are
normalized here i.e.with a standard deviation of one and an average of zero.
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