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ABSTRACT. Snowmelt regions on Greenland ice are mapped daily with the SeaWinds
wideswath Ku-band (13.4 GHz) scatterometer on the QuikSCAT satellite. The approach
exploits the high temporal resolution of SeaWinds/QuikSCAT data for the melt mapping
using diurnal backscatter change independent of the absolute calibration. The results reveal
several pronounced melting and refreezing events, and effects of topography are evident in
the melt patterns. The spatial resolution is sufficient to identify melt features on the Sukker-
toppen Iskappe west of the main ice sheet. An anomalous warming event, caused by down-
ward mixing of warm air, is detected in late September 1999 over the west flank of the
southern Greenland ice sheet. Time-series images of melt regions are presented over the
period from summer to the fall freeze-up. The satellite observations are verified with in situ
measurements from the Greenland Climate Network stations.

1. INTRODUCTION

The vast Greenland ice sheet plays an important role in
regional and global climate (Konzelmann and Ohmura,
1995), and is an important component of the global hydro-
logic balance (Ohmura and others, 1996). The shortwave
incoming radiative flux absorbed by the snowpack can
increase significantly due to small changes in snow albedo,
in particular for a change from a dry- to a melting-snow
surface (Stroeve and others, 1997). Because the average
slope of the ice sheet is <1°, small changes in air tempera-
ture can result in large areal changes of dry- and wet-snow
facies (Abdalati and Steffen, 1995). The Greenland ice sheet is
thus a sensitive indicator of climate variability, as
demonstrated by the observed reduction in the melt area
after the eruption of Mount Pinatubo, Philippines (Abdalati
and Steffen, 1997).

Classification of Greenland snowmelt regions has
been investigated with different satellite datasets. With
radiometer data from the Special Sensor Microwave/
Imager (SSM/I), Mote and others (1993) used a single-
channel threshold method, Steffen and others (1993)
applied the horizontally polarized gradient ratio techni-
que, and Abdalati and Steffen (19935) employed the cross-
polarized gradient ratio approach. C-band synthetic
aperture radar (SAR) data have been used to classify dif-
ferent snow facies, including dry- and wet-snow zones, on
Greenland ice (Drewry and others, 1991; Fahnestock and
others, 1993; Jezek and others, 1993; Partington, 1998).
Absolute backscatter data from Ku-band scatterometers
such as Seasat-A Satellite Scatterometer (SASS) and
NASA Scatterometer (NSCAT) are also used to map
Greenland melt areas with an imaging period of 2 weeks
(Long and Drinkwater, 1999).

In this paper, we delineate melt regions on the Greenland
ice sheet using relative backscatter from daytime and night-
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time satellite overpasses of the current SeaWinds scatter-
ometer on the QuikSCAT satellite. Advantages of the melt
mapping using SeaWinds/QuikSCATdata include:

(a) high temporal coverage of the whole of Greenland twice
per day due to the very wide swath of the sensor,

(b) high sensitivity of Ku-band backscatter to snow wetness
with a dynamic range of more than one order of magnitude,

(c) use of relative backscatter independent of the absolute
calibration,

(d) detection of both melt and freeze-up of the snow,

(e) verification of satellite results with in situ data from the
Greenland Climate Network (GC-Net) stations, stra-
tegically located over different melt regions.

Our approach does not depend on the absolute back-
scatter and is independent of the long-term drift of the scat-
terometer gain. This allows consistent interannual
monitoring of melt regions, while the high temporal reso-
lution makes possible observations of weather events on a
daily time-scale.

2. SATELLITE AND FIELD DATA

The QuikSCAT satellite was successfully launched on 19 June
1999. The satellite carries the SeaWinds scatterometer for
ocean wind measurements (Tsai and others, 2000). The scatter-
ometer has been collecting data at 134 GHz (wavelength
224 mm) onboth ocean and land. Backscatter data, at a radio-
metric resolution of 7 km X 25 km, are acquired with the verti-
cal polarization (oyy) at a constant incidence angle of 54°
over a conical-scanning swath of 1800 km, and with the hori-
zontal polarization (oyp) at 46° over a 1400 km swath.

Due to the very wide swath, we select vertical-polariza-
tion data which cover the entire Greenland ice sheet twice
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Fig. I. Locations of GC-Net stations on the topographic map.

per day. The two local overpass times are around 6:20 and
are approximately 12h apart in a sun-synchronous orbit.
The satellite orbit was stabilized, the scatterometer perform-
ance was verified, and the calibrated science data have been
acquired since 19 July 1999. At that time, melt had occurred
on the Greenland ice sheet, presenting the first opportunity to
study diurnal variations of melt regions with the new dataset.

In conjunction with the satellite data, we use hourly in situ
measurements including air temperature, net radiation,
shortwave solar radiation and wind speed. The field data are
acquired at meteorological stations of the Program for Arctic
Regional Climate Assessment (PARCA) GC-Net (Steffen and
Box, in press). Figure 1 shows the locations of GC-Net stations
on the Greenland topographic map. In particular, stations
ETH/CU (69.569° N, 49.311° W; also called Swiss Camp) and
Crawford Point 1 (69.882° N, 46.974° W), Dye-2 (66.481° N,
46.280° W), South Dome (63.149° N, 44.817° W) and KAR
(69.700° N, 33.000° W) are strategically located in the west,
central, south and east regions, respectively, where snowmelt
typically occurs. Stations Saddle and NASA-SE would have
provided additional data; however, both stations stopped
transmitting via the satellite link in spring 1999, and the data
will be available after the on-site visit in summer 2001.

3. METHODOLOGY
3.1. Melt energy and snow wetness

The energy required for melting, M, is provided by the sur-
face energy balance given by the following equation:

M = Ry + (Fy — Fc) + A, (1)

where the total net radiation flux Rt = Rg + Ry, includes
the net shortwave (Rg) and the net longwave (Ry,) radi-
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ation fluxes, the heat flux Fg = F5 + F, consists of the sen-
sible- (Fg) and the latent-heat (F1) fluxes, Fg is the
conductive-heat flux, and A is an unknown source of energy
or an error term (Braithwaite and others, 1998). There is
usually a strong diurnal variation in the melt energy
(Braithwaite and others, 1998) because the main contributor
is incoming shortwave (solar) radiation and to a lesser
extent the sensible-heat flux, the turbulent flux of heat from
warm air to the colder surface (Steffen, 1995).

Melting or refreezing results in a difference Am, =
my(tp) — my(ta) in snow wetness my at different overpasses
of the satellite (¢, is for descending overpasses in late after-
noon and ¢, for ascending overpasses in early morning). We
call a region with |Amy| > W a melt/refreezing region,
where W is a positive number (see section 3.4). The implica-
tion is that my(t,) and m(t,) are non-zero, or either one
can be zero but not both. Thus, according to this definition,
there must be some liquid water in snow at some time, but
not necessarily all the time, in a given day for the region to
be classified as a melt region for that day. In this context, the
term “refreezing” includes total refreezing for dry snow
(my =0) and also partial refreezing when some liquid water
may still exist in snow (m, #0). A good proxy value to detect
surface melt is the near-surface air temperature that is avail-
able from the GC-Net automatic weather stations (Steffen
and Box, in press). We describe the detection of melt/refreez-
ing regions SeaWinds/QuikSCAT data in the following sub-
sections. The determination of the absolute energy balance
of the surface 1s not within the scope of this paper.

3.2. Backscatter signature of snowmelt

The principle of the melt-region delineation is based on the
high sensitivity of backscatter at Ku-band frequencies to
wetness in the snow cover. Ku-band backscatter of Green-
land snow comes from subsurface volume scatterers located
within different snow and ice structures. In fact, ground-
based radar measurements of dry snow at Crawford Point
indicate that the backscatter can be dominated by subsur-
face depth hoar and coarse-grain firn (Jezek and others,
1994). When the wetness in the snow surface layer increases,
Ku-band wave energy is absorbed and subsurface scatterers
are masked, resulting in a large decrease in backscatter.

Ku-band backscatter change is very sensitive to snow wet-
ness (Stiles and Ulaby, 1980). At 50° incidence angle, snow
backscatter can change by 6-10dB (a factor of more than 4
times to one order of magnitude) between the cases with dif-
ferent snow wetness and snow depth (Stiles and Ulaby, 1980).
Figure 2 illustrates the sensitivity of snow backscatter to wet-
ness. Ku-band backscatter is calculated from a physical
snow-scattering model (Nghiem and others, 1995) for the
vertical polarization at 56° incidence angle (SeaWinds scat-
terometer configuration). The calculated results also show
> 10 dB change from 0% to 5% volumetric snow wetness.
For a given amount of change in wetness, the backscatter
change is larger at the lower range of wetness values, as seen
in Figure 2. We do not have in situ observations of volu-
metric wetness of snow measured at the same time and at
the same place with QuikSCAT data used in this paper.
However, a few per cent or more of volumetric wetness in
the surface snow layer is typical for snowmelt in Greenland
(Denoth, 1985; Mote and Rowe, 1996).

The above measured and model results indicate that
backscatter in the Ku band is very sensitive to wetness in
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Fig. 2. Ku-band backscatter VV at 54° for different snow wet-

ness.

near-surface layers because backscattering from deep layers
is masked by the upper layers. Once the wetness in the sur-
face layers is reduced or frozen out, the backscatter increases
because the loss is reduced significantly (Nghiem and
others, 1995) and backscatter by ice grains in snow is very
strong at Ku band due to the Rayleigh scattering (Nghiem
and Tsai, 2001). While a larger wetness from former melt
events may exist in the deeper layers during the refreezing
process, strong scattering from the upper layers will domi-
nate the total backscatter and overwhelm any effect from
deeper layers.

Other factors influencing backscatter can be the depen-
dence of ice permittivity on temperature and changes in sur-
face roughness. However, the temperature dependence of
ice permittivity is weak (Vant and others, 1978; Tiuri and
others, 1984), and the snow surface roughness effect is small
('Isang and others, 1985) at the large incidence angle of Sea-
Winds/QuikSCAT data used in this paper. For a given pixel
at the 25 km resolution scale, backscatter data obtained in
ascending and descending orbits at different azimuth angles
can have slightly different local incidence angles due to the
non-zero slope of the local topography. However, effects of
the difference in the local incidence angles are small because
backscatter of both dry and wet snow is a weak function of
incidence angle (Stiles and Ulaby, 1980) around the Sea-
Winds/QuikSCAT incidence angle.

3.3. Approach

To delineate melt regions on the Greenland ice sheet, we
exploit the relative difference in SeaWinds diurnal back-
scatter data. Because of the large swath, the entire Greenland
ice sheet i3 measured in the early morning and again in the
late afternoon. We subtract co-located data in the decibel
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scale, between the early morning and late afternoon cover-
ages with a resolution of 25 km. Because the dB scale is log-
arithmic, the subtraction in thedB scale is equivalent to
taking the ratio in the linear scale.

To utilize the entire swath of the scatterometer, the
approach requires that the incidence angle is constant over
the whole swath because backscatter is a function of inci-
dence angle. Thanks to the conical scanning configuration
of the SeaWinds scatterometer, the incidence angle of ovy
is fixed at 54°. Therefore, it is not necessary to have exact
repeats of the orbit to obtain data consistently at the same
incidence angle. Unlike NSCAT with variable incidence angles
(Nghiem and Tsai, 2001), the constant incidence angle of the
SeaWinds scatterometer enables the use of its very large
wideswath, which makes possible the diurnal coverages
required in our approach.

In the late afternoon, snow could have melted due to solar
radiation and thermal effects throughout the day. In the early
morning, snow could have refrozen throughout the previous
night. This approach considers the backscatter difference
between the two overpass times. Note that backscatter is also
a function of grain-size as shown in Figure 2. In the refreez-
ing process, snow grains can coalesce and the effective size
increases while wetness decreases. These changes thus
enhance the ability of the relative backscatter approach to
detect a region where refreezing has occurred.

Another advantage of the method is that it is sensitive only
to the region on the Greenland ice sheet with snow cover.
Over bare land such as the barren coastal zone of Green-
land, backscatter is not as sensitive to diurnal changes, and
the method will classify the bare land as unchanged. The
method will not detect melting when an area becomes satur-
ated with meltwater during both daytime and night-time,
where the diurnal backscatter change is weak and the area
is classified with the green color. This is also the case for con-
tinuously melting bare ice. Another case is M = 0 such that
there is no change in snow wetness between day and night.
However, this case is not likely to occur often over a large
area, as it represents a situation where there is no diurnal
change in the melt energy.

3.4. Sign of wetness change

We define the diurnal backscatter change as the backscatter
difference given by

Aoyy = oyv(ty) —ovv(ta), (2)
where all backscatter values are given in the dB scale. Since a
larger wetness corresponds to a lower backscatter value, Aoyy
has the opposite sign to Amy. For a backscatter change more
than 1.8dB, corresponding to the lower end of backscatter
change in Figure 2, we classify the pixel to be in an active
melt/refreezing region. While a transition between dry and
wet conditions renders a large backscatter change as indicated
in Figure 2, it is not necessary for the snow cover to switch from
dry to wet condition for the melt region to be identified. The
melt region can be delineated as long as there is a difference in
wetness caused by either melting or refreezing.

For a positive backscatter change less than 1.8 dB and a
negative change higher than ~1.8dB (JAoyy| < 1.8dB), we
classify the region with a green color. This typically indicates
the condition in the dry-snow zone of the ice sheet. We assign a
blue color to areas where Aoyy < 0, representing the case of
wetter snow 1in the afternoon than in the morning. Inversely,
we use a red color for positive Aoyy as an indicator of wetter
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Fig. 3. Images of melt regions on the Greenland ice sheet in fuly and August 1999. Over the blue regions, five contour levels for 2—
10 dB backscatter change with 2 dB increments are denoted in white, yellow, light orange, dark orange and red, respectively. Over
the red regions, five contour levels for 2—10 dB backscatter change are denoted in dark blue, light blue, dark green, green and light
green, respectively. The locations of GC=Net stations are marked with the white ‘4 on the maps.

snow in the morning. Over a melt region delineated with
either a blue or red color, we overlay contour lines for the
backscatter change to indicate the intensity of the change.
Note that the dependency on grain-size (Fig. 2) does not allow
for estimates of absolute wetness change. The contours are
merely used to study the relationship with geophysical char-
acteristics of the Greenland ice sheet.

4. RESULTS
4.1. Summer melt patterns

We first study three cases at different times during the 1999
summer melt period. The results are presented in Figure 3
for satellite observations, and in Figure 4 for in situ tempera-
ture measurements from four GC-Net stations including
Dye-2 in the center, South Dome in the south, Crawford
Point 1 in the west and KAR in the east. The three images
in Figure 3 show melt regions in late July (21 July 1999), at
the end of July (31 July 1999) and in early August (6 August
1999). GC-Net temperature data are plotted in Figure 4, and
the dates of the three cases are indicated with the three verti-
cal bands in the temperature plots, where the horizontal axis
1s marked with ticks at the beginning of the dates.

The results reveal both areal extent and intensity of the
melt. In late July (21 July 1999), an extensive melt band
appeared along the west side of Greenland, and another
smaller melt band occurred along the northeast side. There
was no significant melt observed at the locations of the four
stations, except that Dye-2 was at about the edge of the melt
region. These observations agree well with the temperature
data in Figure 4, showing air temperatures well below freez-
ing, except Dye-2 temperature came up to within just a degree
below zero on 21 July. The contour in the left map for 21 July
1999 in Figure 3 indicates a very small area with a strong
backscatter change (8 dB) in the northern vicinity of Dye-2.

At the end of July (31 July 1999), the melt region was wide-
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spread in southern Greenland while the northeast melt band
had shrunk to a small area, as seen in the middle map in
Figure 3. Both Crawford Point 1 and Dye-2 were well within
the blue melt region, indicating that snow wetness in the
morning was lower than in the afternoon. In situ tempera-
tures at the two stations (Fig. 4a for Dye-2 and Fig. 4c for
Crawford Point 1) indeed show a diurnal warming cycle from
freezing conditions in the morning to positive temperatures
in the afternoon. The field-station data verify SeaWinds scatter-
ometer results that (a) melting occurred at those locations, and
(b) there was wetter snow in the afternoon. The net radiation
at Dye-2 peaked at 116 W m 2,
conditions, which was even higher than on the previous day
when the temperature had exceeded zero. At South Dome,
the contours show minimal wetness, in agreement with the
low temperature there (see Fig. 4b). At KAR in the east, there
was no melt observed by the satellite scatterometer, in agree-

an indication of overcast sky

ment with the low temperature measured at the station (see
Fig. 4d).

In carly August (6 August 1999), melt areas were still
extensive in southern Greenland, as observed in the right
map in Figure 3; however, this melt region became fragmen-
ted compared to the case at the end of July. A large melt band
extended in the northwest—southeast direction along the
higher side passing Crawford Point 1; unfortunately the
station data were not available. In contrast to the end-of-July
case, Dye-2 station was located within the “red” melt area,
indicating a higher level of melt energy in the morning. This
observation is verified with temperature data at Dye-2, show-
ing higher positive temperatures in the morning, as seen in the
in situ data plot in Figure 4a. The contours in the map for 6
August 1999 in Figure 3 suggests some melting around, but
excluding, South Dome station. Over the east side, the edge
of the melt region extended up to the south of KAR station.
In situ temperatures at both stations were approaching —1°C
close to the melting condition as seen in Figure 4b and d.
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Fig. 4. Air temperatures measured at GC-Net stations: (a) Dye-2, (b) South Dome, (¢) Crawford Point I and (d) KAR.

Figure 3 reveals melt patterns related to the geo-location
and topographic characteristics of Greenland. The west
coastal region, along the western melt band on 21 July 1999,
appears in green in the corresponding map because of the
snow-free coastal land. The red contours in the middle map
of Figure 3 show backscatter changes of 10dB or larger
around South Dome, passing Saddle and extending to the
north of Saddle. As discussed above, the backscatter change
can be >10dB, and the larger change corresponds to the
lower range of wetness value. In this respect, the melt pat-
tern on 31 July 1999 indicates a lower wetness distribution
over areas coincident with higher altitudes, as seen in the
topography presented in Figure 1.

The relationship between the pattern of melt regions
and the topography is also revealed in the right map in
Figure 3. The melt pattern exhibits four separated regions
extended from Saddle station. The two melt regions in the
north and south of Saddle are classified in blue, with strong

https://doi.org/10.3189/172756501781831738 Published online by Cambridge University Press

backscatter changes corresponding to wetness lower in the
morning over the higher elevations (see topography in Fig.
1). The other two melt regions to the west and east of Saddle
station appear in red, with smaller backscatter changes for
wetness higher in the morning over the lower elevations of
those areas. Another feature that shows the close relation
between the pattern of melt distribution and the topography
is the green area (boomerang-shaped) in the southwest
below KAR station.

We have derived daily maps of melt regions from the
summer well into the fall until early November 1999. The
time series includes more than 100 maps, from which we
select representative results to present the seasonal vari-
ations of melt regions on the ice sheet in Figure 5. The
time-series results show extensive melt in July and August
from the west to the east of southern Greenland, with the
largest melt areal extent in late July and early August. Later
in August, the melt regions are more limited toward the
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Fig. 5. Time-series images of melt regions on the Greenland ice sheet.

west flank of the Greenland ice sheet. Minimal melt activity
occurs in September and later into the fall season. We com-
pare the melt variations in Figure 5, derived from the satel-
lite scatterometer, with in situ temperatures measured at
several GC-Net stations shown in Figure 4, especially at
times when the station data indicate warm conditions.

At Dye-2, temperatures (Fig. 4a) are above freezing and
cooler in the morning of 24 July, closer to freezing on 30
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July, warmer in the morning on 3 August, closer to freezing
again on 7 August, and below freezing on the other dates.
Dye-2 temperature records agree with the satellite time-
series results showing Dye-2 station in the middle of the blue
melt region on 24 July, at the melt edge on 30 July, at the
south tip of the red melt region on 3 August, and at the melt
edge again on 7 August 1999. On the other dates (Fig. 5),
Dye-2 is either at the edge or in the dry region, except on


https://doi.org/10.3189/172756501781831738

Nghiem and others: Detection of snowmelt regions on the Greenland ice sheet

1999.09.21

* 1999.09.22

Fig. 6. Images of mell regions corresponding to an anomalous warming event in September 1999.

15 August when it is in the small red melt area. In this pecu-
liar case, the hourly mean temperature at Dye-2 is 2°C
below freezing; however, wind speeds measured at Dye-2
showed a strong three-fold increase from about 4ms ' to
12ms ' from morning to afternoon.

At Crawford Point 1, the air temperature (Fig. 4c) on 24
July increases markedly from the cold condition in the
morning to above freezing in the afternoon. At the time,
the melt region extends from Dye-2 up to Crawford Point
L. For the other dates in July—August, Crawford Point | tem-
peratures are at or below freezing and the station is at the
melt edge or in the dry region. An interesting case in the
time-series results at KAR station is on 3 August when the
temperature (Fig. 4d) is high, corresponding to the signifi-
cant melt region in the east on the Greenland ice sheet. At
South Dome, the temperature (Fig. 4b) peaks a little above
freezing on 30 July, when the contours in the map indicate
minimal melt at the station surrounded by strong back-
scatter changes. Otherwise, the image series shows mostly
dry condition at South Dome.

The melt patterns in the time series also exhibit recur-
rences that are related to physical characteristics of the ice
sheet. The arrows marked on the maps of 11, 15 and 19
August point to a recurring feature extending to the west
from the internal melt region on the ice sheet toward the
shoreline on the west coast. This feature coincides with the
Sukkertoppen Iskappe west of the main ice sheet. This is a
demonstration of the resolution of the QuikSCAT/Sea-
Winds data that is sufficient to pick up the melt features even
on the smaller ice caps surrounding the ice sheet.

4.2. September 1999 warming event

In September, air temperatures are usually below freezing,
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and no significant melt area is detected. However, the scat-
terometer clearly delineates an extensive melt band on 21
and 22 September 1999. This is located along the west flank
of the southern Greenland ice sheet as presented in Figure 6.
Moreover, the melt region appeared in blue on 21 Septem-
ber, which indicates more wetness in the afternoon as seen
in the left map in Figure 6. On the next day, the same melt
region turned red, suggesting less wetness in the afternoon,
as observed in the right map in Figure 6.

This melt band extends to the north over ETH/CU station,
providing in situ data for air temperature, wind speed, short-
wave solar radiation and net radiation (Fig. 7). On 21 Septem-
ber, the air temperature rose in the afternoon due to low-level
clouds (solar radiation decreased) and due to a strong increase
in wind speed. The wind increase is responsible for mixing
warm air from the inversion at the top of the planetary bound-
ary layer to the surface. This phenomenon has been discussed
recently by Steffen and others (1999). The net radiation became
positive at mid-day on 21 September. The warming effect
results in the surface melt in the afternoon.

On 22 September, low-level clouds had moved out of the
area and were replaced by thick medium-level clouds (Altos
type), which can be seen in the low solar-radiation values.
Wind dropped quickly to near-calm condition, with the
minimum wind below 1ms ' just after noon. The tempera-
ture plot in Figure 7 shows a decreasing trend from the early
morning into the late night. The net radiation decreased to a
minimum at about the same time as the wind minimum, as
evident in the corresponding plot in Figure 7. The satellite
scatterometer image on 22 September still shows a wet sur-
face in the morning and freezing in the afternoon. This case
demonstrates that the temporal resolution of the SeaWinds
scatterometer 1s sufficient to capture the short time-scale of
weather events.
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Fig. 7. In situ meteorological and radiation measurements at ETH/CU during the time period of an anomalous warming event in

September 1999.

5. CONCLUSIONS

Diurnal variations of melt regions on the Greenland ice sheet
are studied from the summer melt to the fall freeze-up in 1999.
Changes of melt regions are delineated daily with relative
backscatter differences between morning and afternoon
measured by the SeaWinds scatterometer on the QuikSCAT
satellite. Satellite melt-mapping results are verified with in
situ measurements from several GC-Net stations. Time-series
melt images reveal melt regions and their patterns during the
summer season. The wetness distribution patterns are shown
to correlate with the topography of the Greenland ice sheet.
Melt features are identified over the Sukkertoppen Iskappe
west of the main ice sheet. An anomalous short-term warm-
ing event is detected on 21-22 September 1999. While the
relative backscatter difference is consistent in the monitoring
of melt regions, absolute backscatter subject to a stable cali-
bration can also give further information on the conditions
of the ice-sheet surface.

Previous analysis of snowmelt using passive-microwave
satellite data from SSM/I by Mote and others (1993) and
Abdalati and Steffen (1995) showed a similar melt pattern
and a similar anomalous melting event found in June.
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Nevertheless, active backscatter 1s due to electromagnetic
wave scattering, and passive brightness temperature is sen-
sitive to emissivity and physical temperature (Tsang and
others, 1985). Therefore, combining active scatterometer
and passive radiometer such as SSM/I can provide comple-
mentary information for studying Greenland melt regions.
Such a combination requires co-registered data from differ-
ent satellites, results of which will be presented in a future
paper. More field experiments are also necessary in order
to obtain quantitative wetness distribution over the melt
regions from the satellite data.
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