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[1] Time series of enhanced resolution QuikSCAT images were used to map the

extent and duration of surface melt and the distribution of ice layer formation on the
Greenland ice sheet in the period 2000—2004. Apart from the bare ice and the mixed
pixels (10%) along the ice sheet margin where melt cannot be determined reliably,
annual melt duration and melt anomaly maps were produced across the ice

sheet (90%) for each summer. Over the 5-year period, the mean melt duration for the ice
sheet ranged from 14.3 to 20.5 d. The proportion of the ice sheet that experienced melting
in a given year ranged from 44.2% to 79.2%. Extensive melt in 2002 was caused

by a single melt event of a few days duration. This event was associated with the intrusion
of a ridge of high pressure from the North Atlantic Ocean that brought warm air onto the
ice sheet. The change in biweekly averaged backscatter between the freeze up periods
in the current and previous falls was used to identify changes in the distribution of ice
layers in snow between successive melt seasons. The year 2002 had the maximum melt
extent and duration, and ice layer formation extended to higher elevations than in other
years. Interannual changes in the distribution of ice layer formation may be associated
with changes in surface height that are not necessarily indicative of mass balance changes.

Mapping of ice layer formation is thus potentially useful for interpreting both real and

apparent height changes measured by altimetry.
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1. Introduction

[2] The Greenland ice sheet plays an important role in
regional and global climate due to its high elevation and
large fresh water content. The total ice-covered area on
Greenland is 1.71 x 10° km? (including surrounding
glaciers and small ice caps), and the ice volume is estimated
to be 2.85 x 10° km>, equivalent to a sea level rise of 7.2 m
[Church et al., 2001]. However, there are still major
uncertainties in estimates of the mass balance of the ice
sheet [Cazenave and Nerem, 2004; Zwally et al., 2005]. The
amount of surface melt is an important component of the
mass balance, and the extent of seasonal melt on the ice
sheet is a good indicator of climate change [Bindschadler,
1998].

[3] The extent of surface melt on the Greenland ice sheet
has been studied at relatively coarse spatial resolutions (25 ~
50 km) with both passive [e.g., Mote and Anderson, 1995;
Abdalati and Steffen, 1995] and active microwave sensors
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[e.g., Jezek et al., 1994; Wismann, 2000; Nghiem et al.,
2001]. It has also been studied at relatively fine spatial
resolutions (1 ~ 6 km) with infrared sensors [e.g., Stroeve
and Steffen, 1998; Comiso et al., 2003; Hall et al., 2006].
These studies reveal large interannual variations in melt
extent that are related to the surface climate [Steffen and
Box, 2001] and to changing atmospheric circulation patterns
[Mote, 1998a, 1998b]. Using passive microwave satellite
data, Steffen et al. [2004] demonstrated that the area of the
Greenland ice sheet that experiences summer melt increased
by ~16% from 1979 to 2002. More recent studies indicate
that the cross polarized gradient ratio (XPGR) method used
by Steffen et al. [2004] may underestimate the extent of melt
considerably [Ashcraft and Long, 2006; Tedesco, 2007].
This raises the possibility that the change in surface melt
extent may differ from that reported by Steffen et al. [2004].

[4] Increased melt extent is likely to be associated with a
shift to higher elevations of the percolation zone of the ice
sheet, where ice layers form within near surface snow and
firn. This likely results in an increase in the near-surface firn
density in new areas of ice layer formation that, in the
absence of increased accumulation, would probably result in
a decrease of surface height in these regions. The resultant
elevation change would not necessarily be indicative of a
shift to more negative mass balance. Thus, although air-
borne laser altimeters [Krabill et al., 2004] and satellite
radar altimeters [Zwally et al., 1989, 2005; Davis et al.,
1998, 2000] can measure changes in ice sheet elevation,
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measurements of elevation change in the accumulation area
alone are insufficient to determine whether the changes
observed are due to changes in the rates of net snow
accumulation or firn densification [McConnell et al.,
2000; Zwally and Li, 2002]. In the lower accumulation area
of western Greenland, interannual variations of near-surface
firn density alone can cause surface elevation changes of the
order of £10-20 cm [Braithwaite et al., 1994]. Thus
monitoring changes in the distribution of ice layer formation
can help to identify areas where variable rates of firn
densification may contribute to measured changes in surface
height and can therefore facilitate the estimation of ice sheet
mass balance from altimeter measurements.

[s] Nghiem et al. [2005] first attempted to detect the
extent of ice layer formation in the percolation zone of the
Greenland ice sheet using QuikSCAT data. Their approach
was to subtract the biweekly averaged backscatter for a
period before a melt season from the biweekly averaged
backscatter for a period after the same melt season to
determine the backscatter change. They reported extensive
ice layer formation during the record melt year of 2002.
However, Nghiem et al. [2005] used fixed dates to deter-
mine the premelt and postmelt season backscatter patterns
over the whole ice sheet. This is potentially problematic
because of the large spatial variation in the dates of melt
onset and freeze up across the ice sheet, which means that in
many areas the method does not accurately characterize the
immediately preseason and postseason backscatter values.
Other possible limitations of this approach for ice layer
formation detection will be discussed in section 5.

[6] Although melt on Greenland has been studied exten-
sively with microwave and infrared sensors, most previous
microwave-based studies used data with relatively coarse
spatial resolutions of 25 to 50 km, and recent studies
indicate that the most widely used method applied to
passive microwave data (XPGR) and the diurnal variation
method applied to QSCAT active microwave data may
underestimate the extent of melt or be inconsistent in
detecting the timing and location of surface melt on the
ice sheet [e.g., Abdalati and Steffen, 1997; Nghiem et al.,
2001; Steffen et al., 2004; Ashcraft and Long, 2006;
Tedesco, 2007]. Approaches that utilize infrared imagery
detect melt through measurements of surface temperature,
which can only be estimated for clear sky conditions. The
surface temperature fields derived may suffer from cloud
contamination [e.g., Comiso et al., 2003; Hall et al., 2006].

[7] In the present study, enhanced resolution QSCAT
images with a spatial resolution of ~5 km [Long and Hicks,
2005] were used to detect surface melt on the Greenland ice
sheet on a daily basis during the period 2000—2004. The Ku
band QSCAT scatterometer data prove to be sensitive to
surface melt and are less susceptible to detecting subsurface
melt during periods of refreezing than the European Remote
Sensing satellite (ERS) C band scatterometer data [Ashcraft
and Long, 2006]. The goals of the study were to measure
the extent and duration of surface melt on the ice sheet, to
determine the spatial and temporal variations in melt occur-
rence at timescales ranging from days to years, and to
investigate the major geographical and meteorological con-
trols on the occurrence and duration of melt. In addition, we
introduce a new method for the detection of interannual
changes in the distribution of ice layer formation on the ice
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sheet and use it to identify regions of the ice sheet where
interannual changes in firn characteristics and the rate of
firn densification may be expected to impact the relationship
between altimetry measurements of surface elevation
change and surface mass balance.

[8] This paper is organized as follows: Section 2 provides
a short introduction to the sensor, the enhanced resolution
QSCAT products, and the in situ data used for validation.
Section 3 briefly describes the snow/ice facies/zones on the
Greenland ice sheet and their representation on a mean
winter QSCAT backscatter image. The method used to
generate a bare ice mask is described at the end of this
section. Section 4 explains the method used for melt detection
and presents results from its application. Section 5 presents
the method used to detect changes in the distribution of ice
layer formation and describes the patterns detected. Section 6
contains a summary and conclusions.

2. QSCAT Enhanced Resolution Imagery
and in Situ Data

[9] The QuikSCAT satellite was launched in June 1999. It
carries the SeaWinds scatterometer, which operates with a
conically scanning pencil-beam antenna and makes mea-
surements of the normalized radar cross section (0°) at
13.4 GHz (Ku band) frequency with two constant incidence
angles: 46° at horizontal polarization over a 1400 km
swath (inner beam), and 54° at vertical polarization over
an 1800 km swath (outer beam). It provides 90% global
backscatter coverage every 2 d with a 0.25 dB relative
accuracy [75ai et al., 2000]. The resolution of the original
data is about 37 x 25 km (“egg” data) and 6 x 25 km
(“slice” data) [Spencer et al., 2000]. Because of its wide
swath and orbit geometry, QSCAT observes the polar regions
multiple times each day, allowing reconstruction of surface
backscatter at finer spatial resolution. Enhanced resolution
products produced from QSCAT L1B data with the scatter-
ometer image reconstruction (SIR) algorithm [Long et al.,
1993; Early and Long, 2001; Long and Hicks, 2005]
were used in this study. The SIR algorithm was developed
specifically for resolution enhancement of satellite-borne
scatterometer data. It is a true reconstruction algorithm that
enables resolution enhancement by utilizing multiple over-
lapping passes and extracting information from the side lobes
of the measurement response function to generate the en-
hanced resolution product. Generation of the enhanced
resolution product involves a trade-off between temporal
and spatial resolution. Because of ascending-to-descending
swath overlap and day boundary effects in the polar regions,
there is large spatial variability in the timing of measure-
ments used to construct each (ascending/descending) image
[Hicks and Long, 2005]. The effective measurement
times (local) over the Greenland ice sheet are 11:00 to
20:00 for descending pass images, and 2:00 to 5:00 for
ascending pass images. Since most regions of Greenland
receive 24-h daylight during the summer months and the
data are available twice daily, we assume that the ice sheet
surface does not change much within the period of each day
represented by the enhanced resolution product. Thus we
also assume that variability in the time periods covered by
the enhanced QSCAT data will not introduce large errors in
the derived melt onset and freeze up dates.
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Figure 1. Average QSCAT backscatter (dB) in November
2000—2004. Dashed black contours are elevations m above
sea level (asl). Black triangles and number labels indicate
the locations of nine AWS and one cell in southeast (SE)
Greenland: 1,2,3 indicate JAR1, JAR2, JAR3, 4 indicates
ETH, 5 indicates Crawford Pointl, 6 indicates Tunu-N,
7 indicates Dye-2, 8 indicates NASA-SE, 9 indicates
summit, 10 indicates SE cell. White lines and number
labels define the nine topographic regions.

[10] Enhanced resolution QSCAT ¢° products are avail-
able in two forms, termed “eggs” and “slices” [Spencer et
al., 2000]. These differ in their spatial dimensions and
shapes. Egg-based SIR images have a nominal pixel reso-
lution of 4.45 km with an estimated effective resolution of
~8—10 km. Slice-based SIR images have a nominal pixel
resolution of 2.225 km with an estimated effective resolu-
tion of ~5 km [Long and Hicks, 2005]. Although lower
resolution, the egg products contain less noise and are less
sensitive to calibration errors. The backscatter of snow as
measured by QSCAT is stronger at horizontal polarization
than that at vertical polarization due to the lower incidence
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angle at horizontal polarization [Ulaby and Stiles, 1981]. To
capture the maximum melt signature, egg-based descending
pass horizontal polarization images were therefore used to
detect melt and changes in ice layer formation in this study.

[11] Near surface air temperature records from 9 auto-
matic weather stations (AWS) (see locations in Figure 1) in
the Greenland Climate Network [Steffen and Box,2001] were
used to assist in the interpretation of the QSCAT ¢ data and
to develop algorithms to detect melt and ice layer formation
on the ice sheet. Shape files of the Greenland ice sheet taken
from the Circum-Arctic map of permafrost and ground ice
conditions data set [Brown et al., 1998] were used as an ice
mask. Only pixels fully contained within the ice sheet were
used in this study so as to minimize mixed-pixel influences
on the measured backscatter.

3. Surface Facies or Zones on the Greenland
Ice Sheet

[12] The Greenland ice sheet can be divided into four
zones based on the unique physical properties of near surface
snow, firn, and ice facies [Benson, 1962; Fahnestock et al.,
1993]. The distribution of these zones is closely related to
the spatial patterns of surface melt and snow accumulation
and can sometimes be mapped by airborne or satellite-
borne microwave or visible and near-infrared sensors [e.g.,
Williams et al., 1991; Fahnestock et al., 1993; Jezek et al.,
1994; Long and Drinkwater, 1994, 1999]. Variations in
surface characteristics are clearly apparent in early winter
QSCAT images. Figure 1 shows the average November
backscatter for the 2000—2004 period. The high interior of
Greenland exhibits very low backscatter (yellow to blue).
Little or no melt occurs there during the summer (dry snow
zone) and the snow therefore has a low density and
relatively small grain size. The fine grains produce little
volume scattering at the Ku band frequency. However, 0 is
much lower in the southwest interior (blue areas) than in the
northeast interior (yellow to light blue areas) of Greenland.
This is related to the accumulation patterns over the ice
sheet. The northeast is located in the precipitation shadow of
the main ice sheet topographic barrier and receives mini-
mum snow accumulation [Ohmura and Reeh, 1991, Bales et
al., 2001]. Thus the snow grains are larger in the northeast
than in the southwest because they are exposed for longer at
the surface. In addition, model simulations suggest that the
small-scale surface roughness associated with wind scour-
ing of the previous summer surface or wind slab may
become a significant influence on backscatter where there
is relatively low accumulation [Long and Drinkwater,
1994]. Coarser grains, a rougher surface, and a relatively
larger contribution from the previous summer surface or
wind slab that is not deeply buried are the most likely causes
of the higher backscatter in the northeast.

[13] At lower elevations outside the interior dry snow
zone, there is a region with maximum backscatter (red).
This is the percolation zone, where some surface melt
occurs and meltwater percolates into the snowpack and
refreezes, producing ice lenses and pipes that cause the
strongest backscattering of the Ku band signal. Below this
region is a narrow zone of intermediate backscatter, the
saturation zone (roughly the yellow band around the lower
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limits of the percolation zone). Here the entire snowpack
reaches the melting point in summer as a result of latent heat
release by refreezing of meltwater. The firn in the saturation
zone is usually denser than in the percolation zone because
enhanced compaction occurs under higher temperatures
[Benson, 1962], and a solid ice layer can be formed within
the surface firn in some years. Although ice lenses can still
be present in this zone, they are probably less effective
backscatterers because of reduced penetration of the micro-
wave energy into the higher density firn or ice. Since the
saturation zone is so narrow, it is not easily distinguished
from the percolation zone with the 4.45 km pixel spacing in
the QSCAT images.

[14] At the lowest elevations, all the annual snow accu-
mulation is melted in the summer, exposing glacier ice. In
this zone, surface backscatter dominates and surface rough-
ness determines the magnitude of the backscatter. In the
early winter image (Figure 1), this region exhibits relatively
low backscatter (green to blue margins) compared to the firn
at higher elevations. This is probably the result of low
surface backscattering from the relatively smooth surface in
the bare ice zone and more volume scattering in the
saturation/percolation zones.

[15] The locations of the boundaries between the surface
zones vary from year-to-year depending on the extent of
surface melt during the summer. Although it is possible to
map the annual distribution of the zones using QSCAT data,
this is beyond the scope of this study. Because of difficulties
in detecting melt onset/freeze up in the bare ice zone of the
ice sheet (discussed in section 4), a bare ice mask that
defines the inferred maximum extent of bare ice during the
2000—2004 period was generated as follows. First, the
mean November backscatter was mapped for each year.
Then the minimum mean November backscatter recorded in
each grid cell over the 5-year (a) period was used to outline
the bare ice region. The strong gradient between low values
of ¢° in the bare ice zone and high values of ¢ in the
saturation/percolation zone was used as an indicator, and a
backscatter threshold of —6.9 dB was chosen to define the
upper limit of the bare ice zone. Only those low backscatter
regions at elevations below 1800 m were considered to lie
in the bare ice zone. A total of 78708 cells (1.58 x 10° km?
in area) were retained for analysis after removing the bare
ice and the mixed pixels along the ice sheet margin. When
the bare ice and mixed pixels are included, the total ice-
covered area on Greenland is 1.73 x 10° km? (excluding
small ice caps not connected to the ice sheet). Thus the bare
ice and the mixed pixels cover approximately 10% of the ice
sheet area. These pixels probably all experienced melt in
each summer due to their low elevations. Since we cannot
detect melt in them confidently, we excluded this 10% of
the ice sheet area from the analysis in this study. Thus the
results presented throughout this paper are only for the 90%
of the ice sheet where melt can be detected reliably.
However, assuming that all of the bare ice and mixed pixels
experienced melt each year, the extent of melt for the whole
ice sheet was also given where relevant.

[16] Of the 9 AWS stations used in the study (Figure 1),
three (JAR1, JAR2, and JAR3) are located in the bare ice
zone, one (Swiss Camp (ETH)) is located in the saturation/
percolation zone near the mean ice sheet equilibrium line
altitude (ELA), and another (Summit) is at the ice sheet
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summit in the dry snow zone. The other four stations are
located in the percolation zone [Steffen and Box, 2001].

4. Melt Detection and Results
4.1. QSCAT Melt Signature

[17] The basis for melt mapping is the reduction in Ku
band ¢° that occurs during the melt season. Liquid water in
snow dramatically increases microwave absorption and
masks out subsurface scattering, resulting in decreased o
at the onset of snowmelt [Ulaby and Stiles, 1981]. Figure 2
shows 4-a time series of o and mean air temperature for the
11:00 ~ 20:00 time window at the Crawford Pointl (CP1,
Figure 2a), Swiss Camp (ETH, Figure 2b), and JAR2
(Figure 2c) stations on the western flank of the Greenland
ice sheet (see locations in Figure 1). CP1 is located in the
percolation zone at 2022 m above sea level (asl), ETH is
located at 1150 m asl, near the mean ice sheet ELA, and
JAR?2 is located at 568 m asl in the ablation area (bare ice
zone) [Steffen and Box, 2001]. JAR2 is close to the ice sheet
margin, but still within the ice sheet mask. ¢ decreases
dramatically as the air temperature approaches the melting
point at the beginning of each melt season. As the melt
season progresses, however, ¢” exhibits very different
patterns of variation at the three stations. At CP1 and
ETH, the period of decreased ¢° is closely associated with
the occurrence of positive air temperatures throughout the
melt season; intermittent periods with air temperatures
below the freezing point correspond to periods when o
returns all or partway to its winter value. At JAR2, however,
o increases again within a few days of melt onset, even
though air temperatures remain positive. Above the ELA
(CP1 and ETH), the winter snow accumulation is not
completely removed during the summer, and the wet
snowpack greatly reduces ¢°. Below the ELA (JAR2),
however, all the winter snow is melted during the summer,
exposing bare glacier ice that, even when melting, may have
a rough surface with higher ¢° than the wet snow. The
timing of the increase of o° depends on the snow accumu-
lation in the previous winter and the melt rate of the snow.
As a result, freeze up dates and melt season duration cannot
be determined reliably for the bare ice zone. Grid cells in the
bare ice zone were therefore removed from the following
analysis by applying the bare ice mask described in section 3.

4.2. Melt Detection

[18] Wang et al. [2005] used enhanced resolution slice-
based QSCAT images to detect melt on ice caps in the
Queen Elizabeth Islands (QEI), Canadian high Arctic. In
this region, the mean values of the winter a° (Wmn: mean
backscatter for December, January and February) increased
with elevation, while the standard deviation of winter o’
decreased from the ice margin to the summit areas of the ice
caps. These features were used to establish the ¢° thresholds
used to detect melt over the QEI. Similar behavior was
found on the Greenland ice sheet, except that the highest
values of W, were found in the percolation zone, rather
than at the highest elevation regions of the ice sheet. This is
because the dry snow zone is extensive on the Greenland ice
sheet but very limited in most years on the QEI ice caps. In
the percolation zone of the Greenland ice sheet, o~ can
decrease noticeably over the winter at a single location,
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Figure 2. Time series of QSCAT ¢ and air temperature (°C) (11:00 ~ 20:00) at the (a) Crawford
Pointl (CP1), (b) Swiss Camp (ETH), and (c) JAR2 stations on the western flank of the Greenland ice

sheet (see locations in Figure 1) during 2000—2003.

(e.g., Figure 2a), while ¢° changes relatively little over the
winter on the QEI ice caps [Wang et al., 2005, Figure 1].
This is because high rates of snow accumulation occur in
some regions of the Greenland ice sheet [Ohmura and Reeh,
1991; Bales et al., 2001], and the backscatter from ice
lenses and pipes in the snowpack decreases as new snow
accumulates on the surface [Nghiem et al., 2005]. On the
QEI ice caps, winter snow accumulation rates are relatively
low [Koerner, 1979] and this effect is less marked. A
slightly different threshold-based melt detection technique
was therefore used to map melt on the Greenland ice sheet:

My =Wy, —a

(1)

MZ = Wmn -b (2)

Here, a and b are user defined constants. Using trial and
error and the available air temperature records, the optimal
values for a and b were identified as: a = 2.0, b = 3.0 dB.
For each pixel, all periods when either (1) ¢° remained
below M, for 2 or more consecutive days, or (2) o° dropped
below M, for 1 d, were categorized as melt days. Step 1
eliminates possible “false starts” in melt onset; and step 2
makes it possible to capture short periods of melt at high
elevations on the ice sheet. These thresholds work well for
most of the pixels. However, for some pixels (~2.6% of all
pixels) in the south and west of Greenland where the winter
accumulation rates are high, ¢° may decrease substantially
during the winter, with the result that the end of winter
(premelt) ¢° is already below the melt detection threshold.
For these pixels, more stringent thresholds (a, = 3.0, b, =
3.5) were used to avoid the false detection of melt onset.
The dates of melt onset and freeze up in each pixel were
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Figure 3. Melt extent and duration (number of days) in (a) 2000, (b) 2001, (c) 2002, (d) 2003, (e) 2004,
and (f) the 5-a mean. Regions which experienced no melt in a particular year are shown in white.

taken as the first melt day and the last melt day plus one,
respectively. The annual melt duration in each pixel was
defined as the time period between melt onset and freeze up
minus the duration of any melt-free periods within the melt
season.

[19] In addition to the observations from ETH and CP1,
air temperature records for the period 2000—2003 from
Dye-2, NASA-SE, and Tunu-N (all of which are located
in the saturation/percolation zone of the ice sheet) were used
to validate the estimates of melt duration from QSCAT.
There is a close correspondence between the melt durations
derived from the QSCAT data (MDgqs) and positive air
temperatures in the 1100—2000 time window (MDg). A
linear regression gives MDgs = 1.08 MDt + 3.7 d @ =
0.94, P < 0.001, standard error of the estimate of 7.9 d).
There is also a good relationship between MDgg and the
annual positive degree-day total (XPDD = 0.88 + 0.2542
MDgs + 0.0135 MDgg, r* = 0.95, p < 0.001, standard error
of the estimate = 12.8 PDD). This implies that the melt
season duration estimated from QSCAT is longer than that
derived from the air temperature records. There are three
possible reasons for this: (1) melt occurred under subfreez-
ing near surface air temperature conditions, which is most
likely at high elevations where the atmosphere is thinner,
and under clear sky conditions when short-wave radiation
receipts at the ice surface are high, (2) QSCAT still detects
subsurface meltwater when the ice surface freezes due to a
sudden drop of the near surface air temperature to below the
melting point, and (3) the melt thresholds are insufficiently
conservative and the melt season duration was overesti-
mated using QSCAT data.

[20] Since there are no field measurements of snow
wetness, it is not possible to directly estimate the accuracy
of the melt season duration estimated from QSCAT using
the chosen thresholds. However, the regression analyses
indicate that the estimated melt season durations are well
correlated with the air temperature observations and we take

the standard error of the regression estimate as a measure
of the uncertainty associated with our estimates of melt
duration.

[21] Ashcraft and Long [2006] compared the results of six
different methods (based on either o or passive microwave
brightness temperatures) used to detect melt over Greenland
in the year 2000. Three of the methods used a simplified
melt event model for melt detection. These “«-based”
methods are similar to the method used in this study
because they use melt detection thresholds based on micro-
wave attenuation in the wet snow layer. Ashcraft and Long
found that the a-based methods were consistent in their
assessment of the timing and location of surface melt. This
strengthens our argument that the estimates of melt extent
and duration generated in this study are suitable for use in
analyses of the spatial and temporal distributions of surface
melt over the ice sheet and their relationship to climatic
variability during the study period.

4.3. Melt Results, 2000-2004

4.3.1. Melt Extent and Duration

[22] Only ¢ measurements flagged as useable in the
QSCAT LI1B files are included in the SIR product [Long
and Hicks, 2005]. There are 4 d during the study period

Table 1. Mean Melt Extent and Mean Melt Duration Over the
Greenland Ice Sheet as a Whole During the Period 2000—2004

Melt Melt Duration Melt Duration Maximum Melt
Year Extent, % for All Cells, d for Melt Cells, d Extent,” %
2000 54.9 16.0 28.8 60.0
2001 442 14.3 32.1 50.1
2002 79.7 20.5 25.7 81.9
2003 48.2 18.6 38.1 54.0
2004 64.0 19.4 30.0 68.2

“The melt extent calculated on the assumption that all bare ice and mixed
pixels melted on at least 1 d each year is given.
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0 2 4 8 8

Figure 4. Anomalies in melt duration (days) relative to the 2000—2004 mean for the summers of
(a) 2000, (b) 2001, (c) 2002, (d) 2003, and (e) 2004, with dashed contours outlining regions that

experienced no melt in that year.

with missing data: days 132, 133, and 188 in 2001, and day
228 in 2003. The backscatter for these days was calculated
by linear interpolation from adjacent days. Figure 3 shows
the annual and average melt extents and durations for the
2000—2004 period. The maximum melt extent occurred in
2002, and the minimum in 2001. The percentage of the ice
sheet that experienced melt for at least 1 d in a given year
was calculated from the ratio of the melt area to the total
area (Table 1). Percentages calculated on the assumption
that all bare ice and mixed pixels experienced melt on at
least 1 d in each year are given Table 1; 2002 had the most
extensive melt within the 5-a period (79.7%), and 2001 had
the least extensive (44.2%).

[23] Figure 4 shows the melt season duration anomalies in
each year relative to the 5-a mean (Figure 3f). There was an
extremely positive melt anomaly in 2002 over west, east,
and northeast Greenland (north of 66°N). In the south dome
region of the ice sheet the longest melt season was in 2004
(Figures 3e and 4e). In 2001, melt anomalies were negative
over most of Greenland except for the northwest corner,
where melt extended to higher elevations than in any other
year of the 5-a period (Figure 4b). The mean melt duration
over the ice sheet in a given year was calculated for (1) all
cells, and (2) all cells that experienced melt in that year. The
mean melt duration (for all cells) was longest in 2002
(20.5 d) and shortest in 2001 (14.3 d), which is consistent
with the measurements of melt extent. However, the mean
melt duration for melt cells was shortest in 2002 (25.7 d).
This is due to the fact that the large melt extent in 2002 was
mainly attributable to a period of widespread melt over high
elevation areas of west, east, and northeast Greenland that
lasted for only a few days (Figure 3c) [7Tedesco, 2007]. For
melt cells, the mean melt duration was longest in 2003,

which is consistent with the air temperature observations at
the AWS sites (not shown) and the fact that the low
elevation regions of the ice sheet had extremely positive
melt duration anomalies in 2003 (Figure 4d).

[24] Of the 78708 cells, 68181 experienced melt for at
least 1 d during the 2000—-2004 period. The total area
affected by melt was 1.36 x 10° km?, or 86% of the area
of the ice sheet. This excludes the area of the bare ice mask
and mixed pixels, most of which probably experienced
melting each year. If these were included, the total area
affected by melt would be 1.53 x 10° km? (88%). The
average melt duration decreases rapidly as elevation increases
from the ice margin to the high interior (Figure 3f). To a first
approximation, areas above 2000 m in the north and 2500 m
in the central and south dome areas of the ice sheet
experienced less than 4 d of melt on average (grey to purple
region in Figure 3f). On average, 55% of the melt area
experienced melt for less than 1 week each year (grey to
cyan region in Figure 3f), and about 76% of the melt area
experienced less than 30 d of melt (grey to the upper limit of
the dark red region in Figure 3f). Only 13% of the melt
region experienced more than 60 d of melt.

[25] Figure 5 shows the 5-a mean melt duration, melt
distribution, and melt occurrence within each elevation
band. The melt distribution is defined as the percentage of
all melt pixels that occurred within each elevation band, and
the melt occurrence as the percentage of the pixels within an
elevation band that experienced melt. The melt duration
decreases as the elevation increases, and it decreases more
rapidly above 1400 m than at lower elevations. The melt
distribution curve shows that there are more melt pixels at
high elevations (>1800 m) than at low elevations. This
reflects the facts that the central part of the ice sheet lies at
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Figure 5. Average melt duration, distribution, and occurrence within each elevation band. The melt
distribution was calculated as the percentage of melt pixels within each elevation band in relation to the
total number of melt pixels over the Greenland ice sheet (68181). The melt occurrence was calculated as
the percentage of melt pixels in relation to the total number of pixels within an elevation band.

3000 m or more above sea level, that 87% of the ice sheet is
above 1,220 m asl [Putnins, 1970], and that most pixels at
low elevations were excluded from the analysis, either
because they were mixed pixels or because they were
located in the bare ice zone. All pixels below 1800 m
experienced melt (melt occurrence = 100%). Even for
elevation bands as high as 2800—-3000 m, nearly 75% of
pixels experienced melt during the study period.

[26] Stepwise regression indicates that the spatial pattern
of the 5-a mean melt duration can be well explained in terms
of surface elevation and latitude: MDgs = 364.69 —
0.0435h — 3.434y (¥ = 0.76, p < 0.0001), where h is
surface elevation (m), and y is latitude (degrees north). The
1% increases by only 0.002 when longitude is included in the
regression analysis. The correlation with elevation alone is
—0.64, while that with longitude is —0.18 and that with

. o
?‘gwﬁr . 'ﬂ'g\ L

&

1 8 1b 22 29 36 43 50 57 64 71 7B B3 92 100

latitude is —0.38. Thus surface elevation and latitude appear
to be the main influences on mean melt duration on the
Greenland ice sheet.
4.3.2. Seasonal Melt Cycle

[27] To illustrate the seasonal cycle of surface melt, the
daily melt extent was calculated for the period May to
October of each year. Figure 6 depicts the distribution and
occurrence of melt in each month from May to October. The
melt occurrence was calculated as the average percentage of
days with melt in each of these months over the 2000—2004
period. On average, melt starts in the middle of May along
the west and southeast coasts. In early June, melt begins to
spread and the melt extent increases rapidly, reaching its
peak in late June to mid-July. From mid-July, freeze up
begins to occur on the north and east flanks of the ice sheet
and the areal extent of melt begins to decrease. Melt ceases

Figure 6. Monthly mean melt extent and occurrence (%) in (a) May, (b) June, (c) July, (d) August, (e)
September, and (f) October. White represents areas that experienced no melt in that month.
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Figure 7. Daily melt extent (km?) from May to October
for the 2000—2004 period.

over most of the ice sheet by the end of September, but there
is still some melt in southern Greenland in October, espe-
cially in the west. This is largely due to the prolonged melt
in 2003. Although the melt extent is similar in June and July
(Figures 6b and 6¢), the melt occurrence is much higher in
July than in June for low elevation areas.

[28] Figure 7 shows the progression of melt extent in each
individual summer and the mean for the 5-a period. Each
year is characterized by a background seasonal cycle on
which up to 5 or 6 melt events of a few days duration are
superimposed. The melt extent can fluctuate considerably
during these events, the timing of which varies from year to
year. This will be discussed further later.

4.3.3. Regional Differences in Surface Melt

[29] In order to examine the regional variability of melt
extent and duration, the Greenland ice sheet was divided
into nine regions defined by topography. Because of differ-
ences in the orientation of topographic barriers relative to
the major streamlines of airflow over the ice sheet and the
distribution of warm air sources, these barriers play an
important role in dividing the ice sheet surface into different
climatic zones [Mote and Anderson, 1995; Ohmura and
Reeh, 1991]. The nine regions are similar to those defined
by Ohmura and Reeh [1991], although two of their larger
regions, Jakobshavn and Angmagssalik, were subdivided
into smaller regions to conform with the higher spatial
resolution of this study (Figure 1). The mean melt duration
in each of the nine regions was calculated for each summer
for the 2000—2004 period (Table 2). The percentage of the
ice sheet in each region that is excluded from the calculation
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because it consists of either bare ice or mixed pixels is given
in Table 2. In general, the melt duration is longer for regions
in west Greenland (regions 1, 2, 3, and 4) than for regions at
similar latitudes in east Greenland (regions 6, 7, 8 and 9),
and melt duration decreases from south to north. This is
consistent with the conclusion of Steffen and Box [2001]
that the climate on the eastern side of Greenland is colder
than that on the western side at the same latitude. Region 1,
in the southwest corner of Greenland, has a relatively low
mean elevation (2035 m) and the longest mean melt
duration (68.2 d). Region 7, which includes the highest
regions of the ice sheet, has the highest mean elevation
(2840 m) and the shortest mean melt duration (7.0 d).
Although 2002 had the most extensive melt extent and
duration in the 2000—2004 period for the ice sheet as a
whole (Table 1), only three regions on the eastern side of the
ice sheet (regions 6, 7, and 8) had their maximum melt
duration in 2002. Regions in the south and southwest had
their maximum melt duration in either 2003 (region 1) or
2004 (regions 2, 3, and 9). Although regions 2, 3, and 6—9
all had their minimum melt durations in 2001, region 5, in
the northernmost part of Greenland, had its maximum melt
duration in 2001. This demonstrates the highly variable
characteristics of surface melt over the different regions of
the ice sheet.

[30] The percentage of each region of the ice sheet that
was melting on each day of the year during the period
2000—-2004, and the 5-a mean for each region, is shown in
Figure 8. The southern regions (region 1, 2, 3, and 9) have
the longest melt seasons, extending from early May to late
October. The northernmost region (5) and the northeast
region (6) have the shortest melt seasons and are the last
to start melting, and the earliest to freeze up. The standard
deviation (SD) curves in Figure 8 show the interannual
variability of the daily melt extent from 2000—2004. Region 1,
where most pixels experienced melt every summer, has
the lowest SD, while region 6, where most pixels only
experienced melt in very warm years, like 2002, has the
highest SD.

4.4. Influence of Atmospheric Conditions on
Surface Melt Patterns

[31] To investigate the relationships between atmospheric
conditions and the extent and duration of surface melt,
correlations with the monthly mean geopotential height
from May to August during the 2000—2004 period (as
derived from the National Centers for Environmental Pre-

Table 2. Mean Melt Season Duration in the Nine Regions of the Ice Sheet®

Region 2000 2001 2002 2003 2004 Mean SD Elevation, m Percentage, %
1 70.2 61.3 58.1 80.1 71.3 68.2 8.7 2035 25.0
2 455 33.7 35.2 45.7 49.5 41.9 7.1 2242 11.9
3 21.2 16.9 224 22.1 27.6 22.0 3.8 2359 10.7
4 12.4 13.6 16.8 16.7 15.4 15.0 1.9 2259 42
5 7.0 13.8 11.3 11.7 10.4 2.8 1817 11.5
6 4.9 44 17.0 7.6 8.0 52 2198 8.6
7 4.8 3.5 10.8 7.0 . 7.0 3.0 2840 5.1
8 16.1 9.2 22.7 17.8 20.9 17.3 5.2 2633 22.0
9 34.6 28.5 35.2 35.1 40.7 34.8 4.3 2283 11.0

*Melt season duration is given in days. The 5-a mean duration, standard deviation, the mean elevation (m above sea level (asl)), and the percentage of the
ice sheet that is excluded from melt detection (bare ice and mixed pixels) in each region is also included.
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Figure 8. Annual and mean daily percentage of each region of the ice sheet that was melting as a
function of day of year during the period 2000—2004. The dashed black lines represent the standard

deviation of the mean.

diction/National Center for Atmospheric Research (NCEP/
NCAR) Reanalysis 1 [Kalnay et al., 1996]) were calculated
for each of the nine topographic regions on the Greenland
ice sheet. To find the pressure level that correlates most
strongly with the surface melt, separate correlation analyses
were conducted for the 700 hPa, 500 hPa, and 300 hPa
pressure levels (Table 3). Geopotential height at the 300 hPa
pressure level, the upper troposphere, correlates most
strongly with surface melt on the Greenland ice sheet. In
general, geopotential height at all three pressure levels is
better correlated with the monthly mean melt duration than
with melt extent. This suggests that melt duration might be a
better index of climatic conditions over the ice sheet than
the more widely used parameter, melt extent [e.g., Abdalati
and Steffen, 1997, 2001; Mote, 1998a, 1998b]. The corre-
lation coefficients between daily melt extent and 300 hPa
geopotential height for each region are reported in Table 3
and are similar to those derived from the monthly analyses.

[32] Figure 8 clearly shows a distinct melt event that
affected all the regions except regions 1 and 2 during the
period 27 June to 2 July (days 178—183), 2002. During this
event, melt reached the highest elevations on the northeast
side of the ice sheet (region 6) during the 2000—2004
period. This melt event was also observed using Special
Sensor Microwave Imager (SSM/I) brightness temperature

daily variations [7edesco, 2007]. Synoptic analysis indicates
that this event was associated with the intrusion of a ridge of
high pressure over the ice sheet from the North Atlantic
Ocean. Warm air advection by strong southerly flow asso-
ciated with this ridge of high pressure is the most likely
cause of the extensive melt on the ice sheet.

Table 3. Correlation Coefficients Between Monthly Mean Melt
Duration or Melt Extent and Geopotential Height at the 700, 500,
and 300 hPa Pressure Levels in the Nine Regions of the Ice Sheet®

700 hPa 500 hPa 300 hPa

Region. MD ME MD ME MD ME 300 hPa Daily ME
1 0.86 0.79 093 086 094 0.86 0.79
2 0.77 0.78 0.87 0.87 0.89 0.89 0.73
3 0.60 056 076 0.70 080 0.73 0.77
4 062 049 081 069 091 0381 0.80
5 052 055 068 073 073 0.78 0.69
6 033 036 053 059 059 0.66 0.62
7 048 040 070 059 075 0.62 0.69
8 053 046 071 062 077 0.67 0.71
9 0.70 066 0.79 0.76 080 0.79 0.75
Mean  0.60 0.56 0.75 0.71 0.80 0.76 0.73

“MD, monthly mean melt duration; ME, melt extent. The correlation
coefficients of daily melt extent and 300 hPa geopotential height during the
2000—-2004 period are given.
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Figure 9. Time series of QSCAT ¢° for Tunu-N and one cell in the southeastern (SE) corner of
Greenland (see locations in Figure 1) during the 2000—-2003 period.

4.5. Comparisons With Other Microwave Melt
Detection Methods and Results

[33] QSCAT data have been used to detect the extent and
duration of surface melt on the Greenland ice sheet in
previous studies [Nghiem et al., 2001; Steffen et al.,
2004]. Steffen et al. [2004, Figure 4] detected surface melt
using a diurnal variation method (Q-DV) and raw resolution
QSCAT data (25 km). Maps of the melt extent and duration
for the period 2000—2003 [Steffen et al., 2004, Figure 4] are
similar to those shown in Figure 3 for the same 4 a. The
maximum melt extent in 2002 is larger in their map than in
ours. We suspect that this is probably related to the lower
temporal resolution and timing of the enhanced SIR prod-
uct. The overpass times of the raw QSCAT data used by
Steffen et al. [2004] are about 6:00 for ascending and 18:00
for descending passes. However, the effective measurement
times are 11:00 to 20:00 for the descending pass SIR images
used in this study. Thus the SIR product may not detect
short melt events at high elevations that occurred only in the
late afternoon. Overall our maps are less noisy and show a
finer melt duration pattern than their maps, this is likely due
to the averaging involved in the enhanced resolution SIR
product.

[34] Ashcraft and Long [2006] compared six different
melt detection methods based on either o° or passive
microwave brightness temperatures over Greenland for the
year 2000. They found good spatial and temporal correla-
tions between the melt patterns detected by the 3 a-based
methods. One of these methods (the Q-a method) is very
similar to the method employed in this study. Ashcraft and
Long [2006] used a single threshold (3 dB below the winter
mean backscatter) to detect melt, while we used two thresh-
olds in this study. Nevertheless, the extent of melt derived
for the year 2000 using the two methods was very close:
58% of the ice sheet for Q-a method of Ashcraft and Long
[2006, Table 2], and 60% in this study (in Table 1). The
small difference of 2% may be due to the difference in the
spatial resolution of the QSCAT data used in the two
studies: 8.9 km in Q-q, 4.45 km in this study. Compared
to the a-based methods, the Q-DV method underestimated
melt duration considerably, especially at low elevations,
because it is based on a sufficient but not a necessary
condition for melt detection [Ashcraft and Long, 2006].

[35] Greenland melt extent has also been measured using
passive microwave data [e.g., Mote and Anderson, 1995;
Abdalati and Steffen, 1995, 1997; Tedesco, 2007]. Com-
pared to passive microwave sensors, such as the SSM/I,
QSCAT is more sensitive to melt and detects a larger melt
extent on the ice sheet during the same period [Steffen et al.,
2004; Tedesco, 2007]. However, Ashcraft and Long [2006]
indicated that different melt detection methods applied to
the same sensor can derive very different estimates of melt
extent and duration. Therefore caution should be exercised
when comparing results from the different methods and
Sensors.

5. Interannual Changes in the Distribution of
Ice Layer Formation
5.1. Ice Layer Formation: Signature and Detection

[36] Figure 2 shows a 4-a time series of QSCAT o at
three AWS locations. At CP1, (Figure 2a) there were
obvious jumps in ¢” between the periods immediately
before and after the 2001 and 2002 melt seasons. Nghiem
et al. [2005] observed a similar phenomenon in 2002 at the
NASA-E weather station (see location in Figure 1). At
NASA-E, field observations confirmed that the main cause
of the ¢° jump was a 2-cm-thick ice layer in the snowpack
and a number of vertical percolation features. As snow
accumulates in the following winter, these ice layers
become buried and their contribution to ¢° becomes weaker
because of two-way attenuation of the microwave signal in
the snow [Nghiem et al., 2005]. This explains the decrease
in 0° over the winter (Figure 2a), the magnitude of which
appears to depend on the amount of snow accumulation. For
low accumulation areas, such as the northeast of Greenland
[Ohmura and Reeh, 1991; Bales et al., 2001], the over-
winter decrease in o is negligible. For example, at Tunu-N
(Figure 9), o increased from ~—6.0 dB to ~—3.0 dB over
the summer of 2002 because of ice layer formation during
that summer, but it decreased by only about 0.8 dB over the
winter of 2002—-2003. For areas such as the southeastern
corner of Greenland, where the snow accumulation is
greatest [Ohmura and Reeh, 1991; Bales et al., 2001], the
over-winter decrease of ¢ is much larger, though variable
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Figure 10. (a) Average melt onset dates and (b) melt freeze up dates during the 2000—2004 period.
Dates are given in terms of day of year, and the averages at each pixel were calculated using all melt
onset/freeze up dates for years when melt occurred in the pixel. White represents areas that experienced
no melt during the 5-a period.

Figure 11. Changes in the biweekly averaged backscatter between the freeze up periods in the current
and the previous fall in (a) 2000, (b) 2001, (c) 2002, (d) 2003, and (e) 2004. The solid white and black
contours represent the upper limits of melt for the current and the previous summers, respectively.
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(Figure 9). It was ~2.0 dB over the 2000—2001 winter, and
~5.0 dB over the 2002—-2003 winter.

[37] Nghiem et al. [2005] developed the first algorithm to
detect ice layer formation on the Greenland ice sheet. Their
approach was to subtract the biweekly averaged backscatter
for a period before a melt season from the biweekly
averaged backscatter for a period after the same melt season
to determine the backscatter change. A possible limitation
of this approach is that, in many regions, o° may change
between the end of one melt season and the start of the next
because of attenuation by winter snow accumulation. Since
the magnitude of attenuation is probably a function of the
magnitude of over winter snow accumulation, this implies
that the magnitude of ice layer formation suggested by the
over-summer change in o° will be a function of the end of
winter ¢°, and hence of the over-winter snowfall. Another
possible limitation of the Nghiem approach is that fixed
dates were used to mark the start and the end of the melt
season, when in reality these dates can vary considerably.
Figures 10a and 10b show the average melt onset dates and
freeze up dates, respectively, over the ice sheet during the
2000—-2004 period (the averages for each pixel were calcu-
lated using all melt onset (freeze up) dates for years when
melt occurred in the pixel). From the ice sheet margin to the
high interior, melt onset dates ranged from <day 150 (~the
end of May) to >day 220 (~beginning of August). The
freeze up dates ranged from <day 180 (~the end of June) at
the highest elevations to >day 260 (approximately mid-
September) at the lowest elevations. Thus the use of fixed
melt onset/freeze up dates to define the melt season for the
whole ice sheet will result in some bias in the derived extent
of ice layer formation (because ¢® may not have reached its
end of winter minimum at some sites by the date chosen to
define the start of the melt season, while at other sites it may
have decreased from its end of summer value by the date
taken to define the end of the melt season).

[38] To avoid these problems, a different approach was
used to identify changes in the distribution of ice layer
formation in this study. This approach compares the mag-
nitude of ¢° between biweekly periods starting two weeks
after the end of successive melt seasons, and assumes that
the larger the increase in o° between successive melt
seasons, the greater the increase in ice layer formation
between the two melt seasons. Where ¢ decreases between
melt seasons, this implies reduced ice layer formation in
melt season 2. For the purposes of these calculations, actual
freeze up dates for each pixel were used instead of fixed
dates to determine the timing of the end of each melt season.
For pixels that experienced no melt in a given melt season, a
fixed date, 31 October was chosen as the reference date, and
the biweekly averaged o” was determined for those pixels
as well.

5.2. Changes in the Distribution of Ice Layer
Formation, 2000—-2004

[39] Maps of the changes in the biweekly averaged ¢° in
each of the 78708 cells between successive end of melt
season periods for the years 2000—2004 are shown in
Figure 11. The solid white and black contours represent
the upper limits of melt for the current and the previous
summers, respectively. The yellow to red represent regions
where there was an increase in backscatter from ice layers in
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the snowpack relative to the previous fall. The darker the
red, the larger is the increase in backscatter. Typically, large
increases in backscatter occur in regions where the upper
limit of melt in the current summer lies inside the limit in
the previous summer (for example, the extensive region that
encircles much of the northern part of the ice sheet in 2002
(Figure 1lc)). The cyan to blue represent regions with
decreased backscatter. Typically these are regions where
the upper limit of melt in the previous summer lies above
the upper limit of melt for the current summer (for
example, the region that runs north-south along the western
side of Greenland in 2001 (Figure 11b)). Figure 11 reveals
significant variations in the extent and distribution of new
ice layer formation during the 2000—2004 period. Melt
duration maps (Figure 3) indicate that ice layers can be
formed with only a few days of melt in most areas of the
percolation zone.

[40] Overall, the most extensive increase in the area of ice
layer formation in the west, east, and northeast of Greenland
occurred in 2002, while in southern Greenland it occurred in
2004. The largest decrease in the area of ice layer formation
over most regions of the ice sheet occurred in 2001, but
there was a considerable increase in the area of ice layer
formation in those parts of the northwest corner of
Greenland where melt only occurred in that year. In
2003, there were clear decreases in ¢° in areas where
there had been increases in the area of ice layer formation
in 2002. This is consistent with the reduced melt extent in
these areas in 2003. These large interannual variations in
the distribution of regions of ice layer formation could
result in significant variations in near surface firn density
that should be accounted for in the estimation of mass
change from altimeter measurements.

6. Summary and Conclusions

[41] Time series of enhanced resolution QSCAT back-
scatter allow the detection of summer melt on the Greenland
ice sheet at a higher spatial resolution than was possible in
previous studies. The results reveal large temporal and
spatial variability in the occurrence of surface melt on the
ice sheet in the period 2000—2004. Although melt occurred
over 86% of the ice sheet during the study period, nearly
55% of the melt areas experienced melt for less than 1 week
cach year. The extensive melt that occurred in the summer
of 2002 was largely due to a single high melt event that
lasted for only a few days. This event was associated with
the intrusion of a ridge of high pressure over the ice sheet
from the North Atlantic Ocean. Warm air advection by
strong southerly flow associated with this ridge is the most
likely cause of the extensive melt on the ice sheet. The mean
melt extent in each region of the ice sheet was positively
correlated with the local 300 hPa geopotential height at both
daily and monthly timescales. However, the monthly mean
melt duration was more strongly correlated with the local
geopotential height at all pressure levels than was the melt
extent. This suggests that melt duration may be a more
useful index than melt extent of the influence of atmospheric
conditions and climate change on melt on the ice sheet.
The strong relationship between annual melt duration and
local positive degree day total suggests that maps of annual
melt duration could be used to derive PDD fields that would
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be useful for validation of regional climate model simula-
tions and as input to calculations of summer melt volume
using temperature index models.

[42] Interannual changes in the distribution of ice layers
formed by refreezing of meltwater within snow and firn in
the percolation zone of the ice sheet were mapped using the
change of biweekly averaged backscatter between the freeze
up periods in successive falls. The results indicate that ice
layers can be formed after only a few days of melt.
Extensive increases in the area of ice layer formation were
detected in the summer of 2002, which is consistent with the
occurrence of maximum melt extent at high elevations of
the ice sheet in that year. Such changes are probably closely
related to changes in the rate of densification of near surface
snow and firn, and may be associated with changes in
surface height that are not indicative of mass balance
changes [Braithwaite et al., 1994]. The distribution of ice
layers in snow and firn may also be an important influence
on the performance of satellite radar altimeters over ice
sheets and on the accuracy of surface elevation retrievals
[Davis and Ferguson, 2004; Thomas et al., 2006]. A recent
study [Thomas et al., 2006] indicated that the rate of
thickening estimated from ERS radar altimeter measurements
(1992-2002/2003) for high elevation regions (>1500 m) of
Greenland was greater than that estimated from ICESat/
Airborne Topographic Mapper laser altimeter data (1993/
1994—-2004) over nearly the same time interval. This may
be a result of increased surface melting in warm summers
(e.g., 2002) extending the upper limit of the percolation
zone to higher elevations, and a consequent lifting of the
radar-reflecting ice layers within near-surface snow [Scotf et
al., 2006a, 2006b; Thomas et al., 2006]. Systematic map-
ping of ice layer formation over Greenland may therefore
have an important role to play in the interpretation of
altimeter-derived measurements of changes in the surface
elevation of the ice sheet.

[43] The extent and duration of surface melt estimated in
this study are consistent with results from previous studies
based on QSCAT data [Steffen et al., 2004; Ashcraft and
Long, 2006]. Use of the enhanced resolution QSCAT SIR
product provides more detailed information about melt
patterns than can be obtained using the raw data. However,
the temporal averaging involved in producing the descend-
ing pass SIR product may introduce some bias (underesti-
mation) of melt extent and duration. This bias might be
minimized by using SIR products generated according to
local pass times (morning/evening) instead of ascending/
descending passes [Hicks and Long, 2005]. The Ku band
QSCAT scatterometer proves to be very effective in detect-
ing surface melt and changes in the distribution of ice layer
formation on the Greenland ice sheet. Long-term acquisition
of backscatter data from this (or a similar) instrument would
be very valuable for detecting changes in surface mass
balance of the ice sheet.
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