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[1] The presence of surface meltwater on ice caps and
ice sheets is an important glaciological and climatological
characteristic. We describe an algorithm for estimating the
depth and hence volume of surface melt ponds using
multispectral ASTER satellite imagery. The method relies
on reasonable assumptions about the albedo of the bottom
surface of the ponds and the optical attenuation
characteristics of the ponded meltwater. We apply the
technique to sequences of satellite imagery acquired over
the western margin of the Greenland Ice Sheet to derive
changes in melt pond extent and volume during the
period 2001-2004. Results show large intra- and
interannual changes in ponded water volumes, and large
volumes of liquid water stored in extensive slush zones.
Citation: Sneed, W. A., and G. S. Hamilton (2007), Evolution
of melt pond volume on the surface of the Greenland Ice Sheet,
Geophys. Res. Lett., 34, 103501, doi:10.1029/2006GL028697.

1. Introduction

[2] Ponded surface meltwater (Figure 1) is a well-known
phenomenon near the margin of the Greenland Ice Sheet
[Echelmeyer et al., 1991; Jezek et al., 1993; Bryzgis and
Box, 2005] and other Arctic ice caps [Liestol et al., 1980].
Topographic depressions in the ice surface exert a first-order
control on lake location, with ponds and lakes tending to
form in the same depressions in successive summers
[Echelmeyer et al., 1991]. After formation, lake evolution
is governed by a positive albedo-feedback mechanism, in
which the lower albedo of surface waters enhances radia-
tive-driven melting [Liithje, 2005]. Variations in the distri-
bution and number of ponds with time represent changes in
the surface climate conditions which control melting. The
fluctuating availability of large volumes of ponded surface
water raises the possibility of sudden drainage to the bed, a
change in basal lubrication, and a rapid increase in ice
velocity [Zwally et al., 2002; Parizek and Alley, 2003; Boon
and Sharp, 2003]. Recent studies have also linked the rapid
collapse of small ice shelves fringing the Antarctic
Peninsula to the progressive development of surface melt
ponds [Scambos et al., 2000].

[3] While the problem of calculating the areal extent of
meltwater ponds using satellite imagery is fairly straight-
forward [Liithje, 2005], determining the depth and thus their
volume is not. Here, we develop a technique for estimating
melt pond depth using multispectral satellite imagery
acquired by the Advanced Spaceborne Thermal Emission
and Reflection Radiometer (ASTER). The technique is
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applied to images collected over Kong Oscar Gletscher,
an ice sheet outlet glacier in NW Greenland that flows into
Melville Bay at 75°59'N and 50°48'W, to calculate the
volumes of water stored in ponds, lakes, and the saturated
snow of the glacier surface. Our results reveal large quan-
tities of ponded water and rapid changes in pond volume at
monthly and interannual time scales.

2. Method Development
2.1. Theoretical Basis

[4] Determining water depth, bottom or substrate albedo,
and the optical properties of the water column using
remotely-sensed visible wavelength imagery has long been
a goal of oceanographers and limnologists. Many of the
methods proposed for determining depth and albedo are
based on some form of the Bouguer-Lambert-Beer law

L(z,\) = L(0, \)e"®VG) (1)

where L(z, )\) is the water-leaving spectral radiance at some
depth, L(0, \) is the spectral radiance at zero depth, K, is the
spectral attenuation, and z is depth. For the remainder of this
note we will forego the use of the adjective, spectral, and the
argument, A\, for brevity’s sake. All variables with the
exception of depth are wavelength-dependent.

[s] Written in terms of reflectance, inverted to logarith-
mic form, and solved for z [Philpot, 1989]

z= (In(4s — Rx) — In(Ry — Rx))/(—2) (2)

where A4, is the bottom or substrate albedo (reflectance), R,
is the reflectance for optically deep water, and R,, is the
reflectance at some depth. The quantity g is

g~ K, +aD, (3)

where K, is the diffuse attenuation coefficient for down-
welling light, a is the beam absorption coefficient, and D,
an upwelling light distribution function or the reciprocal of
the upwelling average cosine [Mobley, 2004]. When
scattering within the water column is low, Philpot [1989]
suggests 1.5 K; < g <3 K,, with larger values being used as
scattering increases. Maritorena et al. [1994] use a value for
g of 2 K, but warn that it underestimates actual attenuation.
Such an underestimation will lead to an overestimation of
depth, z, in equation (2) [Philpot, 1989].

2.2. Assumptions

[6] The only data we have available for analysis is the
signal leaving the water’s surface, transiting the atmosphere,
and arriving at the satellite sensor. This complex signal
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Figure 1. Meltwater depths derived using equation (2)
overlaid on ASTER images acquired on (a) 29 June 2003
(b) 06 July 2003, and (c) 08 July 2004.

contains within it information about substrate reflectance,
water depth, and any dissolved or suspended materials
within the water column [Bierwirth et al., 1993]. In our
analysis we make the following assumptions:

[7] 1. The substrate of a melt pond is homogeneous.

[8] 2. Suspended or dissolved organic or inorganic par-
ticulate matter is minimal.

[9] 3. There is no inelastic scattering, e.g., Raman scat-
tering or fluorescence.

[10] 4. There is no wind and, thus, no waves on a pond’s
surface.

[11] Hedley and Mumby [2003] point out that if a depth
estimation is sought a valid assumption must be made about
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either the bottom albedo or the uniformity and homogeneity
of the substrate material. Therefore, whether for a small melt
pond in a crevasse field near a glacier’s terminus or a large
melt lake formed in a topographic depression farther up-
glacier, we assume that the substrate is everywhere ice and
the albedo the same throughout. For a first approximation of
depth calculated by the proposed method we further assume
that the bottom for any given pixel is parallel to the water
surface. Small melt ponds in steep-sided crevasses most
likely do not have surface-parallel bottoms, so our method
will need modification before use in these situations.

[12] We will assume that the melt water is pure natural
fresh water with the absorption and scattering coefficients,
a,, and b,, respectively, reported by Smith and Baker [1981].

[13] Small melt ponds found in the heavily crevassed
regions of a glacier are likely to be well-sheltered from the
effects of wind by the crevasse walls. Larger bodies of melt
water found farther inland on an ice sheet are undoubtedly
affected by katabatic winds. The remotely-sensed reflec-
tance depends, in part, on the wavelength and amplitude of
surface waves [Zaneveld et al., 2001] but lacking wind
speed and wave amplitude and period data we assume water
surfaces to be flat.

2.3. Method

[14] The ASTER images used in this study are atmo-
spherically corrected, surface reflectance scenes either cre-
ated in-house from Level L1A scenes or available as
ASTER On-Demand L2 Surface Reflectance products from
the Land Processes Distributed Active Archive (LPDAAC)
at http://edcimswww.cr.usgs.gov/pub/imswelcome. In either
case we use only ASTER bands VNIR1 (520—600 nm) and
VNIR3N (780-860 nm) which have a 15 m pixel resolu-
tion. VNIR1 is used to solve equation (2) for water depth, z,
on a pixel-by-pixel basis and VNIR3N is used to determine
the bottom albedo, 4,.

[15] As a practical matter, R, reflectance over optically
deep water where the influence of bottom reflectance is nil,
can be derived from water that is deeper than ~40 m. We
are thus restricted to images that contain some open ocean
water that is clear of sea ice, meltwater plumes, and sun
glint. Ideally, we seek images with deep water far from
shore because the absorption and scattering effects of
suspended particulates are minimized.

[16] Several researchers [Leathers and McCormick, 1999;
Chang et al., 2003] note the difficulties involved in obtain-
ing in situ bottom reflectance values. A common solution
[Maritorena et al., 1994; Legleiter et al., 2004] is to bring a
sample of bottom material to the surface, wet it, and
measure the reflectance. In a process somewhat analogous
to this, we use the near-infrared band, VNIR3N, to find the
pixels at a pond’s edge that are just barely covered with
water. By equation (1) it can be shown that at 780 nm with
10 cm of water covering ice, the above-water measured
reflectance will be about 40% less than the reflectance of ice
with no water cover. Thus by searching for adjacent pixels
that show a rapid decrease in the reflectance as measured at
the satellite sensor in band VNIR3N and then finding the
same pixels in the VNIR1 image we can arrive at a value for
the bottom albedo, 4,, needed in equation (2).

[17] To determine a value for g in equation (2), we
average the a,, and b,, values [Smith and Baker, 1981] for
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Figure 2. Depth contours and pond profiles, Kong Oscar
Gletscher, 29 June 2003 for the ponds in the lower right of
Figure la.

the VNIRI band, solve their equality, K > a,, + 1/2 b,,, for
K and set g = 2 K [Maritorena et al., 1994].

3. Results and Discussion

[18] We apply the model to sequences of ASTER satellite
imagery (Figure 1) acquired over the western margin of the
Greenland Ice Sheet with encouraging results. Estimates of
water depth derived from equation (2) for two melt ponds
(lower right corner of Figure 1a) are shown in Figure 2. The
contoured depths of the ponds (Figure 2, top) are consistent
with water-filled surface depressions comprised of an
annulus of shallow water and rapidly deepening water
towards the center. The profile in Figure 2 (bottom) shows
the maximum water depths along the profile line but not
necessarily the maximum depth of the ponds. Results
indicate that surface ponds can reach depths of several
meters. We have yet to conduct direct validation of our
derived pond depths with field measurements. However, the
range of obtained depths is consistent with published reports
of measured pond depths. Liestoal et al. [1980] describe an
emptied surface lake on Breggerbreen, Svalbard, with a
length of ~200 m and a maximum depth of ~10 m.
Echelmeyer et al. [1991] report on a number of surface
lakes in the upper portion of Jakobshavns Isbra drainage
basin with surface areas from a few tens of square meters up
to 10 km? and depths ranging from <l m to 20 m in
crevasses.

[19] Melt ponds on the surface of Kong Oscar Gletscher
undergo a rapid seasonal evolution according to our analysis
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of two ASTER images collected eight days apart in June
and July of 2003 (Figures la and 1b and Table 1). During
this period, wetted surface area and water volume increase
by ~20%. The two ponds in the lower right corner of
Figures 1a and 1b (elevation ~650 m) decrease in depth and
extent, while the large pond in the upper right corner
(elevation ~820 m) increases in both depth and extent.
We interpret this change in pond volumes as being due to
the progression of summer warming to higher elevations
where snow melts rapidly to supply growing ponds. At
lower elevations, existing ponds do not grow as rapidly, or
they drain through surface outlet streams or cracks in the ice
(the low elevation ponds in Figure 2 are close to crevasses).

[20] The inter-annual changes are even greater, with a
five-fold decrease in wetted surface area and water volume
between July 2003 and July 2004 (Figures la and 1c and
Table 1). Many of the ponds remained fixed in space
indicating that their position is controlled by surface topog-
raphy. The smaller pond volumes in July 2004 are consis-
tent with the delayed onset of melting in summer 2004,
inferred from cooler temperatures recorded at nearby coastal
weather stations in May/June/July 2004 relative to the same
months a year earlier. (Data for Upernavik and Qaanaaq
available from Danmarks Meteorologiske Institut, http://
www.dmi.dk/dmi/index/gronland/vejrarkiv-gl.htm.)

[21] Much of the intra- and inter-annual change in water
extent and volume is due to changes in shallow (z < 1.5 m)
liquid water on the glacier surface. In the 29 June 2003
image (Figure la), approximately 88% of the total volume
of meltwater is between 20 cm and 1.5 m deep, in the 06
July 2003 image (Figure 1b) the percentage is ~91%, and in
the 08 July 2004 image (Figure 1c) the percentage is ~83%.

[22] This pattern indicates that surface meltwater storage
is not limited to the development of large ponds, although it
is likely that some of the non-ponded water drains into
ponds. These results point to the value of our technique for
detecting and quantifying liquid water of varying depth on
snow and ice surfaces.

[23] Prominent in Figures la—1lc are the liquid water-free
areas (the right hand edge) and the fairly abrupt transition to
areas with shallow liquid water. This transition may mark a
line that has been variously called the run-off limit
[Braithwaite et al., 1994] or the maximum slush line
[Greuell and Knap, 2000]. Above this line the snow is
deep enough so that any meltwater penetrates deeply into
the snow creating wet snow but the snowpack does not
become saturated forming slush [Greuell and Knap, 2000].
Below the maximum slush line Braithwaite et al. [1994]
suggest that the firn can be no deeper than a few meters for
run-off of meltwater to occur and it is probably underlain by
an near-surface ice layer [Greuell and Knap, 2000].

[24] The results shown Table 1 are most sensitive to the
value chosen for 4, (equation (2)) in which a ~1% decrease

Table 1. Meltwater Area and Volume for the Images Shown in
Figure 1

Total Area Volume
Date Area, km®>  Meltwater, km>  Meltwater, m> Figure
29 June 2003 265 40.7 2.2 % 107 la
06 July 2003 265 48.7 2.66 x 107 1b
08 July 2004 265 10.1 435 x 10° Ic
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in the bottom albedo results in a ~16% decrease in
calculated meltwater volume. Accumulation of organic or
inorganic matter at the bottom of a melt pond would
decrease the bottom albedo while sun glint caused by
surface waves would have the effect of increasing the
observed bottom albedo. The volume calculations are less
sensitive to changes in the values of g and R,; a ~10%
decrease in g produces a ~10% calculated volume increase
while a ~2% increase in R, results in a ~0.5% increase in
calculated volume. It is difficult to improve R, other than
to exercise care when choosing the “blackest” deep water
pixels.

[25] Preliminary laboratory analysis of melt pond water
samples taken from Helheim Glacier, East Greenland in July
and August 2006 justifies our assumption of little organic or
inorganic particulates. Total suspended solids were
0.74 mgL~' and 0.20 mgL~' for the July and August
samples, respectively. Chlorophyll-a was measured for only
the July meltwater sample and was found to be just above
the instrumental detection limit but was based on a rela-
tively small sample volume (~1 L). A more detailed
laboratory analysis of the absorption and scattering proper-
ties of meltwater samples will further constrain g. Addi-
tional refinement of g may be possible using
HYDROLIGHT® (Sequoia Scientific, Inc., Bellevue, WA,
USA), a radiative transfer numerical modeling software
package. Reducing the uncertainties of A, is much more
problematic without some in situ instrumental measure-
ments although it may be possible to refine 4, using a ratio
of VNIR1 (520-600 nm) and VNIR2 (630—690 nm) as
suggested by Lyzenga [1978].

4. Conclusion

[26] We describe a radiative transfer model for estimating
the volume of meltwater stored in ponds on the surface of
ice sheets and ice caps. The model is applied to multispec-
tral ASTER satellite imagery of Greenland. Initial results
show that, while the method is sensitive to assumptions
about bottom albedo and water quality, reasonable values
for pond geometry and depth are obtained. We show that
the melt pond depths and water volume evolve rapidly
during an eight day period. Interannual changes in surface
water extent and volume are also noted. We note large areas
of non-ponded surface water and their major contribution to
the total meltwater volume. Although our derived depths
have not yet been validated with direct field measurements,
our values are consistent with published reports of pond
depths elsewhere in Greenland and in Svalbard.

[27] The generation and ponding of meltwater on ice
sheet surfaces raises the possibility of its sudden drainage to
the bed and a rapid change in basal lubrication [Zwally et
al., 2002; Parizek and Alley, 2003; Boon and Sharp, 2003].
Our algorithm is a potentially useful tool for monitoring the
evolution of surface meltwater on ice sheets and ice caps,
with a view to understanding the role of surface water in ice
flow dynamics.
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