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ABSTRACT. The hydrological ice-sheet basin draining into the Tasersiaq lake, West
Greenland (66°13' N, 50°30" W), was delineated, first using standard digital elevation
models (DEMs) for ice-sheet surface and bedrock, and subsequently using a new high-
resolution dataset, with a surface DEM derived from repeat-track interferometric
synthetic aperture radar (SAR) and a bedrock topography derived from an airborne
60 MHz ice-penetrating radar. The extent of the delineation was calculated from a
water-pressure potential as a function of the ice-sheet surface and bedrock elevations and
a hydraulic factor k describing the relative importance of the potential of the ice over-
burden pressure compared to the bedrock topography. The meltwater run-offfor the basin
delineations was modelled with an energy-balance model calibrated with observed ice-sheet
ablation and compared to a 25 year time series of measured basin run-off. The standard
DEMs were found to be inadequate for delineation purposes, whereas delineations from
high-resolution data were found to be very sensitive to changes in k in a non-linear way;,
causing a factor 5 change of basin area, corresponding to a doubling of the modelled run-
off. The 50% standard deviation of the measured basin run-off could thus be explained by

small year-to-year variations of the k-factor.

INTRODUCTION

Hydropower is an attractive alternative energy source in
Greenland, and feasibility studies have been carried out
since the 1970s. The early investigations were limited, how-
ever, by the difficulty of carrying out field operations on the
Greenland ice sheet and focused on the smaller basins in the
immediate vicinity of towns. Discharge measurements were
initiated at a few large basins adjoining the Greenland ice
sheet, but only recently with global positioning system and
remote-sensing technology has it become possible to study
the meltwater contribution from the ice sheet. It is desirable
to develop a method for determining the ice-sheet melt-
water contribution and its variability, as it forms the bulk
of the water flux in the largest basins in West Greenland.
The aim of the present study is to investigate the impact of
surface and bedrock elevation models on the assessment of
meltwater output from the ice sheet. Evaluation of the error
in calculating the ice-sheet run-off arising from using stan-
dard digital elevation models (DEMs) of surface and bedrock
instead of using high-resolution data was facilitated by a
detailed survey of the ice-sheet segment draining into the
Tasersiaq lake, West Greenland (66°13' N, 50°30° W). The
Tasersiaq basin is the largest basin in West Greenland in terms
of hydropower potential (Weidick and Olesen, 1978), with a
discharge of 195490 x10°m®a ' measured by the Green-
land Survey since 1975. The long time series provides an
opportunity to test the validity of the basin delineations by
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comparing modelled to measured discharge. Two sets of eleva-
tion and bedrock models are used as input to a model delin-
eating the hydrological basin on the ice sheet. The amount of
meltwater from these ice-sheet basins is then estimated by
means of an energy-balance model and compared to the meas-
urements of discharge carried out by the Greenland Survey.

ELEVATION MODELS

Basin delineation requires knowledge of the ice-surface and
bedrock elevations. Two sets of ice-sheet surface and bed-
rock DEMs were tested covering the area shown in Figure 1.

The first set consists of the 1km resolution ice-sheet
DEM of Ekholm (1996) and the 5 km resolution bedrock
DEM of Bamber and others (in press).

The second set consists of a bedrock elevation model
acquired with an airborne 60 MHz ice-radar system on a
Twin Otter aircraft described in Christensen and others
(2000), and a DEM derived from repeat-track synthetic
aperture radar interferometry (InSAR) and resampled to
a grid resolution of 330 m. The ice-radar measurements
were collected from flight tracks approximately 2.5km
apart to resolve the highly undulating bedrock.

The DEM was generated from two descending-orbit
European Remote-sensing Satellite-] and -2 (ERS-1/-2)
tandem mode image pairs. The ERS-1 images were
acquired on 20 October and 29 December 1995, respectively.
Baselines of the pairs were —68 and 122 m. The raw data of
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Fig. 1. Five basin delineations are shown: A. (lined shading) Delineation from water-pressure potential calculated from InSAR
DEM and radio-echo sounding with k = 0.7. B. ( full line) Surface drainage from InSAR DEM alone. C. ( dashed shading)
Delineation from WPP calculated from standard surface and bedrock DEMs with k = 0.7. D. ( dashed line) Surface drainage
Jfrom standard surface DEM alone. E. ( dash-dotted line) Delineation from WPP calculated from InSAR DEM and radio-echo
sounding with k = 0.85. The extent of the radio-echo sounding data is shown with dotted shading, and the extent of the InSAR
DEM (left side) s outlined. The insert shows the location in West Greenland as a black quadrant.

frames 2259 and 2277 were merged to a 200 km strip before
SAR focusing.

The processing system used is outlined in Mohr and others
(1997). It takes advantage of the high stability of the ERS
radar system which allows us to establish a relation between
the three-dimensional Earth surface and the two-dimen-
sional radar coordinates. The dead-reckoning approach
described in Mohr and Madsen (2001) was used, having an
accuracy of 10m horizontally on ground. Thus, the SAR
image coordinates of ground-control points (GCPs) can be
calculated so that they need not to be identified in the images.

First, the baseline of each interferogram was calibrated
using GCPs. A four-parameter model, including offsets and
linear trends of the baseline length in two dimensions, was
used. The more than 100 GCPs, i.e. corresponding values of
latitude, longitude and heights, provided by the Danish
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National Survey and Cadastre, were iteratively reduced to
86. GCPs on and near ice bodies, GCPs near steep slopes,
and GCPs with large elevation residuals after phase
inversion were removed. It is noted that with this approach,
only GCPs in the western half of the image were used, since
the eastern half consists entirely of ice.

Second, a straightforward double-differencing approach
was used to extract elevations in the entire image. This
requires the velocities during the two observation periods
in October and December to be equal. With the present
temporal and spatial baselines and using results from Mohr
and Madsen (1999), it is found that a Ima ' change of the
horizontal ice velocity in a direction perpendicular to the
satellite track causes an error in the elevation of 2m. A
velocity change parallel to the satellite track does not
change the derived elevation. Here, the dominant flow
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direction on the ice sheet is perpendicular to the satellite
track, but since winter data are used, it is assumed that the
error caused by non-stationary flow is small compared to
those caused by atmospheric distortions.

Atmospheric distortions, ionospheric as well as tropo-
spheric, cause interferometric phase distortions both dir-
ectly and indirectly through the baseline calibration.
Changes in the snow/ice characteristics and a differential
snow layer caused by a storm during the lday periods
between tandem acquisitions add to the error. Also, inter-
ferometric decorrelation adds noise. A full error analysis is
outside the scope of this paper. However, it is our experience
that atmospheric distortions dominate the error budget.

With the present baselines, a 0.5cm rms path-length
change, i.e. Irad, in each interferogram gives a combined
10 m rms elevation error (see Mohr and Madsen, 1999). On
top of that, an elevationbias of similar magnitude is expected
over the ice sheet since it is outside the area covered by GCPs.

This error estimate is consistent with a preliminary
comparison of the InNSAR DEM with a DEM based on
laser-altimeter data acquired along the radar sounding
flight tracks. Over the ice sheet the mean difference between
the two DEMs is 5 m, and the rms of the difference is 10 m.

The high-resolution models (shown in Fig. 1) do not cover
the entire study area and were therefore embedded in the
standard DEMs of S. Ekholm and J. L. Bamber, respectively.
The grids were seamed by linear interpolation, and the
standard parts resampled to the higher resolution of the
new data (330 m).

BASIN DELINEATION

Delineation of hydrological ice-sheet drainage basins is
complicated because the watershed is not simply defined by
the surface drainage, but must include a formulation of the
englacial water routing as shown by Shreve (1972). This
formulation is simplified by the assumption of Bjérnsson
(1982) that all meltwater reaches the bedrock through
moulins and crevasses and drains along the base of the ice
sheet, which is assumed to be impermeable. This is a reason-
able assumption for large-scale flow in regions with basal ice
at the pressure-melting point and has been applied by
Thomsen and others (1988) and Hagen and others (2000).
The simplified model implies that the direction of the water
flow at the base of the glacier is determined by a water-
pressure potential @}, given by

by = pwgZy + kpig(Zs — Zy) (1)

where py and p; are the densities of water and ice,
respectively, Zj, is the bedrock elevation, Zj is the elevation
of the ice-sheet surface and g is the gravitational accelera-
tion. The last term in the equation is the subglacial water
pressure which is proportional to the pressure of the
overlying ice with the factor k, ranging from k= 0
corresponding to atmospheric pressure in subglacial chan-
nels to k=1 for the situation where the subglacial water
pressure equals the overburden pressure exerted by the ice.
The water at the base of the glacier will flow in the direction
of the maximum gradient of the water-pressure potential.
Basin delineation and a drainage pattern was then
calculated from the potential surface by the hydrological
software package RiverTools 2
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Fig. 2. The positions of the field measurements of ablation used
to calibrate the ablation from the energy-balance model as
shown in Figure 3. The sites ending with K are climate stations,
whereas sites ending with S are stakes. Contours show modelled
water-equivalent ablation in cm a . The delineation of basin
A from Figure 11is shown for reference.

ABLATION MODELLING

To estimate the total run-off from the delineated basins, a
model taking into account the distribution of meltwater
production is necessary. For this purpose a distributed
energy-balance model was developed and calibrated with
field measurements from sites shown in Figure 2. The aim
1s a mean value of the ablation over the year.

The energy-balance equation reads

Qm=0On+Qu+ QL+ Qc, (2)

where Q) is the energy flux available for melt, Q is the net
radiation, Qy is the sensible-heat flux, @y, is the latent-heat
flux and Q¢ is the change of heat of the thermally active
part of the ice/snow surface. The energy supplied by rain is
negligible in the area considered and is not included. The
melt rate M can subsequently be calculated from

M= QM :
prf

3)

where py, is the density of water and Ly is the latent heat of
fusion. The terms in Equation (2) were modelled on a daily
basis as outlined in the following,

The net radiation is the difference between the absorbed
and emitted energies of the surface and is divided into a
shortwave part from the Sun and a longwave part mainly
of terrestrial origin, expressed as

Qn=S(1-a)+ L + Ly, (4)

where S| is the incoming shortwave radiation and L| is the
incoming longwave radiation from the sky, both calculated
with parameterizations from Konzelmann and others
(1994), Lt is the longwave radiation emitted by the surface
in accordance with the Stefan—Boltzmann law and o is the
albedo which determines how much of the incoming short-
wave radiation is absorbed.
The albedo parameterization is adapted from Oerlemans
(1991) and takes the form
& = Olgnow — (asnow - abg) eXp(_5dsnow)7 (5)

where agyow = 0.75 is the albedo of fresh snow (over a day),

311


https://doi.org/10.3189/172756402781817860

Ahlstrom and others: Mapping of a hydrological ice~sheet drainage basin

4 :R\ T T T _:

E \\\ + Transect A ]

; N & Transect B ]

I I :
o \ — — Accumulation ]
= L \ i
c I O\ ]
= ot \ :
S f £ ]
ISR 1
o ]
<1 .
o L N ]
500 1000 1500 2000

Elevation (m)

Fig. 3. The modelled ablation as a function of elevation, with
ablation measurements from ablation season 2000. Positions
are shown in Figure 2. The accumulation is adapted from a
compilation by Ohmura and others (1999).

o 1s the background albedo of the underlying ice or firn
given as

Zs — ELA
it S “2), (6)
Qg

Qpg = Oy + O arctan(

where ELA =400m is the equilibrium-line altitude and
a; = 0.16, a2 = 450m, a3 = 200m and a4 = 0.56 are
constants determined in the present by fitting the resulting
ablation from the energy-balance model to the observed
ablation, and the term dgyoy is the snow depth, which is
assumed to vary as a sawtooth function, in which a
precipitation event deposits 0.24m of snow every 25days
which then melts away linearly to disappear in time for the
next precipitation event. Finally the albedo is assumed to be
that of snow until the surface temperature reaches the melting
point, implying that the winter snow survives until then.

The turbulent sensible- and latent-heat fluxes, Qg and
Qr, are calculated with the bulk method, employing
Monin—Obukhov similarity theory. The roughness length
for momentum was set to 1.0 mm following Denby and
Snellen (in press), whereas the roughness lengths for heat
and water vapour were calculated from surface renewal
theory for rough surfaces as described by Andreas (1987).
The stability corrections were both set to 5 following Munro
(1989) and Denby and Snellen (in press). Solutions were
obtained by iteration due to the mutual dependency of the
sensible-heat flux and the Obukhov length.

The final term in Equation (2), Q¢, deals with the cold
content stored in the ice-sheet surface from the low winter
temperatures. To account for this storage, the thermally
active layer in terms of heat capacity is assumed to
correspond to a 2 m thick layer of solid ice as suggested by
Oerlemans (1992). The surface temperature change is
calculated on a daily basis by adding the modelled energy
flux integrated over the day. The integrated energy is only
converted to melt when the surface temperature has reached
the melting point, at which point all the meltwater produced
is assumed to run off the ice sheet. Due to the feedback of the
surface temperature with the other terms in the energy-
balance calculation, an iterative approach is necessary.
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Table 1. Modelled basin run-off for different configurations of
input data

Basus of delineation k Basinarea  Basinrun-off %o obs. mean

km” 10°m’a %
Office sheet = 200 4.90 25
DEM lkm 1.00 1897 11.81 61
WPP 1 km 0.70 675 746 35
DEM 330m 1.00 3577 18.70 96
WPP 330 m 0.85 4709 2141 110
WPP 330 m 0.80 4676 2032 104
WPP 330 m 0.75 4253 20.14 103
WPP 330 m 0.70 589 7.53 39
WPP 330 m 065 587 7.51 39
WPP 330 m 0.60 3689 2073 106
WPP 330 m 0.55 3661 20.83 107
WPP 330 m 0.50 672 8.25 42
WPP 330 m 0.20 363 5.64 29
WPP 330 m 0.00 341 545 28

Notes: The first row shows the estimated run-off from the Tasersiaq basin
excluding the ice sheet. First column states the type of data used for basin
delineation (WPP, water-pressure potential). The last column shows the

calculated basin run-off relative to the mean observed value 19.49 x 10°
3 -1
m’a .

Preliminary data from the Imersuaq climate stations
marked in Figure 2 are used in the modelling, such as a
mean value of relative humidity of 0.752 and a mean wind
speed of 3.87 ms .

The air temperature over the year is modelled as

2nr(day — 12)
Tair = Lmean + ’}/Z., - Tamp COSs (T ) (7)

where Tipean = 270.16 K is the average temperature at sea
level, Ty, = 12 K is the seasonal temperature amplitude,
day is the day of the year, and v = 0.007—-0.002 sin [(27
(day) —90)/365] is the lapse rate, calibrated with data from
Steffen and Box (in press) and preliminary data from the
Imersuaq project.

The dependency of the atmospheric pressure P(z) on
altitude 2 1s deduced from the Greenland Climate Network
(GC-Net) automatic weather stations (personal communi-
cation from J. Box, 2001) and takes the form P(z) = az + b,
where a =-0.10045hPam 'and b = 986.29 hPa.

The energy-balance model was calibrated only through
the parameters of the albedo parameterization. A comparison
of modelled and measured ablation is shown in Figure 3.

The modelled ablation does not capture the high melt
measured at the two highest points on the transects. Inspection
of a Landsat-7 Enhanced Thematic Mapper Plus (ETM+)
image of the area reveals a dark band of low albedo at this
altitude which is not reproduced by the albedo parameter-
ization of the energy-balance model. This may cause an under-
estimation of the calculated run-off. Albedo derived from U.S.
National Oceanic and Atmospheric Administration (NOAA)
Advanced Very High Resolution Radiometer (AVHRR)
images will be used in a future study to produce a more reliable
ablation history.
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RESULTS

Basin delineations were calculated from a number of input
data configurations as listed inTable 1. A selection of these is
shown in Figure 1, revealing large variations in basin area
(and thus run-off) depending on the quality of the elevation
models and the choice of the k-factor.

Impact of elevation model quality

Basins delineated from the standard 1km DEM alone
(basin D in Fig. 1) and from the water-pressure potential of
the standard I km DEM and resampled 5 km bedrock DEM
with k = 0.7 (basin C in Fig. 1) differ significantly from the
basins delineated with high-resolution data. Notably, basin
C drains a completely different sector than its high-reso-
lution counterpart, basin A in Figure 1. This is not solely
because of the difference in resolution, but also because the
data on which the standard DEMs are based is very sparse
in the region studied. The basin delineations A, B and E
based on high-resolution data all show a strong dependency
on the bedrock features (in B’ case indirectly) at the north-
ern limit, which is dominated by the valley occupied by the
Tasersiaq lake complex continuing underneath the ice sheet.

Dependency on the k-factor

Another striking feature is the strong dependency of the
basin area on the k-factor, illustrated in Table 1 and basins
A, Band E in Figure 1. Low values of k up to 0.5 emphasizing
the influence of the bedrock topography yield small basins,
as would be expected due to the increased isostatic depres-
sion by the thickening ice sheet towards the east. The basin
size increases rapidly by a factor of 5 for k values of 0.55-06,
more than doubling the modelled run-off, but drops down to
the previous extent for k values of 0.65-0.7 (basin A in Fig. 1),
only to rise again for k > 0.75 (e.g. basin E with k = 0.85 in
Fig. 1). Water-pressure measurements from boreholes con-
nected with the subglacial drainage system within 10 km of
the ice margin in the Pakitsoq area (69°30" N, 50° W) sug-
gested a k-factor of 1.05—0.79, decreasing with increasing ice
thickness (Thomsen and Olesen, 1991).

DISCUSSION AND CONCLUSIONS

Inspection of Equation (1) shows that the influence of ice-
sheet thickness on the water-pressure potential is linearly
dependent on the k-factor, whereas the influence of the bed-
rock topography remains constant. This gradual increase of
the pressure gradient driving the flow over the bedrock at
the base of the ice sheet from the interior towards the
margin causes a changing configuration of the internal river
network of the ice sheet and thus a varying drainage area.
The complicated dependency of basin size on the k-factor
can therefore be interpreted as a result of the highly irregular
bedrock topography and ice-sheet surface revealed in the
high-resolution data.

Unfortunately, the upper part of the large basin (corres-
ponding roughly to basin E without the part covered by
basin A in Figure 1) is drained just outside the lower western
corner of the area covered by high-resolution bedrock data.
In this area, the coarse-resolution bedrock DEM is >100 m
lower than the embedded high-resolution bedrock DEM,
causing a slope which is most likely artificial and may
influence the basin area calculation significantly. However,
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this possible problem in the input dataset does not influence
the main result that even with the simple model used here,
high-resolution data from InSAR and ice-penetrating radar
are necessary to capture the change in drainage area with
rising water-pressure potential.

The Greenland Survey has measured the water flux of the
entire Tasersiaq basin since 1975, with a data gap for 1994 only,
yielding a mean value of 19.5 x10° m® a ' with a standard devi-
ation of 9.0 x10° m®* a"'. The percentage of the modelled run-
offin comparison to the measured mean run-oftis shown in the
last column of Table 1. The estimate of the run-off from the
basin area not covered by the Inland Ice Sheet (the first row
of Table 1) is based on a mean precipitation of 025 ma ' w.e.
and the assumption that all precipitation in this region even-
tually runs off. This leaves 75% of the run-off to be explained
by ice-sheet meltwater. None of the basin configurations seem
to correspond well to this fraction, but the high variability of
the measured run-off suggests that there may be a switch from
one type of basin configuration (e.g. basin A) to another (e.g.
basin E) during some years. Some of this variability may of
course be explained by changes in meteorological and glacio-
logical parameters causing variations in meltwater production
and precipitation off the ice sheet, but changes from year to
year in the variation of the k-factor over the ablation season
could explain a significant part of the run-off variability. The
two main conclusions emerging from this are

The standard elevation models available for the ice-sheet
surface (Ekholm, 1996) and bedrock (Bamber and others,
in press) seem insufficient for delineating hydrological
ice-sheet basins, whereas the high-resolution elevation
models seem much more promising.

Variations in the basin configuration as a function of the
hydraulic k-factor may be large and non-trivial when
high-resolution data are employed in the calculation of
the water-pressure potential.
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