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ABSTRACT. NASAs Program for Arctic Regional Climate Assessment (PARCA)
includes measurements of ice velocity and ice thickness along the 2000 m elevation con-
tour line in the western part of the ice sheet. Here we use these measurements together
with published estimates of snow-accumulation rates to infer the mass balance, or rate of
thickening/thinning, of the ice-sheet catchment area inland from the velocity traverse.
Within the accuracy to which we know snow-accumulation rates, the entire area is in
balance, but localized regions inland from Upernavik Isstrom and Jakobshavn Ishrae both
appear to be thickening by about 10 cm a
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still do not know whether the Greenland and Antaretic ice
sheets are increasing or decreasing in volume. The answer to
this question has clear relevance to our understanding of,
and ability to predict, sea-level change. The goal of NASA /S

Program for Arctic Regional Climate Assessment (PARCA)
is to measurc and understand the mass balance of the
Greenland ice sheet (Abdalati and others, in press), with
direct measurements of changes, over time, in ice-surface

elevation as the primary objective. The program also in- 7
cludes “traditional” mass-balance investigations by compar- . S 5
: ) [
ing ice discharge with total snow accumulation. This is the Upernavik ._
Isstrom

work that we report here.
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Figure | shows the locations of stations where ice motion - ,“"

is inferred from repeated global positioning system (GPS) e

measurements. Those along most of the western part of the J i I

ice sheet were established in 1993 and 1994 by snowmobile, Jal::gfah:vn\J

and remeasured in 1995 and 1996 using a Twin Otter air-

plane for transportation. This part of the traverse lies within

the percolation zone. We use ice velocities derived from
these stations, and measurements of ice thickness along the
same route, to calculate total ice discharge for comparison
with total inland snow accumulation in order to infer the
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rate of thickening or thinning of this part of the ice sheet. O Local Ice Cap
3 Land |

Although this is a volume-balance calculation, we use the ® lce Core Sites

+ GPS Velocity Traverse
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term “mass balance” elsewhere in this paper because this is i,

e

commonly encountered in glaciological literature, and

30

volume balance can readily be converted to mass balance

with knowledge of ice density.
Each traverse station comprises a jointed aluminum
pole, which is the reference marker for GPS measurements, . ‘ . ‘ . .
3 . TR Fig. 1. Greenland map showing locations of stations where ice
and a closely adjacent [lagged bamboo pole to aid relocation S : e :
motion is inferred from repeated GPS measurements. Contours
of snow-accumulation rates from Ohmura and Reeh (1991) in
* 1 . S - 7 ¥ :
Present address: EG&G, 900 Clopper Road, Suite 200, ema " water equivalent are also included. Results presented
Gaithersburg, Maryland, U.S.A. here are for the boxed area.
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of the station. Freshly planted, both poles extend about
2.5 m above the surface, and the exposed length of each pole
was measured to provide an estimate of local snow accumu-
lation. For the snowmobile traverse, one or two stations
were established each work day, whereas with the Twin Ot-
ter as many as ten stations were established or remeasured
in a day, with briel stops to establish a GPS receiver at the
site, and a second visit later in the day to retrieve the recei-
ver. The GPS receivers acquired several hours of data at
most stations, with a minimum occupation of about
40 min. Comparison of the repeated GPS locations, sepa-
rated by a minimum of 1year, yields estimates of surface
ice velocity with magnitudes, generally, of a few tens of
ma . Most of the GPS solutions are accurate to better than
20em in all coordinates, but additional errors are intro-
duced by tilting of the marker poles and inadvertent mis-
location of the GPS antenna. Here, we assume the effect of
these various errors to rvesult in a velocity error of
<05ma '

Airborne ice-thickness measurements were made with a
coherent radar depth sounder operating at a center fre-
quency of 150 MHz (Allen and others, 1997; Gogineni and
others, 1998). The system transmits a chirped pulse, generat-
ing a surface acoustic wave (SAW) expander of 1.6 s dura-
tion and with a peak power of 200W. The receiver
compresses the received signal in a weighted SAW processor
to obtain a compressed pulse width of 60 ns. The received
signal is downconverted into baseband using a coherent de-
tector for generating in-phase (I) and quadrature (Q) ana-
log signals which are low-pass filtered and digitized in pairs
with two eight-bit A/D converters at a rate of 1875 MHz.
Digitized signals are coherently integrated by summing
256 data samples. Integrated 1 and Q signals are squared
scparately and summed together (o determine the received
power in each range gate and integrated further (incoher-
ent integration) by summing a minimum of four consecu-
tive samples. Data are displayed in real time to the
operator and electronically recorded.

Two antenna arrays consisting of four half-wave dipoles,
mounted under the left and right wings, are used for trans-
mission and reception. Two-way half-power beamwidth of
the antenna is about 187 across the flight path and 66° along
the flight path. The coherent integration of 256 pulses at a
pulse-repetition frequency of 9.2 KHz reduces the along-
track antenna bandwidth to about 17°. A sampling rate of
18.75 MHz results in the dimension of each cell being 8 m
in free space or, with a refractive index of 1.78, a range-cell
dimension in ice of 494 m. The radar thicknesses used here
are estimated by computing the number of range cells
between the peak signals representing the surface and the
bedrock radar reflections, and multiplying this number by
4494 m. During 1995 and 1996, several flight paths passed
within a few hundred meters of the GRIP and GISP core
sites. The radar-derived ice thicknesses agreed with the core
thicknesses to within 10 m,

Estimates of snow-accumulation rate, taken from Oh-
mura and Reeh (1991), were summed over the region corres-
ponding to the catchment area for each of the exit gates
lying between two adjacent velocity stations. These catch-
ment areas were estimated by reconstructing the flowlines
passing through all velocity stations, assuming the ice to
move in the direction of maximum regional surface slope.
A surface-topography dataset compiled by Ekholm (1996)
was used, and in what follows we shall refer to this dataset
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as the KMS DEM. From the KMS DEM a 1km grid was
compiled in the Universal Transverse Mercator projection
system. This grid includes much of the detail of surface un-
dulations that exist over parts of the ice sheet. Consequently,
before inferring flowlines, we smoothed the data over suffi-
cient distance to yield surface slopes likely to be those deter-
mining ice-flow direction. To accomplish this the KMS
DEM was smoothed by convolution filtering using standard
Gaussian filters of different sizes. The direction of maximum
surface slope was calculated at each gridpoint for the origi-
nal and the smoothed topographies, using data from 3 by 3
neighborhoods (3 by 3km). For each of these cases, the di-
rection of maximum slope was compared with the meas-
ured ice-flow direction at each of our GPS velocity stations
to determine which of the smoothed topographies yielded
surface slopes that best approximate the ice-flow directions.

This work resulted in selection of a 21 by 21 km Gaussian
convolution filter, which removes undulations with wave-
length less than about 16 km, and smooths over a distance
equivalent to 10—15 times the ice thickness, which is similar
to the smoothing factor used by Whillans and Van der Veen
(1993) on a West Antarctic ice stream. Flowlines were com-
puted inland from cach GPS velocity station using the
smoothed topography to provide the direction of maximum
slope at 5km intervals along the flowline. Comparison
between the direction of measured velocity and that of the
maximum smoothed slope at the GPS stations gave a stan-
dard deviation of < 5. The resulting flowlines are shown in
Figure 2.

2. ANALYSIS AND RESULTS

Within the catchment area (), corresponding to an exit
gate bounded by two of the traverse stations,

V=G5A (1)
where V' is the volume of ice added each year by snow accu-
mulation, and A is the annual accumulation rate averaged
over the area S and expressed as ice thickness per year. The
ice-discharge flux (F') through the gate is

F= /RHU (2)

where H is ice thickness, U is surface-ice velocity, and

R = (column-averaged velocity) /U, (3)
and the integral is taken across the gate in a direction
normal to ice flow.

Ice velocities were interpolated between adjacent
stations, assuming linear change in speed and direction
between the two measured values. The product of these
interpolated values with the corresponding values of ice
thickness was then integrated across the gate, with a correc-
tion factor applied to convert the gate width to its equivalent
value (D) normal to the flow direction. Finally, to obtain an
estimate of the ice flux through the gate, the resulting value
was multiplied by a value of R derived from a model simu-
lation of the ice sheet (Huybrechts, 1996) that takes account
of'basal sliding and a variable temperature with depth (per-
sonal communication from P. Huybrechts, 1995). Except
near Camp Century, immediately north of Rink Isbra
where the ice is moving very slowly, Huybrechts’ model
shows the basal temperature to be at the melting point, and
for most gates, the value of R is larger than 0.95.

Of major concern in a mass-balance calculation of this
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Fig. 2 Western part of the Greenland ice sheet (boxed in Fig,
1) with elevation contours tn meters, showing derived flow-
lines passing through velocity stations. Measured ice velocities
are indicated by bold lines.

type are the errors mvolved in calculating the two large

quantities — total snow accumulation and total ice dis-

charge —which will be compared to yield an estimate of
imbalance. Consequently, we completed an error analysis

which addressed these issues.

2.1. Errors in measurements of ice velocity and ice
thickness

Ice velocities (U) are typically 80 ma | and are probably
accurate to better than AU = 0.5ma ' in magnitude and
AU/U rad in direction. Errors should be independent at
cach station. The errors in velocity direction introduce errors
(AD) into the calculated width, normal to the ice-flow di-
rection, of the exit gate. For most gates, AD/D is < 0.002.
Measured ice thickness is typically about 1500 m, and errors
probably have a systematic component (AH) of about 10m
and a random component of a similar magnitude: the effect
ol the random component can be disregarded, being small
because of the large number of measurements made within
a gate.

2.2. Errors in the assumed ratio (I?) between surface
and column-averaged ice velocities

The Huybrechts (1996) model suggests that much of the
western traverse lies over ice that is not frozen to the bed,
and it would be difficult to explain the observed ice
velocities if this were not the case. The effect of warm basal
ice and basal sliding is to increase the column-averaged
velocities almost to the surface values. The model run from
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which Huybrechts” R values are derived is consistent with
both the present shape of the ice sheet and ohserved values
ol snow-accumulation rate, and consequently with steady-
state ice velocities. Nevertheless, it 1s difficult to assess what
error should be assigned to I; here we assumed an uncer-
tainty of 5%.

2.3. Errors in assumed snow-accumulation rates

These are responsible [or the largest error in our results, but
they are very difficult to quantify. The Ohmura and Rech
(1991) estimates are based on most of the data available at
the time of their study, but these data are of mixed quality,
were obtained over a long period and are far from uni-
formly distributed over the ice sheet. As new data become
available, it is clear that improvements can be made. How-
ever, many of these data have not yet been published, and
we have used the Ohmura and Reeh dataset because it is
readily accessible to other mvestigators, and can be rapidly
updated as new information becomes available. In the
region under study. accumulation rates (A) are typically
04 micea | and we assume that they have errors (AA) of
+ 15% that are systematic locally (10 000 km®) but random
over very large distances. Thus, averaged over very large
regions (100000 km?), accumulation-rate errors probably
decrease to <10%.

2.4. Surface-topography errors

Errors in the relative elevation of neighboring gridpoints in
the surface-topography dataset cause an error in the derived
flowlines which aflects the accuracy ol our estimates of the
catchment arca S. lor the smoothed data used here, the
standard deviation between derived flow directions and
those observed at the GPS velocity markers is approx-
imately 5, and we assume that this is typical along an entire
flowline. Flowline directions are calculated at approx-
imately 5 km intervals using local data from the smoothed
topography dataset, and we assume that each of these calcu-
Tor a flow band
corresponding to an exit gate, this uncertainty introduces
an error into the calculated width of the flow band that
slowly increases with increasing distance from the exit gate.
For a 350km long flowline (typical for this study), the
resulting error (AS) in catchment area is approximately
1400 km”, and this is independent of the width of the gate.
For a gate between two adjacent velocity markers, S'1s typi-
cally 8000 km”.

lations has a standard deviation of 5.

2.5. Errors in calculated thickening rates

The error (AV) in volume (V) of ice added each year by
snow accumulation within a catchment area (S) is approx-
imately:

AV = [(AAS)? + (SAA)T (4)

The fractional error in V' is then:

AV [ (AsY, (24Y?
7 S A

For a gate between adjacent velocity markers AS/S = .18,
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AA/A = 0.15, and AV/V = 0.23. The fractional error in
calculated ice-discharge flux is approximately:

l

AF (AH)2+(AU)2+(AH)2+(AD)3 ’ )

F H (il R B ’
Using the values listed above, AH/H = 0007, AU/U =
0006, AR/R =~ 005, AD/D = 0002, and AF/F = 0.05.
The average thickening rate within an area S is:
(V—F)

2o

T = (7)

with an error:

as12] "1
AT = (AV)’ + (AF)* + [(V - F) ?] 5 ©)
Assuming that the ice sheet is in balance, and using the
values given above for an exit gate between adjacent traverse
stations, S =2 8000km?% A=~ 04ma'; AV/V = 023
AF/F = 0.05; and V=85A=~3.2x 10°m’icea ' = F
then AV =74 x 10°m” icea |, AF ~ 16 x 10® m® icea ',
so that:

AT =~ 4+0.09ma . (9)

NS

Table 1 Values for gates shown in Figure 2

2.6. Results

Table | gives values of S, A, V., D, average velocity (U) and
ice thickness (H), R, F and T for each of the gates shown in
Figure 2. In most cases the value of F is not identical to the
product [DUH R] because F is calculated by integrating
the product [UH R] across the gate in a direction normal
to ice motion. Figure 3 shows our calculated thickening rates
(AT) for catchment arcas corresponding to individual exit
gates, with AT plotted against distance along the 2000 m
traverse. Actual errors are typically =10cma ', but they
range from £6 to £20cma ', with the largest errors for
the smallest catchment areas or where there is a large
velocity gradient across the gate. These errors are large, pri-
marily because of errors in the estimated catchment area
and in the accumulation rates. For larger gates, with catch-
ment areas of 30 000 km”, AS/S < 0.05, and part of the accu-
mulation error becomes random, with the result that AV /V
decreases to approximately 015, and AT =~ £ 6cma . Con-
secuently, we calculated thickening rates and errors for a
series of gates comprising suflicient adjacent traverse sta-
tions (between 4 and 6) to represent a catchment area of
about 30000 km?. The north side of the gate was shifted,

Gale 5 A 4 D U H R F T
km” micca ' km* km ma ' m km*a ' cmicea !
1 2027 0.39 0.79 2271 316 1456 0.91 0.94 7
2 4745 0.39 1.85 35.76 62.8 1317 0.94 278 20
3 23317 0.33 769 59.80 94.6 1394 0.97 754 1
} 10 407 0.34 3.54 29,07 839 1332 097 3.20 3
5 4413 0.40 1.77 28.89 558 1254 0.94 1.90 3
6 1636 0.38 1.77 29.09 55.2 1311 0.91 1.92 -3
7 8896 0.34 3.02 3511 67.0 1417 092 306 0
8 9678 0.34 329 28.33 77.0 1680 0.97 3.52 2
9 10785 0.33 3.56 29.37 81.4 1499 093 3.33 2
10 9855 0.35 345 35.56 81.0 1419 0.95 3.88 4
11 11422 0.36 4.11 29.97 819 1565 0.97 ST 3
12 8233 0.36 2.96 2992 83.3 1469 097 354 7
13 16522 0.38 628 30,02 858 1493 0.98 378 15
14 6084 0.39 2.37 2992 87.3 1424 0.97 361 —20
15 9794 0.38 872 2253 97.6 1416 0.97 3.12 6
16 17035 0.40 6.81 28.58 111.6 1459 0,96 447 14
17 12373 0.43 532 2772 95,5 1407 0.95 3.55 14
18 5078 0.45 299 2679 617 1445 0.91 217 9
19 2518 0.42 1.06 24.02 326 1593 0.90 113 =3
20 2380 040 0.95 5547 42.0 1370 0.93 2.86 80
21 18 378 0.45 8.27 2974 150.0 1252 0.96 523 17
22 6931 043 298 2941 106.8 1326 0.97 393 14
23 6460 0.44 2.84 30,02 76.9 1574 0.98 3.56 11
24 10 411 044 1.58 30.00 95.1 1774 0.98 1.96 1
25 13167 0.45 595 2997 98.2 1912 097 546 1
26 12200 044 5.37 30.06 925 1809 097 4.88 4
27 10252 045 461 3002 86.4 1917 0.97 4.81 2
28 8416 046 3.87 25.02 81.2 2000 0.97 3.90 0
29 8769 047 112 26.86 924 1945 0.97 466 —6
30 12270 047 5.81 2997 1113 1950 0.98 6.45 -
3l 11699 0.46 538 27.14 129.5 1711 098 5.88 ~4
32 16149 045 7.27 24,14 167.8 1962 0.98 7.38 1
33 16 605 045 47 21.19 145.0 1813 097 533 13
34 14911 043 6.4 30.57 100.0 1768 097 5.22 8
35 11190 0.41 4.59 24.27 909 1815 0.96 3.84 ]
36 8238 0.38 313 24,12 67.0 1896 0.96 297 2
37 5035 0.35 1.76 2445 53.0 1791 095 220 -9

Notes: Gate llllml)crillg is from north to south, with No. | elose to Camp Century; S, catchment area; A, mean accumulation rate; I, volume of ice added: D,
gate width, perpendicular to flow direction; U, mean ice velocity; H, mean ice thickness; R, ratio between surface and column-averaged velocities; F

volume of ice discharged: 7, thickening/thinning rate.
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Fig. 3. Rales of ice-thickness change (T ) along part of the west side of the Greenland ice sheet. The distance, D. is measured
perpendicualy to ice flow from the northern end of the ice-motion !mzw se. Values of T for individual exit gates are shown by the

vertical bars, and assoctated errors are between +6 and =20 cm a

" The grey band depicts values o[ Tealculated for larger gates,

comprising several traverse stations, such that the catchment area is approximately 30 000 km®. Here, the unc ertainty i T is
indicated by the thickness of the grey band, which is a smoothed version of the bar plot that is weighted according to catchment area,
and consequently peaks and troughs in the twao plots do not necessarily match. U and ¥ indicate sites discussed in the text.

one traverse station at a time, to give the values depicted by
the grey band in Figure 3.
1o reduce errors [urther, we calculated the mass balance

for the four large regions shown in Figure 4, with areas of

80000100 000 km?, and with distinctive patterns of thick-

C [ ] 1ce Sheet
20007 ’/.ﬁ&ﬁ [ Local Ice Cap
=7 Land

*U Ice Core Site

@ Thickening/Thinning
Rate (cm/a)

Camp A
Century / *,
M
‘f,
Upernavik ._g-f;
Isstrom % 3000
‘ +6

Rink
Ishrae
‘-___‘___
70°
Jakobshavn—eg
Isbrae
+6
g 85'8 s -f
§ %) 3-§ §
bl | ) ) 7 aw - %\

Fig. 4. Four regions, A*l), wilth distinctive patterns of ice-
thickness change shown, in ema ', by the circled numbers. U
and J indicate sites discussed in the text, and hatching indi-
cates the small area that appears to be rapidly thinning.
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ness change. Here, all errors are insignificant compared to
those associated with uncertainty in the average snow-accu-
mulation rates within a region, which we assume to he
= 10%. This is equivalent to an error in the ice-thickness
change of between £4 and +5cma
about the highest accuracy to which we can estimate mass
balance by comparing snowfall with ice discharge until we
have better estimates of snow-accumulation rates.

‘Taken together, all four of the regions shown in Figure 4
are in baldnc ¢, with an average thickening rate of only
L5ema . Fortuitously, this value is almost identical to that
estimated for the entire ice sheet from a modeling study of
its long-term behaviour (Huybrechts, 1994), There are two
regions of thickening, B and D, separated by a region of pos-
sible thinning immediately north of Jakohshavn Ishra,

The most striking aspect of Figure 3 is the high variabil-
ity in thickening rates for catchment areas corresponding to
individual exit gates. The larger negative values are asso-
ciated with very small

which represents

catchment areas, and associated
errors are large. In particular, the very large thinning rate
of 80 em a 'is for the small triangular catchment area in the
middle of the traverse (Fig. 4), where there is a large velocity
gradient across the gate. This gate straddles the ridge separ-
ating the Upernavik drainage basin from that of the Rink
Isbre. Consequently, we calculated ice discharge through
the gate by assuming zero velocity at the gate center,
approximately at the crest of the ridge. With this assump-
tion, the total volume of'ice discharged was more than three
times larger than the volume accumulated, but this could
result from errors in our estimation of the catchment area.
The neighboring gate to the south has a very large catchment
arca, and has a calculated thickening rate of 17 cma . Taken
together, the catchment areas for the two gates have a cal-
culated thickening rate of only 5cma !

Further north, within the catchment area labelled U in
Figure 3, G. Hamilton and I. M. Whillans (personal com-
ll‘lll]'ll(‘atl()t'l 1998) measured a local thinning of mnr(‘ than
50cma . We also infer thinning (of 20 £10cma ) for the
single-gate catchment arca containing this site (Flg. 3). Our
results show both of the neighboring single-gate catchment
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areas to be thickening, and we originally assumed this large
variability over small distances to be caused by errors in our
reconstruction of the flowlines. However, the reasonable
agreement with the single-point estimate of Hamilton and
Whillans suggests that there may be a high degree of spatial
variahility in ice-thickening rates in this region. If there is,
then highly localized measurements of ice-thickness change
should be interpreted with great care.

Errors are significantly less for results [rom the approx-
imately 30000 km® catchment areas, depicted by the grey
band in Figure 3. Here, the dominant features are the high
rates of thickening close to Upernavik Isstrom (14 =6 cma )
and Jakobshavn Isbra (10 £6cma Y. These thickening rates
are equivalent to about 35% (Upernavik) and 20%
(Jakobshavn) of the snow-accumulation rates averaged over
the catchment areas. Evidence from recent cores (personal
communication from R. C. Bales and others, 1998) indicates
that Ohmura and Reeh’s accumulation rates are approx-
imately 25% too large at a site upstream of Upernavik Is-
strom (U in Fig. 4) but very close to observed values at a
site slightly north of the Jakobshavn drainage basin (] in
Fig. 4). Thus, although the single-gate thickening rate at
Upernavik in Figure 3 is probably too high, we believe our
error assumptions to be reasonable, and that actual thicken-
ing rates, averaged over 30000 km® areas, lie within the
shaded band shown in Figure 3.

Our results are broadly consistent with those from other
studies. Weidick (1991) presented evidence [or retreat of
many of the outlet glaciers in southern Greenland, from
the mid-19th century until the 1950s, since when there has
been a readvance. Of particular relevance to our study is
the gencral readvance of the ice sheet south of Jakobshavn
Isbra (our region D), with continuous retreat immediately
to the north (our region C). Zwally (1989) and Davis and
others (1998) interpreted satellite radar altimetry data to
conclude that the ice sheet, south of 72° N, thickened
between 1978 and 1986-88. Zwally’s results show significant
thickening for most of this area, but recent analysis taking
account of improved satellite orbits, etc., indicates average
thickening rates of about 6cma | or about 25% of the
earlier estimates (personal communication from H.]J.
Zwally, 1997). Davis and others’ results indicate an average
thickening rate of <2cma . Their analysis of the spatial
distribution of thickness change shows remarkably close
agreement with our estimated thinning and thickening rate,
respectively, in regions C and D (Fig. 4). Krabill and others
(1995) compared aircraft laser data to earlier satellite Dop-

pler position fixes on the ice sheet to infer thickening of

> 1 m between 1980 and 1993 at locations approximately
300 km south of the region (D in Fig 4) where we infer
thickening of 6 cm a ! There are mixed results from the so-
called EGIG line, approximately along the margin between
our regions C and D, where repeated leveling indicated
thickening of about 1m between 1959 and 1968 (Seckel,
1977). but thinning by about 3.5 m between 1968 and 1992
(Kock. 1993). However, it is difficult to assess the reliability
of the EGIG results. It is important to note that these vari-
ous mass-balance estimates refer to different time periods,
with our values indicative of trends over the past few
decades.

Data collected during 1997 will permit us to complete

our mass-balance study around the entire traverse shown
in Figure 1. Then, during 1998 and 1999, repeat airborne sur-
veys of all the 1993-94 laser-altimeter survey lines will
reveal all areas of significant thickening or thinning over
the ice sheet; and other PARCA investigations should help
identify the causes of these changes. Changes detected by
the airborne laser surveys will refer to the 5year period
1993-94 to 1998-99. Longer-term trends will be measured
by NASAs Geoscience Laser Altimeter System (GLAS), to
he launched in 2001 This will accurately measure ice-sheet
elevations at latitudes up to 867, covering the entire Green-
land ice sheet and most of Antarctica. GLAS data will
extend the time series of Greenland aircraft measurements,
and will provide a first opportunity to measure ice-thickness
changes over large areas in Antarctica,
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