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ABSTRACT. The spatial distribution of surface mass balance on the Greenland ice
sheet is mapped on a 50 km grid using a combination of methods depending on a zonal
characterization of the diagenetic snow facies. In the zones of dry snow and upper
percolation facies, the accumulation rate is calculated from microwave emissivities derived
from satellite measurements using a model that is calibrated with field accumulation data.
In the lower percolation zone, accumulation rates are obtained from visual interpolation of
previously compiled field data, with some modification so the balance is zero at the
equilibrium line. In the ablation zone, ablation rates are calculated as a function of ice-sur-
face elevation and latitude. Average values of the surface balance are 263kgm ~“a  in the
accumulation zone, (—)1259kgm “a ' in the ablation zone and 128 kg m *a ' overall.
Compared to the findings of a previous study using practically the same approach but
different models, our bulk estimate of balance (216 Gta ) is 57% smaller, but the differences
in the estimates of net accumulation and net ablation are, respectively, 30% and 172%
larger. In this and other comparisons, there is evidence that the differences in estimates are
primarily due to differences in the delineation of the equilibrium line and the estimate of
ablation, and secondarily to the estimate of accumulation and interpolation of field data.
The differences noted with six other estimates reported in the last two decades are all of a
size close to the composite variation of the difference (£50 Gta ). Our surface balance is
smaller than three estimates, larger than one and in agreement with two. If substituted in
the latest mass-budget estimate that indicates equilibrium, our surface balance estimate
would suggest a negalltive budget of 55 Gta ' and thus a positive contribution to sea-level

change of 0.15 mma .

INTRODUCTION

Glaciological and climatological studies of the Greenland
ice sheet are an important part of the research on the role
of the cryosphere in global change (e.g. Oeschger and
Langway, 1989; Ohmura and others, 1996). Modeling is one
of the principal contributions to these studies, and the use-
fulness of the findings is dependent on the reliability of the
datasets used for particular variables. In this study, we
present the spatial distribution of the mean annual surface
mass balance. Surface mass balance is defined as the difference
between the sum of the mass-gain processes, including pre-
cipitation, condensation, vapor-to-solid sublimation, deposi-
tion of blowing snow, and freezing of rain or surface runoff as
superimposed ice, and the sum of the mass-loss processes,
including evaporation, sublimation, surface-melt runoff and
snow deflation (removal by wind). In the accumulation zone
where the surface mass balance is positive, the surface
balance 1s usually called the net accumulation rate. In the
ablation zone where the surface mass balance is negative,
the surface balance is usually called the net ablation rate.
The surface mass balance is determined for gridpoint
locations with 50 km spacing (Fig. I; N = 682, where N is
the number of gridpoints in a dataset). The gridpoint
locations correspond to the intersection of gridlines and grid-
columns that are, respectively, normal and parallel to the
45° W meridian. The point of origin for line spacing is the
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North Pole. Latitude and longitude for each gridpoint are de-
termined for a polar stereographic projection with standard
line at 71° N. Each location is centered on a 50 km x 50 km
grid square with a nominal area of 2500 km? and true grid
areas are calculated with a latitude-dependent scale factor
derived for the projection (Pinther, 1975).

The conterminous area of Greenland, excluding islands
not attached by ice to the mainland, is fully sampled by 849
gridpoints. Of these, 682 points are on the conterminous ice
sheet. The other 167 points are on exposed rock and ice caps
not attached to the ice sheet and also excluded from the ice-
sheet analysis (Fig. 2). The locations are categorized from
plots of the peripheral gridpoints on the latest coastline and
ice-termini map (Weidick, 1995;1:2.5 X 106; Universal Trans-
verse Mercator projection zone 24; central meridian 39° W)

The ice-sheet dataset is delineated on the basis of zonation
of diagenetic snow facies (e.g. Benson, 1962) (Fig. 1). The three
principal indicators for the zone delineation are combina-
tions of at least two of the following: surface elevation, mean
annual surface temperature and latitude. The surface eleva-
tion for each gridpoint is obtained by bilinear interpolation
from the European remote-sensing satellite (ERS-1) radar
altimeter elevation maps (Zwally and Brenner, 1999). The
mean annual surface temperature for each gridpoint is
obtained by bilinear interpolation from the Nimbus 7
temperature humidity infrared radiometer (THIR) data-
base for 1979 (Comiso, 1994). Since 1979 is the only full year
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Fig. 1. Schematic distribution of ice-sheet zones of diagenetic
snow factes and the surface balance. In the dry-snow and upper
percolation zones for N = 443 points, the balance is determined
with a microwave-emissivity accumulation model and satellite
measurements of emissivity ( {wally and Giovinetto, 1995). For
N = 62 gridpoints in the ablation zone (seaward of the equi-
lbrium line ), the balance is calculated as function of elevation
and latitude (Braithwaite, 1980). The balance for N =
177 points in between these areas vs obtained from a compilation
of field data ( Ohmura and Reeh, 1991), modified by simple
linear interpolation to have values of zero at the equilibrium line.

of THIR data analyzed, its variability relative to other years
is not known. However, in another analysis using a 100 km
grid database for the conterminous ice sheet (N = 187), we
found that the THIR temperatures (12’79, in K) strongly
correlated with the mean annual surface temperature (Taf,
in K) that was visually interpolated to gridpoints from an
isotherm map drawn by Ohmura (1987). The isotherms were
drawn on the basis of data for 27 coastal and 20 interior
stations, standardized for the period 1951-60 and inter-
polated on the basis of latitude and clevation using three
lapse-rate determinations for latitudes of 65°, 70° and 75° N.
The data for two stations on the ice sheet, as well as firn-tem-
perature measurements at 10 m depth, were used for evalua-
tion of the isotherms, but not in the production of the isotherm
maps. It should be noted that the use of firn temperatures to

Table 1. Surface-balance dataset (50 km grid)

draw annual isotherms is limited to the areas of dry snow
and upper percolation facies, or approximately one-half the
area of the ice sheet (N =98 in the 100 km grid). Our corre-
lation between Ta’79 and Taf was: correlation coefficient,
R =0.949; root-mean-square residual, rms = 1.8 K; mean of
temperature residual (Taf —Ta’79) = 1.0 K; standard devi-
ation, SD =27 K).

SURFACE MASS-BALANCE DISTRIBUTION

Our new surface balance dataset for the 50 km grid (N =682)
is first compiled in digitized format (Fig. 2) and then contoured
(Fig. 3). In the dry-snow zone and the area of upper percola-
tion facies (N =443 total), the balance rate is calculated as a
function of firn emissivity (Zwally, 1977) using a model devel-
oped for Greenland (Zwally and Giovinetto, 1995). The coeffi-
cients in the model were determined using field data for 89 sites
in the areas of dry snow, in effect calibrating the model to the
field data. The firn emissivities are calculated from the mean
annual surface temperature and brightness temperatures
obtained, respectively, from the Nimbus 7 THIR database for
1979 (Comiso, 1994) already mentioned and by bilinear inter-
polation from the Nimbus 5 electrically scanning microwave
radiometer (ESMR) database for 1973-76 (Parkinson and
others, 1987). A robust correlation between the balance values
derived from the emissivity model and the field data in the
arca of dry snow (R = 0.891; rms=36kgm “a ' Zwally
and Giovinetto, 1995) is also reliable in large parts of the area
of upper percolation. The location of the dry-snow line and
of the intra-percolation line are inferred, with minor modifi-
cations, from the facies zonation described by Benson (1962)
as function of elevation and latitude.

Ablation is calculated as a function of elevation and
latitude with a model that was developed on the basis of data
from West Greenland (Braithwaite, 1980; also shown in
Weidick, 1995), giving minimum rates of net ablation for
points (N = 62) below the elevation of the equilibrium line.
We do not attempt to modify the model for the known differ-
ences that exist in ablation (for the same elevation and lati-
tude) between East and West Greenland (e.g. Reeh, 1985;
Weidick, 1995). The ablation model represents the net annual
mass loss, which implicitly includes the melting of all the
snow accumulated during winter as well as a net melting of
surface ice during summer. The location of the equilibrium
line on any part of the grid is determined from summaries
available in the literature, which indicate close to a linear

Physiographic entity Gridpoint Area Surface balance
Nominal Adjusted
Nominal Adjusted Mean SD Min. Max. Mean
N 10° km? 10% km? kgm?a! kgm?Za' kgmZa' kgmZa' kgmZal

Dry snow and upper perc. fac. 443 11075 1.1099 242 114 92 845 241
Lower percolation facies” 177 04425 04316 325 222 21 1500 321
Zone of net accumulation 620 1.5500 1.5415 266 158 21 1500 263
Zone of net ablation 62 0.1550 0.1497 —1267 986 —5000 0 —1259
Conterminous ice sheet 682 1.7050 1.6913 127 552 —5000 1500 128

" Includes zones of wetted facies and superimposed ice. A new drawing of the equilibrium line indicates a smaller area (N =161, reducing the overall area of net
accumulation (N =603) and increasing the area of net ablation (N = 79), with adjusted mean surface values of 267 and (=) 1015 kg m”a ', respectively.
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Fig. 2. Distribution of surface mass balance on the 50 km gridpoints (N = 682) of the conterminous Greenland ice sheet.
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Irg. 3. Contoured distribution of surface mass balance on the Greenland ice sheet, showing the outer coastline, the ice-sheet terminus
(dashed line) and the balance isopleths labeled in 100 kg m a . The location of the equilibrium line ( dotted line) is drawn to
indicate relative difference in the width of the zone of net ablation rather than exact location of the line.

change from 300ma.s.]. at 82°N to 1800 ma.s.l. at 61°N
(Giovinetto and Zwally, 1996).

The remaining gridpoint locations (N = 177) lie on the
area between the equilibrium line and the intra-percolation
line. This area, which includes the zones of upper percolation
and wetted facies as well as of superimposed ice, is referred to
herein as the zone of intra-percolation facies. For the lower
percolation zone, we obtain surface-balance values by visual
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interpolation from the isopleth pattern drawn on the basis of
field data (Ohmura and Reeh, 1991; N =177). The values for
approximately one-third of the locations were modified by
linear interpolation that is forced to a balance of 0 kgm “a '
at the equilibrium line. However, this is an approximation,
because spatial changes of the rate are not necessarily linear
(e.g. Mock, 1967; Braithwaite, 1980), particularly on either

side of the equilibrium line.
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Irg. 4. Surface mass-balance profiles across the Greenland ice
sheet based on 50 km gridlines perpendicular to the 45° W
meridian (abscissa, 0 km; distances in 100 km West ( signed
negative) and East) at latitudes of (a) 7894° N, (b)
7575° N, (¢) 7L67° N, (d) 68.98° N and (e) 64.10° N.
Balance profiles (left ordinate in 100 kgm “a’’) from this
study (thick solid line), Radok and others (1982) (dashed
line) and Ohmura and Reeh (1991) (dotted line). Surface
elevation profiles (right ordinate in km) (thin solid line)
are from elevation maps from ERS-I radar altimetry.
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The descriptive statistics for the new balance dataset are
listed inTable 1, as well as a summary of the derived mean
balance estimates, principally a mean balance of 263 kg m *
a ' for the accumulation zone (area above the equilibrium
line) and a mean balance of (—)1259 kgm “a”' for the ab-
lation zone (area between the equilibrium line and the ice
terminus). The mean balance for the conterminous ice sheet
is 128 kgm “a . The implications of the new balance esti-
mates are discussed in the following section.

The new balance values supersede previous values
obtained with a similar approach (Giovinetto and Zwally,
1996), but with the following changes in procedure:

use of a 50 km grid database (vs a 100 km grid database)

use of the area scale factor to adjust for deformation in the
map projection (vs use of the nominal grid square area)

use of the emissivity model (Zwally and Giovinetto,
1995) for the area bound by the intra-percolation line
(vs the dry-snow line)

use of the ablation model (Braithwaite, 1980) for the area
seaward of the equilibrium line (vs no estimate for that
area)

use of interpolated values from the compilation of
Ohmura and Reeh (1991) for the zone of lower percola-
tion facies (vs the zones of upper percolation as well as
lower percolation facies)

adjustment of values interpolated from Ohmura and
Reeh (199]) for locations close to the equilibrium line to
fit a linear change of the rate and a value of 0 kgm “a '
at the equilibrium line (vs a cross-board reduction of
one-eighth of the balance rate applied to all locations
close to the equilibrium line).

These changes introduce differences in balance values for
particular locations on the order of 100 kgm “a ', but only a
small reduction (—10 kg m “a”") in the mean balance over the
accumulation zone. The previous value was at 273 kgm “a '
for a nominal area of 1.58 x 10°km” or 431 Gta ' total.

Visually interpolated isopleths were drawn on the basis of
grid balance values to show the distribution as a continuous
surface, particularly along the coastal zone, on either side of
the equilibrium line (Fig: 3). Visual interpolation and manual
drawing are required because contouring algorithms are not
sufficiently sensitive to the combination of a coarse-grid data-
set and the steep gradient of the balance rate in the coastal
zone.

COMPARISON OF RESULTS

We compare the surface balance distribution with two
preceding distributions. One previous distribution, by Radok
and others (1982), used models in a manner analogous to our
approach. The other distribution, by Ohmura and Rech
(1991), was based on visual interpolation of field data. Profiles
of the surface balances from these three balance distributions
along five east—west profiles are shown in Figure 4.

Our isopleth pattern, as well as the magnitude of the
balance values, agrees in general with the pattern produced
by Ohmura and Reeh (1991) over most of the interior of the
ice sheet. However, the isopleth values along the peripheral
area, extending approximately 200 km inland from the ice
terminus, show a large disparity, mainly because we show
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Table 2. Surface-balance terms

Physiographic entity This study Radok and others (1982) Reeh and others (1999)  Ohmura and others (1999)
Area Balance Area Balance
10°km? kgmZa' Gta' 10°km? kgmZa' Gta' Gta ' Gta'
Zone of net accumulation 1.5415 —263 405 1.4836 390 576 (547) (516)
Zone of net ablation 0.1497  —1259 -188 0.1900 360 —69 (—276) (—347)
Conterminous ice sheet 1.6913 128 216 1.6736 211 507 271 169

surface balance, whereas Ohmura and Reeh (1991) show
gross accumulation (cf. Fig. 1). Because balance and gross
accumulation are two distinct variables, our comparison
with the isopleth pattern of Ohmura and Reeh (1991) (full
circles in Fig. 4) is limited to a distance of approximately
50-100 km inland from the equilibrium line. The eastern
and western ends of each balance profile for Ohmura and
Reeh correspond mostly to locations on the lower percola-
tion. The relatively large disparity between balance values
for the cross-section at 68.98° N (Fig. 4d) may have a num-
ber of causes, including errors inherent in the field and
remotely sensed datasets and their interpretations. More-
over, natural temporal variations cannot be discounted.
For the remotely sensed data, variations in the temperature
field for 1979 or in melting—freezing phenomena at or near
the surface in the few years prior to or during collection of
the ESMR data (1973—76) could be factors. For interpola-
tions of field data, the use of data representing various short
periods of time could be a factor in the differences.

Our isopleth pattern is also in general agreement with the
pattern produced by Radok and others (1982). However, their
values in the interior are approximately 50% larger than
ours. This difference is not readily evident on the profiles in
Figure 4, except along the western coastal region, but it is evi-
dent in a comparison of estimates of surface balance obtained
from the distributions (Table 2). Radok and others (1982) used
the field data available at the time, but relied on models to
derive the grid values for the areas of net accumulation and
net ablation (respectively, the models developed by Mock
(1967) and by Budd and Smith (1981)).

For comparison, we selected the estimates made by Radok
and others (1982) that separated the areas of net accumulation
and net ablation at the equilibrium line, as we have. Their
separation gave 89% accumulation area and 11 % ablation area
(ratio of 8:1). Although similar to our values of 91% and 9%
(ratio of 10:1), the respective ablation areas differ by 20%.
Their other estimate that separated the areas at the saturation
line gave 75% accumulation and 25% ablation. The difference
in the total area of the conterminous ice sheet used in the
balance estimates contributes little to the overall difference.
The main factors are the difference between the accumu-
lation/ablation-area ratio (8:1 vs 10:1) and the disparity in the
mean rates of ablation. Our ablation estimate of ~188 Gta ' is
172% larger than their —69 Gta ', whereas our accumulation
estimate of 405 Gta 'is only 30% smaller than their 576 Gta .

Since this study and Radok and others (1982) split the
accumulation and ablation zones at the equilibrium line,
columns 2-6 inTable 2 can be compared for all terms. However,
the balance terms listed for Ohmura and others (1999) and
Reeh and others (1999) are not defined by a split at the equilib-

rium line. Thus, the balance estimates for the conterminous ice

https://doi.org/10.3189/172756400781820318 Published online by Cambridge University Press

sheet are directly comparable across the table, but the separate
estimates of accumulation and ablation are not. Therefore, the
accumulation and ablation terms listed in the last two columns
are shown in parentheses.

Our estimate of surface balance for the whole area of the
conterminous ice sheet (216 Gta ') is 57% smaller than an
estimate of Radok and others (1982) (507 Gta ), and 20%
smaller than the estimate of Reeh and others (1999)
(271Gta ). In contrast, it is 28% larger than the 169 Gta '
estimate of Ohmura and others (1999). The difference
between our overall estimate and Reeh and others’ (1999)
is =55 Gta ', and between ours and Ohmura and others’
(1999) +47 Gta . Both of these differences are approxi-
mately within the composite variation of previous estimates
of £50 Gta ', which is appropriate for comparing two
balance estimates. This composite variation of estimates is
calculated from the variation of estimates of accumulation
(£20Gta ') and of ablation (£30Gta ") reported during
the last two decades (referenced in this and the following
section), but excluding the findings of this study and of the
study by Radok and others (1982)). Including the accumu-
lation and ablation terms from our study and from Radok
and others (1982) would artificially increase the calculated
variations, because of the aforementioned differences in
defining the accumulation and ablation terms. In the other
studies, the accumulation estimates are for the whole area of
the ice sheet, combining estimates of net accumulation for
the interior and of gross accumulation for the area coastal
zone. The other estimates of ablation are the gross ablation
for the coastal zone. The resulting composite variation is
approximately +35Gta ' for any one particular balance
estimate, and approximately £50 Gt a ! for the difference
between any two surface balance estimates.

CONCLUDING REMARKS

Substantial differences in the various estimates of surface
balance for Greenland are introduced, primarily by differ-
ences in the delineation of the equilibrium line that deter-
mines the division of areas of net accumulation and net
ablation, as well as in the models used to assess ablation.
Secondary differences are introduced by differences in the
models used to obtain accumulation, and in the criteria
used for the interpolation of field data. Our microwave
emissivity model for accumulation, which is calibrated to
field data, has provided in effect an improved method of
interpolating field data and for extrapolation into areas of
sparse data. Whereas our balance estimate for the accumu-
lation zone (263 kg m *a ') is within 33% of the estimate by
Radok and others (1982) (390 kg m “a ') obtained using the
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multivariate models described by Mock (1967), comparison
suggests that the ablation model of Braithwaite (1980)
produces larger ablation values than the model of Budd
and Smith (1981) by a factor of approximately 3.

The differences between our estimate of surface balance
and two of the latest estimates (Ohmura and others, 1999;
Reeh and others, 1999) are approximately within the calcu-
lated composite variation of other estimates. On a broader
perspective, our surface balance estimate of 216 Gta ', com-
pared with other estimates in which assessments of both ac-
cumulation and ablation were made by the same author(s)
(as opposed to estimates based on combinations of separate
assessments of either accumulation or ablation by different
authors), shows agreement with the estimates of Weidick
(1985) (215 Gta ') and Van deWal (1996) (223 Gta ). Except
for the estimate of Ohmura and others (1999) (169 Gta ),
our estimate is smaller than the estimates of Radok and
others (1982) (507 Gta "), Huybrechts and others (1991)
(283 Gta '), Rech and others (1999) (271Gta ") and Janssens
and Huybrechts (2000) (261 Gta "). Thus, its use in mass-
budget studies, which also require estimates of ice discharge
into the ocean, would reduce the resulting mass-budget
estimates. For example, substituting our accumulation esti-
mate in the latest budget estimate of Reeh and others (1999)
would change their findings from a mass balance near zero
(i.e. equilibrium) to a negative balance of 55 Gta ', suggest-
ing a positive contribution of the Greenland ice sheet to sea-

level change of 0.15mma '
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