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ABSTRACT

We present four years of mass balance measurements for a transcct in the ablation zone of the Green-
land ice sheet (near Sondre Stromfjord, West Greenland). The measurements cover an altitude range of
337 to 1524 m. The mean equilibrium line-altitudc is found to be 1424 m. The largcst balance gradient is
found just below the equilibrium line. This is a consequence of the albedo pattern, showing the smallest
values in the middle of the ablation zone and not at the ice margin.

MASSENBILANZMESSUNGEN IM GEBIET DES SpNDRE STROMFJORD 1990-1994

ZUSAMMENFASSUNG

Der vorliegende Bericht behandclt vier Jahre tang durchgefOhrtc Massenbilanzmcssungen fUr ein
Profil in der Ablationszone des GrSnland-Elsschildes in der Nilhe von Sondre Stromrjord, Wesigr6nland.
Die Messungen umfassen cincn Hilhenspiegel zwischen 337 and 1524 m. Die mitt]ere Mile der Gleich-
gewichislinie liegi bei 1424 in. Der grbilte Bilanzgradicnt wurde unmitielbar unter der Gteichgewichts-
linie gefunden. Das ist eine Folge des Albedomusters, das die kleinsten Werie in der Mitre der Ablations-
zone and nicht an der Eisgrenze zeigt.

INTRODUCTION

The GIMEX (Greenland Ice Margin EXperiment), started in 1989, has now delivered a
valuable data set to study the relation between glacier mass balance and characteristics of
the overlying atmospheric boundary layer. Along a transect near Sf ndre Stromfjord mass
balance measurements have been performed since 1990, and two micrometeorological ex-
periments were carried out in the summers of 1990 and 1991. The set-up of the meteoro-
logical experiments and the stake network are shown in Figure 1. An overview of the me-
teorological work has been given in Oerlemans and Vugts (1993) and more specific results
have been discussed in a series of papers in a special issue of Global and Planetary Change
Vol. 9 (e.g. Duynkerke and Van den Broeke, 1994; Henneken et al., 1994; Van den Broeke
et at., 1994; Van de Wal and Russell, 1994). Here we present the results of four years of
mass balance measurements, together with a global meteorological interpretation.

The study area is characterised by relatively high ablation and low accumulation. When
taking data from the map of Ohmura and Reeh (1991), the annual accumulation increases
from 0.22 m at 337 m to 0.26 m at 1524 m a. s. 1. (above sea level)..11 is not clear, however,
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Fig. 1: Setup of the glacio-meteorological work during GIMEX (Greenland Ice Sheet Margin EXperi-
ment). Meteorological stations placed along a west-cast transect perpendicular to the ice margin. Listed at
each site: distance to reference point, surface elevation in 1992. AWS is the automatic weather station.

S are locations of stakes used for mass balance measurements

how large the error bars are. Annual mean temperature ranges from about -4 °C at 337 m
a. s. 1. to about -14 °C at 1524 in a. s. I. The elevation and coordinates of the individual
sites were measured by means of 3D-differential GPS in 1990, 1991 and 1992. The area is
of particular interest as the equilibrium-line altitude is judged to be one of the highest in
Greenland.

MASS BALANCE MEASUREMENTS

Mass balance readings were made on nine locations spanning an altitude range from
337 to 1524 m a. s. 1. On each location readings were made at 2-3 stakes at the end of the
ablation season. between the 51 and 231 of August (for site 9 between 21" of July and 16a'
of August). yielding time intervals ranging form 348 to 379 days. The specific balance has
been obtained by averaging the different stake readings at a specific location. Although one
can argue about the best method to calculate the yearly mean specific balance from irregular
time-intervals, we simply divided the time interval by 365 days and multiplied this value
with the measured height difference along the stake to obtain the yearly mean specific bal-
ance. Another method would be to calculate the cumulative balance through the year with
an energy balance model and use these results to compile the measurements from irregular
time intervals to yearly mean values. Stich a method may be attempted in the future. A den-
sity of 900 kg/m3 has been used to convert the measurements from m ice to m water equiv-
alent (m we). Based on differences between stakes at one location, we estimate the relative
error in the yearly mean specific balance to be 109 b. The measurements for the balance
years 1990/1991 to 1993/1994 are presented in Figure 2 and Table 1.

A simple linear fit using all locations shows annual mass balance gradients ranging
from 2.3 x IV to 3.6 x,1(1-3 m we/m. This is comparable with other measurements in West
Greenland. see Thomsen (1987) for the Pakitsoq area (69° N), Braithwaite (1983) for Qa
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Fig. 2: Specific balance as a function of elevation for the period 1990-1994

Table 1: Mass balance measurements for the period 1990-1.994. The specific balance is expressed in m
water equivalent. The uncertainty is the standard deviation if more than 1 stake is used to calculate the spe-
cific balance. If only one measurement was available a relative error of 10 % has been assumed. Eleva-

tions are from three-dimensional differential GPS measurements made in 1992

Location Elevation

m a. s. 1.

Site 4 337 3.26±0.22
Site5 514 2.69±0.27
Site rclais 735 2.33 ± 0.23 0.21 0.04 0.34
Site 6 . 1017 2.00± 0.02 0.01 0.14
Site? 1103 1.67±0.17
Site 8 1282 1.40± 0.14 0,02 0.03 0.02
Site 9 1524 0.25:t 0.03 0.79 ± 0.01 0.15 ± 0.03

manllnarssOp Sennia (64.5° N) and Weidick (1984) for West Greenland. These authors
mention mass balance gradients from 2 to 4.5 x 10-3 m we/m. A closer inspection of the
measurements presented in Figure 2 indicates an increasing gradient in the course of the
four years. More years of measurements are needed to see to what extent this reflects the
natural interannual variability.

Table 2: Equilibrium-line altitudes for the period 1990-1994

Balance year equilibrium-line
(altitude m a. s. l.)

1990-1991 1575

1991-1992 1205

1992-1993 1440

1993-1994 1465

1.1
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The different profiles of the specific balance lead to equilibrium-line altitudes as presented
in Table 2. The equilibrium-line altitude has been calculated by linear extrapolation or inter-
polation between the two measurements which are closest to the equilibrium line in a particu-
lar year. Using a linear fit based on all data points would result in an overestimation of the
equilibrium line altitude, because the mass balance gradient increases in the upper part of the
ablation area. This is clearly shown in Figure 3. where the mean specific balance over the
period 19-1904 is plotted. The data suggest that the ablation area can be divided into two
parts with a different characteristic gradient of the specific balance. The lower part has a gradi-
ent of 1.11 x I0-' m we/m yr, the upper part of 3.3 x 10-3 m we/m yr, nearly twice as high as the
lower part. Although the number of data points used to partition the ablation area in a lower
and upper part are limited, there are reasons to believe that the difference in gradient is a real
feature of a climatological nature. Similar deviations from a constant gradient have also been
observed along the EGIG profile (Ambach,1979). Moreover, as described below, the interpre-
tation of the meteorological data obtained in the summer of 1991 support the view.
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Fig. 3; Mean specific balance averaged over the 4 balance years. The two numbers in the figure are the
mass-balance gradients with respect to elevation for the tower and upper ablation area

As a start a closer look will be given to the measurements of the albedo. In Figure 4a
one can observe large differences in the albedo from place to place and during the ablation
season (Oerlemans and Vugts. 1993). A very low daily mean albedo can be observed at site
6. especially later in the melt season. Near the ice margin, at sites 4 and 5, the albedo is
rather constant throughout the whole summer. At site 9. close to the equilibrium-line, the
presence of snow leads to higher values of the albedo. The construction of albedo patterns
from NOAA-AVHRR images (Knap and Oerlemans. 1996) makes clear that the albedo dif-
ferences between sites 4, 5, 6 and 9 reflect a large-scale pattern and are not the consequence
of sampling errors. In the satellite image shown in Figure 4b, a distinct band of low albedo
runs parallel to the edge of the ice sheet. This band is present during a large part of the melt
season (Knap and Oedemans,1996).

Variations of the albedo have an important effect on the energy budget of the ice sur-
face, and thus lead to significant differences in the amount of melt. The net shortwave
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Fig. 4: Daily mean values of the
surface albedo at sites 4, 5, 6, 9 (on
the ice sheet), and 3 (tundra) dur-
ing the summer of 1991 (a).
AVHRR image (visible channel 2)
from the NOAA-11 satellite sho-
wing a distinct band of low albedo

on July 25. 1991 (b)
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Fig. 5: Absorbed shortwave radiation as

measured at the various sites site 4
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radiation balance as measured in the period June 27 to July 25 1991 at sites 4. 5, 6 and 9
is presented in Figure 5. The absorbed shortwave radiation is rather similar for site 4 and
5 as a result of small differences in albedo. Higher in the ablation area a large
gradient in the absorbed shortwave radiation can be observed due to the large albedo
differences between site 6 and site 9. Over the period considered, the absorbed shortwave
radiation at site 6 is twice as high as at site 9 (in spite of the fact that the global
radiation is slightly larger at site 9). More detailed energy balance calculations, not dis-
cussed here, indeed shown that the relatively large ablation at site 6 can entirely be
attributed to the low albedo.

EPILOGUE

In summary. from four years of mass balance measurements along the Spndre
Stromfjord transect. we conclude that:
- the mean equilibrium-line altitude is relatively high (1424 m)
- the balance gradient is largest just below the equilibrium line
- the interannual variability is large.

The programme will be continued in the next five_year8.. In the, summer of 1994 the
Make net has been extended to include a site at7about.1800 m, i.e. well above the equilib-
rium line; An automatic weather station placed' n the ablation.- zone in 1992- (see Fig. 1)
will help to interprets the data (to understand the interannual variability, in particular).

ACKNOWLEDGEMENTS

Many people were involved in the GIMEX expeditions; We are very grateful for their help.
This work has been sponsored by the Netherlands Foundation for the Advancement of Pure Research

tNWOI. the Dutch National Research Programme on Global Air Pollution and Climate Change (276/9i-
NOP), and the European Commission [EVUC-0053-NL (GDF) 1.

REFERENCES

Ambach. W.. 1979: Zur Nettaeisablation in einem Htihenprofil am Grrinli$ndischen Inlandels. Polarfor-
schung. 49: 55-62.

Braithwaite, R. L. 1983: Detection of climate signal by interstake correlation on annual ablation data
Qamaninarssdp Sermia. West Greenland. J. Glaciol., 35 (120): 253-259.

Duynkerke.P G. and M. R. van den Broeke.1994: Surface energy balance and katabatic flow over glacier
and tundra during GIMEX-91. Global and Planetary Change. 9: 17-28.

Henncken. E. A. C.. N. J. Bink. H. F Vugts,'F. Cannemeijer and A. G. C. A. Meesters,1994:A case study
of the daily energy balance near the equilibrium-fine on the Greenland ice sheet. Global and Planetary
Change. 9: 69-78.

Knap. W. H. and 1.Oeriemans.1996: The surface albedo of the Greenland ice sheet: Satellite-derived and.
in situ measurements in the Sondre Sttnntfjord area during the 1991 melt season. Journal of Glacio-
logy.

Oerlemans, J. and H. Vugts.1993: A meteorological experiment in the ablation zone of the Greenland Ice
Sheet. Bull. An Meteor. Soc., 74 (3);355-365.

Ohmura, A. and N. Reels. 1991: New precipitation and accumulation maps for the Greenland. J. Glaciol.,
37 (125):125-148.

Thomsen, H. H.. 1987: Continued glaciological work north-cast of Jakobshavn, West Greenland. GrWn-
lands Geol_ Unders. Rep.. 135: 84-87.

Van den Brooke, M. R.. P. G. Duynkerke and J. Oerlcmans. 1994: The observed katabatic flow at the edge
of the Greenland ice sheet during GIMEX-91. Global and PlanetaryChange, 9: 3-15.



Mass balance measurements in the SNndre Stromijord area in the period 1990-1994 63

Van de WaI. R. S. Wand A.J. Russell, 1994: A comparison of energy balance calculations, measured ablation
and meltwater runoff nearSondre Stromfjord, West Greenland. Global and Planetary Change, 9: 29-38.

Weidick, A., 1984: Studies of glacier behaviour and glacier mass balance in Greenland, a review. Geogra-
fiska Annaler vol. 66A (3):183-195.

Manuscript received 7 December 1994

Authors' addresses: R. S. W. van de Wal
R. Bintanja
W. Boot
M. R. van den Broeke
L. A. Conrads, P. G. Duynkerke
P. Fortuin
W. Knap
M. Portanger
J. Oerlemans
Institute for Marine and Atm. Research
Utrecht University
Utrecht/ThtNether-lands

E. A. C.-Henneken- -

H. F. Vugis
Faculty of Earth Sciences
Free University of Amsterdam
Amsterdam/1'he Netherlands


