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ABSTRACT. A meteorological experiment was carried out during the summer
months of 1990 and 1991 near the mean equilibrium-line alutude (ELA) on the
western slope of the Greenland ice sheet (ETH Camp; 69734'N, 49°17'W;
1155ma.s.l.). As a part of the project, the energy fluxes at the surface, m(luqu all
components of the radiation balance, atmospheric profiles with a tower and
radiosondes, and the cloud conditions were investigated in detail. Results from the
radiative fluxes are compared with observations made at other locations in order to
derive general characteristics of the radiation conditions on the Greenland ice sheet
and their relation to the climate of the ice sheet.

At ETH Camp, albedo values obtained at ground level (2m) and from a high
tower (27 m) are similar during the melt season (late May to mid-August) and slightly
different during pre- and post-melt seasons due to the interplay of inhomogeneous
surface conditions and solar elevation. During the melt period, the decrease in global
radiation due to increasing cloud amount is compensated for by an increase in
longwave incoming radiation. Because of the steady values of longwave outgoing
radiation, net radiation at the surface is characterized mainly by the albedo and its

variation. The regional net radiation [or summer months on the Greenland ice sheet is
determined mdml) by three facts: (1) a strong increase in albedo from the ablation
area to the ELA and a smaller increase from the ELA to the accumulation area; (2) a
large increase in longwave outgoing radiation in the ablation area and at the ELA in
June and July compared to the accumulation area; (3) a larger amount of cloud of the
stratus type at lower arcas.

heat flux almost cancel out each other (Ambach, 1963;
Ohmura and others, 1994). This energy is mainly used to

INTRODUCTION

melt snow and ice.

Because ol the large surface area of the Greenland ice
sheet and its impact on the regional and global climate,
energy-balance investigations on the Greenland ice sheet
These include knowledge of the
structure of the atmosphere above the ice sheet as well

became necessary.

as the physical processes at the surface and in the snow
and ice layers. In contrast to Antarctica, where the air
temperature is very low, large areas of the Greenland ice
sheet are subject to intense melting during summer and a
global warming will probably enlarge such arcas with an
increasing rate of melt. Only with a thorough under-
standing of the atmospheric boundary layer and the

Energy- and mass-(‘xchangc Processes can the response ol

the Greenland ice sheet to changing climatic conditions
be simulated by thermodynamic ice-sheet models
(Huybrechts and others, 1991; Abe-Ouchi and others,
1994).

The energy balance, which includes net radiation,
sensible-heat flux, latent-heat flux, latent heat of fusion
and ground-heat flux, determines the melt processes at
the surface. These processes depend strongly on atmos-
pheric conditions and surface properties. The energy gain
at the surface is caused mainly by the radiation balance
during the melt season, because the sensible- and latent-
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There ior e, a detailed knowledge of all
components of the radiation balance and their interac-
tions is necessary.

The Greenland ice sheet is the only ice sheet in the
Northern Hemisphere and it presently stores 8% of the
global ice volume (Ohmura, 1987). The climate of the
mean equilibrium-line altitude (ELA) can be regarded as
the representative climate for the ice sheet (Ohmura and
others, 1992a). Therefore, the present study site (ETH
Camp; 69°34' N, 49° 17"W;
the ELA (Fig. 1). The area surrounding the site is a flat
snow and ice plain and deviates less than 1° from an ideal
). Meteorological measurements,
including upper-air sounding, air temperature, relative

1155 mas.l.) is located near

horizon (Laternser, 1991
humidity, wind speed, wind direction, radiative and
turbulent fluxes, temperature profiles in the snow and ice
layers, mass balance and synoptic observations were
carried out and have been described in detail by Ohmura
and others (1991, 1992b). These measurements were
prepared to improve the understanding of the climatic
conditions and the exchange processes at the surface,
which take place from the free atmosphere through the
atmospheric boundary layer into the snow and ice layers.

The present paper shows the interactions of radiative
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Fig. 1. Locations of radiation measurement on  the
Greenland ice sheet referred lo in the lext. Solid line, ice
margin.

fluxes and atmospheric and surface conditions which can

be used to improve existing parameterization schemes of

shortwave and longwave radiative fluxes as well as to
provide the ground truth for remote sensing and the
validation for general circulation models (GCMs).

METHODS AND INSTRUMENTATION
At ETH Camp, the f[ollowing radiative fluxes were
determined for the periods 6 June 29 August 1990 and
11 May 27 August 1991: direct solar radiation, diffuse
sky radiation, global radiation, shortwave reflected
radiation, longwave incoming radiation, longwave out-
going radiation and net radiation. The albedo was
obtained at ground level
(27 m),

were made seven times a day.

(2m) and from a high tower
Detailed cloud observations (amount and type)
A list containing the time
series of the amount of cach of the following cloud types
was compiled: low cloud as cumulus, stratocumulus,
stratus; middle cloud as altocumulus translucidus,
altostratus translucidus, altostratus opacus; high clouds
as cirrus, cirrocumulus, cirrostratus, The cloud observ-
ations were based on the codes of the World Meteor-
ological Organization (WMO).

The radiation balance can be expressed by the

following equation:

=(Q +q)(1 — &) + (L; — Lo). (1)
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In addition to the net radiation measured by a net
radiometer, the individual components were observed.
The measured components were global radiation (GL =
Q+ q), diffuse sky radiation (g), shortwave reflected
radiation (L) at ground level and from the high tower,
all-wave sky radiation (diffuse sky and longwave
incoming radiation, AWyir), all-wave outgoing radiation
(shortwave reflected and longwave outgoing radiation.
AW,1) and net radiation (NR,,). Direct solar radiation
(Q) was calculated as the difference between global
radiation and diffuse sky radiation. Additionally, direct
solar radiation (@) was measured by an Eppley NIP in
1991. Longwave incoming (L;) and outgoing (L,) com-
ponents were calculated as follows:

Li = AWy — g+ T, (2)
Ly =AW, —aGL + o1y (3)

where T, and Ty are the body temperatures in Kelvin of
the up-facing and the down-facing sensors, respectively.
They are measured with Pt-100 resistance thermometers.
o is the Stefan- Boltzmann constant (= 5.67 % 10 "Wm ?
K. The emissivity of the sensor surface was assumed to
be unity.

The site was equipped with four
(Swissteco, SS-25),
25), a net

pyranometers
two pyrradiometers (Swissteco, ST-
radiometer (Swissteco, S-1) and a pyrhel-
iometer (Eppley, NIP). The pyrheliometer was mounted
on an electrically driven sun tracker. Two pyranometers
were used for measuring GL and oG L at ground level
(2m). The third pyranometer was mounted on the
micrometeorological tower, at a height of 27m for
measuring shortwave reflected radiation representative
of a larger area. The fourth pyranometer was mounted as
a diffusograph with a shading ring (shading angle of
121,
with a shading ring, exactly in the same manner as the

The up-facing pyrradiometer was also equipped

diffusograph. The quality of the results can be improved
considerably by using the shading method (Ohmura and
Schroll, 1983: 1993).
facing pyranometer the down-facing

DeLuisi and others, The down-
at ground level,
pyrradiometer and the net radiometer were mounted
close to each other on a 2m long horizontal bar on the
same stage so that the measurements from the instruments
represented the same undisturbed surface conditions. The
sensors with the shading rings and the up-facing
pyranometer (GL) were mounted on separate stages.
The stages were drilled into the ice about 35 m southeast
(up-wind) of the camp and the horizontal distance
between the instruments was about 4 m. All the instrum-
ents were mounted on average between 1.4m and 2.0 m
above the surface and fixed from time to time at a lower
level because of the melting surface. The down-facing
pyranometer on the tower was fixed at a distance of 2.5 m
[rom the frame of the tower at a height of 27 m. At least
four times a day (0000, 0600, 1200 and 1800h UTC) all
the conditions of the instruments were checked and the
shading rings were turned to [ollow the path of the Sun.
The signals from the radiometers were recorded every 135,
averaged over a 30 min period and stored in a data logger.

During the three periods, at the beginning, in the
middle and at the end of each field season, relative
calibrations were made, where all sensors were mounted
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up-facing and the shading rings were removed. For the
relative calibration, one pyranometer was chosen as a
reference instrument and the values of the other
pyranometers were adapted to the reference instrument
by linear functions. The cut-off by the shading rings was
calculated after Drummond (1956) and corrected
accordingly. For the all-wave sky radiation, only part of
the shortwave radiation was corrected. The ervor in the
up-lacing pyranometer (GG L) due to the cosine response
was corrected for zenith angle > 70" using a polynominal
function whereby only part of the direct solar radiation
G L was taken into account.

The calibration coeflicients are those in World
Radiometric Relerence (WRR). All sensors were cal-
ibrated by the manufacturer less than 1 year prior to use
in the field season 1990. In addition, three pyranometers
(global radiation, dilluse sky radiation and shortwave
reflected radiation at ground level] were recalibrated
after the field seasons with a PMOG absolute radiometer
in combination with a shaded reference pyranometer.
One pyrradiometer was recalibrated under an ice cavity
at the melting point.

The uncertainties in the pyranometers are about
+4Wm °. This value is derived by absolute and relative
calibrations. The uncertainty of the longwave incoming
radiation using the shading method is estimated at
+10 W m ? according to an intercomparison of instrum-
ents performed by DeLuisi and others (1993). The
evaluation of the longwave outgoing radiation is more
accurate due to melting surface conditions. The un-
certainty ol the calculated net radiation (NR.) is
estimated at +12Wm ?

RESULTS

The results presented here were obtained during the
summer months June, July and August. In 1990,
measurements started at the onset of melt and stopped
in the post-melt season, while the observations in 1991
include pre-melt (May), melt and post-melt seasons.

Measuring discrepancy

At the present site, net radiation was measured directly
with a single net radiometer (NR,,) and also calculated
(NR.) as the sum of shortwave and longwave radiative
fluxes which were individually measured. In Figure 2 the
difference hetween NR. and NR,,(ANR) is plotted
against global radiaton. The circles represent hourly
mean values (1909 cases) for the summer months of 1990,

The comparison shows a significant underestimation of

net radiation measured by the Funk-type net radiometer.
Miiller and Ohmura (1993) showed a similar character-
istic for measurements made at Payerne (Switzerland )
with the same type of instrument. They reasoned that,
when the sensor surface is heated by solar radiation (i.e.
the net-radiometer output is positive), the net radiometer
loses a part of the absorbed radiation to thermal
convection which develops between the sensor surface
and the polyethylene dome. The best fit between the
underestimation of net radiation and global radiation can
be obtained using a function described by the following:
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Fig. 2. Relationship between the difference in nel radiation
(NR-NR,,) and global radiation based on hourly mean
values of summer months 1990. NR, is caleulated as the
sum of shortwoave net and lengwave nel radiation. NR,, is
measured directly. The curve represents the optimal fit of
Equation (4) to the points shown in the figure.
. I
ANR = aGL’ (4)

with @ =0.00125 and b=1.6297. The comparison
between ETH Camp and Payerne indicates that the
amounts of ANR are similar during the summer season
for a mid-latitude station and a station on the Greenland
ice sheet. It is a matter for further investigation whether
this conclusion can be treated as generally valid or
whether there is a dependence on the type of instrument
used in both studies. As shown by Halldin and Lindroth
(1992), a large variation can be expected by comparing
different types of net radiometer. In the present work, the
calculated net radiation, i.e. the sum of the individual
components, is used.

Cloud conditions

As cloud conditions strongly influence radiative fluxes at
the surface, the cloud observation is presented first.
Because of the individual differences in the estimation and
the interpretation of cloud amount and types, systematic
errors in the observations are unavoidable (e.g. Warren
and others, 1983). The quality of data for low cloud is
better than for middle and high clouds, because the
observations were made at ground level and so the
recording of middle and high clouds was affected by the
amount and [requency ol low cloud.

The monthly and seasonal mean values of total, low-,
middle- and high-cloud amounts are presented in Table
1. The seasonal trend shows a mean coverage of 50% in
May, June and July, and a strong increase in August. A
large vear-to-year difference occurs for June, during
which a 10d period with diminished cloud amount was
responsible for the smaller value in June 1990 compared
to June 1991, The large total-cloud amount in August is
due to a strong increase in low-cloud amount. The
amount of middle cloud was balanced during the summer
months and the amount of high cloud decreased slightly
in August. For the seasonal mean (June, July, August),
nearly half of the total-cloud amount was due to low
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Table 1. Monthly and seasonal mean values of sky covered by low, middle and high clouds and total coverage for the
observation periods in 1990 and 1991. The average value (av) is given for both years at E'TH Camp. Values are given in

pereentage. JFA corresponds to June, July and August

May June July August Ji4

1991 1990 1991 av 1990 1991 av 1990 1991 av 1990 1991 av
Total coverage 50 38 60 49 oy 16 52 60 79 70 52 62 5Y
Low cloud 20 10 22 16 17 167 17 39 19 1 22 29 26
Middle cloud 13 15 22 18 19 12 16 15 19 17 16 18 17
High cloud 17 13 16 18 21 17 19 6 L1 9 14 15 14

cloud and the other half resulted from equal amounts of
middle and high cloud. Total-cloud amounts show no
significant diurnal cycle and the values are in the range
55-58%. On each level one cloud type is dominant. Half
ol the low cloud is due to stratus, while 70% of the middle
and high clouds are altocumulus translucidus and cirrus,
respectively.

The seasonal [requency distribution of the total-cloud
amount is given in igure 3. Because of the way that 1/8
and 7/8 are defined, for interpretation purposes 0/8 and
1/8 are considered as one group (clear sky), and 7/8 and
8/8 as another group (overcast sky). Generally, the
frequency distribution shows a bimodal [(eature with
large values for clear- and overcast-sky conditions and
small values for the partally cloud-covered conditions.
The frequency of total-cloudless observations is large in
May and June and decreases strongly in July and August.
The overcast-sky condition in August (60%) is three
times more than the cloud-free condition (20%). On
average. the frequency of clear and overcast sky together
applies to nearly three-quarters of all the cases, with 30%
and 42%, respectively.

M Jun90 [ Junar JUAY0/91

Frequency distribution %
o ;

0 1 2 3 " 5. 6 [ 8

Total cloud amount eighths

Fig. 3. Seasonal frequency distribution of the lotal-cloud
amount for the summer months ( June, July. August:
JIA) in 1990 and 1991 at ETH Camp.

The distribution of low, middle and high clouds
against total-cloud amount shows that high clouds are
predominant for 1/8 to 5/8 total-cloud amount con-
ditions. For 6/8 and 7/8, the sky is covered mainly by
middle clouds, while most of the 8/8 cases are caused by
low clouds. The increase of 8/8 in August is mainly due 1o
low clouds. The {requency of cumulus decreases with
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increasing low-cloud amount. Stratocumulus shows small
values for clear- and overcast-sky conditions, while more
than 80% of 8/8 is due to stratus. Therefore. the main
reason for the increase in low-cloud amount in August is
the increase in frequency ol stratus. This increase in the
appearance of stratus affects not only the amount of low
cloud but also the total-cloud amount.

Shortwave fluxes
Based on 3069 half-hourly values, an average difference in

Qu—@) of 26+7.2Wm ? was
found. The difference is smaller than the uncertainties of

direct solar radiation

the calibration coeflicients of the instruments. Therefore,
the quality of @ is considered as good and the calculated
values will be used in the sections which follow to
compare data sets from 1990 and 1991,

The monthly mean diurnal cycles are given in Figure
4. Due to a very sunny period in the second hall of June
1990, @ shows extremely high values. Compared with
1990, no extended period of large @ was found in 1991,
but there were two periods, the second half of June and
the second hall of August, with small values of @) caused
by a large total-cloud amount (Table 1). This leads to
monthly mean diurnal cycles which show the largest
values for July and much smaller values for June and
August compared to 1990.

The atmospheric extinction of () shows seasonal
trends. The intensity of @ in 1991 shows highest values
for May and lower values for June, August and July. The
vartation range of the normal incident direct solar
radiation is relatively small and amounts to 120Wm *
Ambach (1963) showed a smilar maximum value for
measurements in June and July 1959 at Camp IV, and
Ambach and Markl (1983) gave a value of 114 Wm ? at
707 of zenith angle for Carrefour (Fig. 1). It secems that
the intensity of @ under clear-sky conditions shows little
scatter on the Greenland ice sheet. The transparency of
the atmosphere was investigated with respect w the
transmission  cocflicient for clear-sky conditions. The
transmission coeflicient calculated for diflerent months
varies between 0.814 and 0.836, by which the year-to-
year variation is greater than the variation during the
summer months.

Under overcast and partly cloudy conditions, @Q is
alfected by absorption and scattering due to cloud droplets.
The attenuation of @ in the presence of clouds is an
important factor for the shortwave net radiation at the
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Fig. 4. Mean divrnal cycles of direct solar, diffuse sky and global radiation each for June, July and August 1990 and 1991
at ETH Camp.

surface. The daily mean direct solar radiation is analysed conditions and decreases slightly to a total-cloud amount of
with respect to daily mean total-cloud amount and is 3/8. For up to 3/8 wotal-cloud amount, the frequency of high
presented in Figure 5. To eliminate the eflect of solar clouds is large, while the frequency of middle and low clouds
elevation was normalized by the extraterrestrial solar increases strongly from 5/8 to 8/8 of total-cloud amount. This
2 ‘ C
radiation (I). The daily direct solar radiation is about 70% leads to large transmissivity under less-covered sky and to
of daily extraterrestrial solar radiation under clear-sky low transmissivity for larger total-cloud amounts.
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Fig. 5. Relationship between datly total-cloud amount and daily mean values of the radiative fluxes for June—August 1990
and May-August 1991 at ETH Camp. Units: Wm 2 and ratio for albedo, QJ1, q/GL and GL|L.

494
https://doi.org/10.3189/50022143000034833 Published online by Cambridge University Press


https://doi.org/10.3189/S0022143000034833

The monthly mean diurnal cycles of diffuse sky
radiation in 1990 show the largest amplitude for July
(Fig. 4). The mean diurnal amplitude for June shows
smaller values for high solar elevatons compared to
August. This fact results in similar monthly mean values
as shown in Table 2. Under clear-sky conditions, ¢
depends mainly on the scattering of aerosols and
molecules, the absorption in the atmosphere and on the
albedo of the surface. Observations in 1991 show a strong
decrease in diffuse sky radiation with increasing zenith
angle and a seasonal dependency. The values of g
decrease from May to July and increase slightly in
August. This diflerence is probably caused by the
atmospheric and surface conditions as mentioned car-
lier. The precipitable water vapour in the atmosphere
(W) is small and increases from 2,9kgm * in May to
6.0kgm ? in August. Holmgren (1971) gave values
between 3.0 and 7.0kgm ? for the same period at Ice
Cap Station on Devon Island in the Canadian Arctic.
Because of this variation of W, the variation of ¢ under
clear-sky conditions due to water vapour is considered to
be small. The attenuating effect of aerosols can be
expressed by Angstrém’s turbidity coeflicient. To char-
acterize the turbidity of the air at the study site,
measurements performed by Ambach (1963) in June
and July 1939 are taken into account. Angstrom’s
turbidity coeflicients, adjusted to station height, show
daily mean values between 0.010 and 0.027. After
Liljequist (1956) and Holmgren (1971), this variation of
the turbidity coeflicient corresponds to a variation in g of
1Wm?
the variation of g at 50° zenith angle is three times larger,
It seems that the surface albedo and the diurnal amp-
litude of global radiation are mainly responsible for the

at 507 zenith angle. At the present study site,

variation of g under clear-sky conditions,
Under overcast-sky and partly cloud-covered sky
conditions, ¢ is contributed to by reflections and difluse

Konzelmann and Olmura: Energy balance of Greenland ice sheet

refraction at cloud droplets. The ratio of daily mean
diffuse-sky radiation and global radiation (¢/GL) is given
in Figure 5. The amount of ¢ is steady from 0/8 to 3/8
total-cloud amount, increases up to 8/8 and shows a
maximum at 7/8. The large variation of ¢ between 7/8
and 8/8 is mainly due to the season, while the strong
scattering of points between 3/8 and 7/8 depends on cloud
types and on albedo of the lower side of the clouds. The
relation ¢/GL is 0.5 at a total-cloud amount of about 2/3.

During the summer months, global radiation is
composed of 60% direct solar and 40% diffuse-sky
radiation, Direct solar and diffuse-sky radiation show
large variations (monthly mean values) from year to year,
while global and shortwave reflected radiation vary less
(Table 2). The decrease in ) due to increasing cloud
amount is partly compensated for by ¢. The percentage of
compensation increases not only because of larger total-
cloud amount but also due to high surface albedo and
changing cloud distributions. The frequency of low clouds
increases with increasing total-cloud amount, of which
the stratus-cloud type is the most dominant. The effect of
daily total-cloud amount on the daily ratio GL/I is given
in Figure 5. The effect of latitude and declination is
climinated in G'L/I. The increase of scattering for the
increasing total-cloud amount depends on cloud types
and the daily course of cloudiness. That means, for
instance, a strong increase of total-cloud amount in the
early alternoon, which leads to an underestimation of G L
and GL/I compared to total-cloud amount. The
influence of total-cloud amount and cloud types leads to
a variation in GL/I from 61 to 74%, with an average of
about 70% for the summer months (Table 2). Thus, for
parameterization of G’L, it is advisable to take cloud types
(especially for low clouds) into account if high-quality
cloud data are available. The seasonal global radiation is
4% smaller in 1991 than in 1990 and the lack of @ in 1991
1s almost compensated for by q.

Table 2. Radiative fluxes observed at £'TH Camp (69°34' N, 49°17 W, 1155ma.s.l.) on the Greenland ice sheet. I:
extraterrestrial solar radiation, a(g): albedo at ground level, ov(t): albedo from the lower. The number in brackels
represents the number of days when the observation was made. The average of 1990 and 1991 values is given in column
(av). JJA corresponds to June, July and August. Unit: Wm *

May June July Augusi i
1991 1990 1991 av 1990 1991 av 1990 1991 av 1990 1991 av

(21)  (22) (28) (28)  (31) (28) {27) (78)  (86)
1 408 486 450 327 421
Q 205 285 183 234 195 214 204 106 68 a7 195 135 175
q I21 96 154 125 115 108 .12 95 129 112 102 130 116
GL 326 381 337 359 310 322 316 201 197 199 297 285 291
aGL(g) 280 282 259 -271 214 239 927 —151 166 158 215 =221 218
agl(t) —277 —282 258 270 215 237 226 —145 61 =158 Zlde =219 =219
a(g) 0.859 0.740 0.769 0.7535 0.690 0.742 0.718 0.751 0.843 0.794 0.724 0775 0.749
a(t) 0.846 0.740 0.766 0.752 0.694 0.736 0.715 0.721 0.817 0.769 0.721 0.768 0.742
L; 219 259 260 248 257 256 257 258 268 263 250 261 256
Lg —266 304 307 306 -308 310 =309 -302 297 300 305 304 305
SWihet 46 99 78 88 96 a3 89 50 31 41 82 64 73
LW et ~47 69 47 -58 51 —5 —52 44 29 —37 55 43 149
NR. =1 30 31 30 45 29 37 6 2 4 27 21 24
GL/I 0.799 0.784 0.693 0.739 0.689 0.716 0.702 0.615 0.602 0.609 0.706 0.677 0.691
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Shortwave reflected radiation depends on G L and the
reflectivity (albedo) of the surface. At the present site,
aG L was measured at ground level (standard height) and
from the tower (27m height) in order to represent a
larger observation area. The influences of the aluminium
tower and the camp on measurements are minimal
(<0.5%) and will be neglected. Albedo is composed of
a diffuse and a specular component. It is influenced
mainly by the properties of the surface, the solar elevation
and the cloud conditions, and shows a spectral depen-
dency for snow and ice (Warren, 1982). During the field
seasons, surface conditions changed from wet snow to
bare ice and fresh snow in 1990 and from dry snow to wet
snow, saturated snow, slush and fresh snow in 1991. Due
to these surface propertes, the variation of the daily mean
albedo ranged from 0.50 to 0.89 in 1990 and from 0.66 to
0.92 in 1991, respectively. The mean scasonal albedo is
centred about 0.75 (Table 2). The monthly diurnal cycles
of albedo show small ranges (2-7% ) with a slight increase
from morning to afternoon (I'ig. 6). Because ol small
amounts of shortwave radiative fluxes and the lower
accuracy of global radiation measurements for a large
zenith angle (Z), the diurnal cycle of albedo is only
considered for Z <70°. During both years, daily mean
albedo at ground level and from the tower show similar
values for June and July. For August 1990-91 and May
1991, daily mean albedo values from the tower are up to
6% lower. This indicates the influence of surface
topography (sastruga) and solar elevation on shortwave
reflected radiation from areas with different sizes. For
remote-sensing applications, shortwave reflected radiat-
ion measurements from the high tower for pre- and post-
melt seasons are more meaningful in order to prevent the
influence of the various factors mentioned above. Because
of the high albedo, shortwave reflected radiation is
greater in 1991, although global radiation is smaller.

Under clear-sky conditions, the features of the diurnal
cycle show a wide variation. Five diurnal cycles for clear-

June — — July

Augugt

sky conditions in 1991 are shown in Figure 7. The range is
generally very small (3-8%). Except for 14 May (dry
snow), measurements were made above wet snow, the
saturated snow layer or slush. To eliminate uncertainties
of the up-facing pyranometer under a lower solar
elevation, the diurnal cycle of albedo was calculated
with respect to the sum of @y, and g using the 1991 data
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Fig. 7. Diurnal cycles of albedo at ground level under
clear-sky conditions _for different days in 1991. Only values
of zenith angle less than 70° are considered.

(Fig. 8). The nature of the curves is similar. Therefore, no
influence of GL measured by pyranometer on albedo can
be demonstrated conclusively. In the same figure, the
diurnal cycle of albedo from the tower is given. During
the day, albedo at the tower is a little smaller or equal to
the albedo at ground level but it increases strongly after
1630 h LST. This higher reflectivity in the afternoon for a
large area under clear-sky conditions indicates a slight
increase in actual global radiation received on the slope of
the surface, which falls gently to the west.

Two main groups must be distinguished for the effect
of total-cloud amount on daily mean albedo (Fig. 5): (1)
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Fig. 6. Mean diurnal cycles of shortwave (SW ) reflected radiation, albedo at ground level and shortwave net radiation,
each for June, July and August 1990 and 1991 at ETH Camp.
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Fig. 8. Diurnal cycles of albedo at ground level, from the
tower and at ground level (calculated as the sum of Qy,
and q ) under clear-sky conditions for 15 June 1991, Notice
the different scales of the axis than given in Figure 7.

dry snow and (2) wet snow. The first group shows a daily
mean ol 0.85 up to a total-cloud amount of 5/8 and
increases slightly to about 0.91 for 8/8. The second group
shows values between 0.70 and 0.77 up to 3/8 and an
increase of 5% up to 8/8 total-cloud amount. Daily mean
values of albedo of less than 0.65 are obtained above ice
surfaces and show no dependency on total-cloud amount.
The higher reflectivity of the snow cover under overcast
conditions in comparison with clear-sky conditions 1s
mainly due to alteration of the spectral intensity of GL by
increasing amounts of water droplets and water vapour.

The monthly mean diurnal cveles of shortwave net
radiation (SW,) for June and July 1990 show similar
amplitudes which indicates that the much larger GL in

RKonzelmann and Ohmura: Energy balance of Greenland ice sheel

June is compensated for by the lower albedo in July (Fig.
6). In 1991, the seasonal reaches 78% of the
amount from 1990 which is due to smaller GL and higher
albedo in 1991. The effect of total-cloud amount on daily

mean

shortwave net radiation is shown in Figure 5. As for the
albedo, two groups are distinguished for dry- and wet-
snow conditions. For dry snow, SW, is around 55 Wm 2
up to 5/8, which corresponds to half the amount found for
wet-snow conditions. From 5/8 to 8/8, SW),.x decreases by
50%. For wet snow, SW,.: decreases slightly from 0/8 to
4/8 and drops by about 50% to 8/8 total-cloud amount.

Longwave fluxes

The longwave incoming radiation derived from instrum-
ents was compared with the values calculated using
LOWTRANT7, a band model (Kneizys and others, 1988),
given in Konzelmann and others (1994). For clear-sky
conditions, measurements are on average larger than
LOWTRAN7 calculations by 10 £4Wm ? However,
differences between measurements and calculations are 1o
be viewed with caution because of the uncertainties of
both methods. Calculations with LOWTRANT7 are useful
for checking instantancous measurements of L; under
clear-sky conditions. Especially due to the frequent cloud
covers and complexities caused by them, continuous
measurements cannot be replaced by computations.

L; shows monthly mean diurnal cycles with small
variations (Iig. 9). Different features in July and August
1990 can be explained by the varying [requency of
occurrence of low. middle and high clouds, and altering
diurnal cycles of cloudiness. In 1991, values for June show
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Fig. 9. Mean diurnal cycles of longwave ( LW ) incoming radiation, longwave oulgoing radiation, longwave nel radiation
and net radiation, each for June, July and August 1990 and 1991 at ETH Camp.
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a larger amplitude and two peaks, one in the morning
and the other in the late afternoon. This is probably due
to a larger cloud amount. The monthly mean values for
1991 are more balanced compared to 1990 and the
scasonal mean is 4% larger than in 1990 (Table 2). The
monthly total-cloud amount for the summer months
(Table 1) is in good agreement with the monthly
longwave incoming radiation but L; does not always
correspond to the monthly mean diurnal cycles as
suggested by the screen-level temperature (Ohmura and
others, 1992b, p.19). It seems that L; has a better
correlation with cloud conditions than with air temper-
ature. The variations in daily cloud conditions (amount
and type) should be taken into account by calculating L;
with numerical models. For a total-cloud amount of up to
3/8, the L; is centred around 230 Wm ? (Fig. 5). From
3/8 to overcast conditions, Lj increases strongly and shows
values close to 300 Wm ? at 8/8 total-cloud amount.

Snow and ice surfaces in a melting condition were
predominant at the study site. The steady temperature of
0°C offered an opportunity to check the measurements, as
it is done for absolute calibration over an ice-water surface.
Longwave outgoing radiation shows generally very smooth
cycles with small amplitudes. The mean diurnal cycle for
1990 (Fig. 9) shows the largest amplitude (15 Wm %) with
a minimum at 0600 h LST and a maximum at 1800 h LST".
These correspond to a time lag of 1h compared to the
mean diurnal variation of air temperature at screen level,
with air temperature ahead of the phase. In June 1991, the
mean diurnal cycle is similar to July and more dampened
compared to June 1990, because of the smaller amplitude
of the air temperature. The month-to-month variation is
larger in 1991 than in 1990 but the seasonal mean is the
same (Table 2). Except for the pre-melt season, there is no
conclusive evidence that cloud conditions influence L,
(Fig. 5).

Based on half-hourly values for the period May
August 1991, the surface temperature was calculated from
Lo. This period was chosen because of the larger range of
values and more accurate screen-level air-temperature
measurements due to ventilation. The difference between
screen-level air temperature and thermal radiation from
the surface varies for individual months. May shows the
largest temperature difference (2.89+ 1.47°C) which is
due to a strong increase in air temperature in the second
half of the month and to the cooling of the snow surface
by the underlying cold snow layers. June and August
show much smaller temperature differences, 1.44+1.09
and 1.44 4 1.08°C, respectively. For both months, the
monthly mean air temperature is below 0°C and the
surface (snow or slush) is melting. The significantly larger
value for July (1.77 4+ 1.037C) is caused by a much higher
air temperature. Daily mean longwave outgoing rad-
iation can be parameterized by using the screen-level air
temperature. Based on daily mean values from Summit
(Fig. 1) and ETH Camp, the relationship between L, and
screen-level temperature (7)) was calculated. The linear
regression shows a correlation coeflicient of 0.983. For
T, <1.7°C, L, can be expressed as

L, = 4.5667T, + 308.14 (5)
and T, in °C. A value of

. . . . v 9
by which L, is given in Wm ~
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316 Wm 2 for L, (melting surface) can be expected for
T,>1.7°C. Observations from the pre- to post-melt
seasons indicate that the temperature gradient near the
surface increases for higher altitudes at the same time.

Because of the lower atmospheric temperature
compared to the surface temperature, longwave net
radiation (LW, is mostly negative during the summer
months, indicating the energy loss at the surface. Due 1o
the steady values of L, during the melt scason, LW is
strongly characterized by L;. Therefore, LW, depends
mainly on total-cloud amount and cloud types. During
the pre-melt season L; is smaller compared to the melting
season, while L, (due to the low snow temperature) is
much smaller. This leads to an amount of LW, which is
larger compared to the melting season. The largest
amounts of LW, can be expected during the post-melt
season due to greater L (cloud conditions) and minimal
L, (temperature at the surface <0°C).

The mean diurnal cycle of LW, for June 1990 shows
a decrease in the late afternoon because of L, (Fig. 9).
The monthly mean longwave net radiation increases from
June to August because of increasing total-cloud amount
and a smaller amount of L, in August (Table 2). In 1991,
the features of monthly mean diurnal cycles are similar to
those of L;. Because of the smaller L, in August, the level
of the diurnal cycle of LW is larger. July shows the
smallest monthly mean value, while the value for August
is much larger. This is caused by the higher total-cloud
amount and the lower surface temperature in August. For
a total-cloud amount of up to 3/8, the daily mean
longwave net radiation is centred around —70 Wm * (Fig.
5) and increases strongly for overcast conditions

2

(-10Wm ).
Radiation balance

The possible underestimation of net radiation, mentioned
carlier, leads to a large relauve error at locations with
high surface reflectivities. During the main melt period
(June, July) at ET'H Camp, the differences between net
radiation derived by the two different methods, in terms
of melt rate, corresponds to about 350 mmw.e. This
amount of difference cannot be ignored, as it is equivalent
to the mean annual accumulation of Greenland (Ohmura
and Reeh, 1991).

At the presentsite near the mean ELA, an energy gain
at the surface due to radiative fluxes can be expected from
late May to mid-August, while during the pre-melt season
(in May) the amount of net radiation is centred around
zeroW m “. The monthly mean diurnal cycles for 1990
(Fig. 9) show the highest values for July during the
davtime and the highest values for August during the
“night-time”. These features indicate that net radiation
depends mainly on declination (global radiation), reflect-
ivity of the surface and cloud conditions. The monthly
mean net radiation increases from June to July by 30%
and decreases strongly in August but it retains a positive
value. In July 1991, the largest net radiation values are
found during the daytime and the smallest values are
found during the “night™, while the situation for August
is reversed. The monthly mean net radiation is below
zeroWm ~ in May (Table 2), peaks at a similar amount
for June and July, and decreases to a value close to
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zeroWm ~ in August. Net radiation in June 1990 and
June 1991 are similar. This indicates that the smaller
amount of SWye in 1991 (because of a lack of GL) is
compensated for by the increase in total-cloud amount.
The smaller amount of net radiation in July 1991 is
mainly due to the higher albedo in 1991. In August 1991,
the smaller SW,; (because of the higher albedo) is almost
compensated for by the larger cloud amount and lower
surface temperature. The seasonal mean net radiation is
more than 20% smaller in 1991 than in 1990 and shows
an absolute difference of 6 Wm °. The larger value for
1990 can be explained by the greater amount of G'L and
lower albedo in 1990, which could not be completely
compensated for by the greater cloud amount in 1991,
The eflect of total-cloud amount on daily mean net
radiation is shown in Figure 5. To eliminate the effect of
declination and albedo, net radiation is analysed
separately for May (dry snow), June-July (wet snow)
and August (dry snow). The decrease of SW due to
increasing cloud amount is compensated for by an
increase in LWy for dry-snow conditions in May. The
mean albedo for May is high (85%) and the distribution
of low, middle and high cloud amounts is uniform (Table
). In June-July, daily mean albedo shows values
between 50 and 91% with an average of 74%. Daily
net radiation increases very slightly but it is not sig-
nificant, at a rate of <0.8Wm™ with a 1/8 increase of
cloud amount. This indicates that LW, is able to
compensate for the decrease of SW,,., due to increasing
cloud amount. For dry-snow conditions in August, daily
mean albedo is mostly between 75 and 90% with an
average of 84%. Daily net radiation shows a weak trend
toward increase from clear-sky to overcast-sky conditions.
The difference between May and August could he due to
different cloud schemes which show much more low cloud
of the stratus type in August than in May. For dry-snow
(1974) showed an
increase in net radiation of about 23 W m 2 from 0/8 to

conditions at Carrefour, Ambach
8/8, while at ETH Camp the values of net radiation are
more or less steady. At Camp IV, Ambach (1977)
observed an increase in net radiation of about 27 W m ?
from clear-sky to overcast conditions for days with an
albedo > 70%. This
increases with increasing cloud amount for an albedo

>75% (Ambach, 1974), could not be found in the same

relation, in which net radiation

order of magnitude at the present study site. This
discrepancy could be caused by a possible underes-
timation of net radiation (see above) measured by using
the unshaded method or by different cloud schemes
types) at the various locations.

Comparison with other locations

To put the measurements of radiative fluxes at ETH
Camp in a larger perspective, a comparison with results
from other locations (Fig. 1) on the Greenland ice sheet is
made. As a contribution to the Greenland Icecore Project
(GRIP), a European Scientific Foundation programme
with eight nations collaborating to drill through the
central Greenland ice sheet, radiative-flux measurements
and synoptic ohservations were made at Summit (per-
sonal communication from A. Abe-Ouchi). The earlier
works are converted to WRR (Frohlich and London,
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1986). Since Ambach (1963, 1977), at Camp IV, and
Ambach and Markl
Stefan-Boltzmann’s constant that was 1.25% larger than
the currently accepted value (= 5.67x10 *Wm K 1),

1983), at Carrefour, used a value for

their longwave radiative-flux measurements were divided
by a factor of 1.0125. In addition, it must be mentioned
that ETH Camp was the only location where longwave
incoming, longwave net and net radiation were obtained
with shaded radiometers. Therefore, a systematic differ-
ence due to the different methods of measurement cannot
he excluded.

Cloud observations from other locations on the
Greenland ice sheet are very rare. At Summit, the total-
cloud amount in June 1991 was a little larger than at
ETH Camp but the values are based on only three
observations a day. E.A. C. Henneken (personal com-
munication) has given a value of sky covered by clouds of
49% for July 1991 at Gimex-FUA, an ice-sheet station
(1520 ma.s.l.), which is slightly larger than at ETH
Camp. At Gimex-IMAU (Oerlemans and Vugts, 1993), a
station close to the ice margin, the trend for June and July
1991 is similar but the amount is a little less than given in
this study. The observations at various locations show a
slight increase in total-cloud cover from coast to summit
for June 1991 (Gimex-IMAU: 58%; ETH Camp: 60%;
Summit: 65% ) and the same trend for July 1991 (Gimex-
IMAU: 41%; ETH Camp: 46%; Gimex-FUA: 50%).
The results from various locations are close 1o each other
and the uncertainty is large because of a small data base
and different observers, observing intervals, locations and
time-scales. Therefore, no definite conclusion about the
geographical distribution of the total-cloud amount on
the Greenland ice sheet can be provided but the
observations are helplul o interpret radiative fluxes,

Global radiation is the most commonly measured
component of the radiation balance. GL/I and the ratio
of minimum and GL

comparing daily mean values for various study sites

maximal are considered for
(Fig. 1; Table 3). Values are given for June and July but
they are based on measurements for different years and
numbers of days. The ratio G'Lyyin /G Liyax increases with
increasing elevation and shows a much higher value at
Summit (3230 ma.s.l.) than at Gimex-IMAU at the ice
margin. The range of variation of GL/I is small at
Summit
the averages of the ratio G'L /I show no significant trend.
This feature can be explained by the existence of low

and increases with decreasing elevation, while

clouds (especially of the stratus tvpe) close to the ice
margin.

Generally, GL increases from 607 to 70° N, remains
steady further to the north and increases from the ice
margin to the ice sheet. In June, GL at the ice margin
increases from the south to the Arctic Circle from about
200Wm * at Nordhogletscher to about 260 Wm * at
Qamanarssup (Braithwaite and Olesen, 1985) and at
Gimex-IMAU. Around 70° N, the amount of G'L is 330
360 Wm *. The vear-to-year variation for June was large
at ETH Camp with 381 Wm ?in 1990 and 337 Wm ”in
1991. The wvalue for 1991
measurements at Summit which show 357 Wm *. The
value obtained at Carrefour (362Wm % 1850 ma.s.l.)
appears reasonable considering the variability of GL
observed in June at ETH Camp. At the Gimex transect

accords with simultaneous
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Table 3. Comparison of the ratio global lo extraterrestrial solar radiation GL /T (range
and average) and the ratio of minimum and maximal G'L for various study sites on the
Greenland ice sheet referred to in the lext. Dala are based on daily mean values for June and
July. The number in brackets represents the number of days taken into account

Location Month GL/1 GL/I G Lyin/ G Linax
Range Average
Summit (GRIP) June (17) 0.61-0.80 0.71 0.76
Site 11 July (26) 0.52-0.90 0.69 0.54
Clrrefour June, July (57) 0.57-0.89 0.76 0.61
Gimex-FUA July (27) 0.43-0.84 0.72 0.47
ETH Camp June, July (109) 0.28-0.84 0.72 0.28
Camp IV June, July (61) 0.29-0.80 0.64 0.38
Gimex-IMAU June, July (52) 0:19-0.73 0.58 0.25

(around 67°N) GL is 283 W m ™ in July at the ice margin
and 320 Wm * at the ELA. This value is the same as the
observation at ETH Camp in the same year. Meas-
urements at Camp [V show smaller values of GL for June
and July compared to the very close ETH Camp site,
where total-cloud amount for June is smaller in 1990 and
greater in 1991, In July, total-cloud amount is smaller in
both years at ETH Camp but GL is much larger at ETH
Camp (316 Wm %) than at Camp IV (279Wm o 1
Comparing the results from various locations close to
the ELA, the amount of GL observed at Camp IV seems
to be at the lower limit. Therefore, an amount between
320 and 360 Wm ? can be expected for June and July in
the accumulation area between 67° and 72° N. Further
north, GL decreases slightly in July to about 320 W "
considering site II (Diamond and Gerdel, 1958) and
Kronprins Christian Land (KCIL.) in eastern north
Greenland (Konzelmann and Braithwaite, 1995). Mea-
surements of GL in August are fairly rare. The year-to-
vear variation at ETH Camp is slight and the amount of
global radiation (about 200W m %) is similar to the
observations at the Iee Cap Station on Devon Island.
Albedo values for various study sites are given in
Table 4. For June and July, the albedo seems steady at
the lower ablation area (Gimex-IMAU; 54l ma.s.l.).
while the albedo decreases strongly in the upper ablation
area (Camp IV: 1004 mas.l.) during the same months.

Near the ELA (ETH Camp), the albedo is much higher
in June and increases at Carrefour and Summit. From
June to July, the albedo decreases more at Camp IV than
at ETH Camp and at Carrefour. Around the Arctic
Circle and near the ELA (Gimex-FUA; Henneken and
others, 1994), the albedo is similar to the observations at
ETH Camp. In the dry-snow zone (site I1; 2128 ma.s.l.),
the albedo is larger than at Carrefour which is located in
the percolation zone. For August, only measurements at
ETH Camp are available, which show larger values
compared to June and July due to the beginning of the
accumulation season. It is obvious that the beginning of
the accumulation season in mid-August will be respon-
sible for inereasing the albedo much more in the ablation
than in the accumulation area. Measurements near the
ELA on the ice cap of Devon Island show a seasonal trend
similar to that obtained at ETH Camp but with a time
lag of 1 month. At ETH Camp, the albedo decreases by
0.14 from May to July and increases strongly in August,
whereas at Ice Cap Station there is also a drop of albedo
from June to July and an increase in August. In general,
the albedo for June and July is lower than 0.60 in the
ablation area, a drop to 0.70-0.75 around the ELA
(hecause of the longer duration of the snow cover),
reaches 0.80-0.85 in the percolation zone and 0.85-0.90
in the dry-snow zone. According to Holmgren (1971), the
albedo at the ELA far north is a little higher (0.01-0.03)

Table 4. Comparison of menthly mean values of albedo for various study sites referred to in
the text. The number in brackels rvepresents the number of days taken into account

Location May June July August
Summit (GRIP) 0.91 (17)

Site 11 0.86 (26)

Carrefour 0.80 (17) 0.83 (30) 0.80 (27)

Gimex-FUA 0.70 (27)

ETH Camp 0.86 (21) 0.76 (50) (.72 (59} 0.79 (55)
Camp IV 0.63 (30) 0.50 (31)

Gimex-IMAU 0.56 (21) 0.55 (31)

Lee Cap Station 0.88 (11) 0.86 (30) 078 [31) 0.81 (31)
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in May, July and August, but much higher (0.10) in June
compared to ETH Camp. Albedo observed in July at the
ELA increases from Gimex-FUA to ETH Camp and to
Ice Cap Station.

Measurements of longwave radiative {luxes are very
rare and were made only at Camp IV, Carrefour,
Summit and ETH Camp. LWt is treated as residual
(LWyet = NR — SW,) at Gimex-FUA and site II. In
the percolation and dry-snow zone, LWy is between 33
and -45Wm ? in June and July. At Camp IV, LW, is
in the same range, while the values at ETH Camp are
55Wm ° If L, at Camp IV were recalculated
using Equation (4), the value of LW, would decrease by
7Wm ? and the discrepancy in the LW,y would diminish
greatly. LW, obtained originally at Gimex-FUA
(-72Wm ?) is 20Wm ? smaller than at ETH Camp.
Applying the correction for the possible underestimation
of measured net radiation developed at ETH Camp
(Equation (4)), LW shows —-57 W m ~ at Gimex-FUA.
With these assumptions, the likely values of LW, for the

about

three stations near the ELA came closer to each other. Tt
seems that LW, is larger in the upper accumulation area
due to a smaller difference between atmospheric and
surface temperature. At the ELA and in the ablation
area, L, is larger compared to L;. Closer to the coast, L; is
affected by low clouds which influence the amount of
LW, more than higher up on the ice sheet. Therefore,
LWt depends mainly on the variation of L, and on low-
cloud conditions.

A comparison of screen-level temperature and surface
temperature measured by radiometers is given in Table 5
for Summit, Carrefour, Camp IV and ETH Camp. The
temperature gradient in May is much larger at Carrefour
than at ETH Camp, which could be explained by the
lower temperature of the interior snow cover. Similar

Konzelmann and Ohmura: Energy balance of Greenland ice sheet

values for June and July at Carrefour were ohserved in
May and June at ETH Camp. This indicates a time lag of
approximately 1 month for Carrefour compared to the
present site. At Summit, the temperature is much lower
for the measuring period but the temperature gradient
between the surface and screen-level height is similar to
observations at Carrefour. Values for July at Camp IV
are in the same order as at ETH Camp, whereas the
temperature gradient for June is much larger. Monthly
mean air temperatures are similar and the discrepancy is
caused by the much lower surface temperature. No
reasonable explanation could be found for this fact.

As in the case of longwave radiative fluxes, measure-
ments of net radiation are rare in space and time for the
Greenland ice sheet. The amount of net

decreases from the ice margin to the accumulation area

radiation

and shows its largest values in July. The decrease of net
radiation from the ELA to the upper accumulation area is
much smaller than from the ablation area to the ELA. A
profile of net radiation from west to east at 70° N shows
90 W m ? for the upper ablation area, 35Wm ? for ELA,
25 W m * for the percolation zone and around zero W m *
[or the dry-snow zone. This feature is caused by the
variation in albedo and L, Values at ETH Camp
(37Wm ) and Gimex-FUA (38Wm % adapted) are
similar [or July. Tt seems that this amount of net radiation
can be expected at the ELA between 67° and 70° N,

CONCLUSIONS

At the study site near the mean equilibrium-line altitude
in midwest Greenland, an energy gain of the surface due
to radiative fluxes can be expected from the end of May to
the middle of August with a mean value of 32 W m ? for

Table 5. Comparison of monthly mean screen-level temperature (T, ) and surface
temperature (T, ) measured by radiometers for Summit, Carrefour, Camp 1V and ETH

Camp. Unit: °C

May June July August
Summit T, (1991) 13.4 —
T: (1991) - 16.5
'Tn o 71 5.1 o
Carrefour Ly (1967) 0.8 il 3.9 =
T: (1967) —-15.7 10.0 -5.5
Ii— 1% ) 2.9 1.6
Camp IV T, (1959) 0.9 1.4
T (1959) —4.1 -0.8
T, -1, 5.2 2.2
ETH Camp T, (1990) 0.5 0.5 3.5
T, (1990) 1.9 -1.3 4.2
Fu— L 1.4 1.8 0.7
T, (1991) 8.6 0.9 0.6 1.8
T, (1991) -11.5 2.6 [t 3.1
T;1 — Ts 29 1.7 2.3 1.3
T, (1990-91) 0.7 0.6 27
T, (1990-91) =) 1.5 3l
T, — T, 1.6 2.1 1.0
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this period. During the melt period, the lack of global
radiation caused by a larger cloud amount is compen-
sated for by an increase in longwave incoming radiation.
Due to the steady values of longwave outgoing radiation,
net radiation at the surface is characterized mainly by the
albedo (with a mean value of 0.753) and its variation,
Measurements of shortwave reflected radiation during
pre- and post-melt seasons derived from a high tower
provided more reasonable data for remote-sensing
applications over a wide flat snow area, because the
effect of surface undulations (small sastruga) and lower
solar elevation can be diminished.

Due to a possible underestimation of net radiation
measured with a net radiometer, it is recommended that
the single components of the radiation balance are
measured using the shading method. Especially at
locations with high surface reflectivities, an underestim-
ation of net radiation leads to a large relative error, which
corresponds. in terms of melt rate, to the order of mean
annual accumulation at the present site.
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