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ABSTRACT. We analyse data on solar radiation measured with an automatic weather
station on Morteratschgletscher, Switzerland, for the period 1 October 1995-30 Septem-
ber 1996. The station is in the lower ablation zone. Due to shading by surrounding moun-
tains and atmospheric attenuation, only 49% of the annual extraterrestrial irradiance
(mean: 292 W m 7 reaches the glacier surface. About 48% of this is absorbed at the sur-
face (mean: 79 W m % annual albedo of 0.53).

We present a simple albedo scheme for use in glacier mass-balance models. We fit the
model to the 1 yecar dataset by optimizing five control parameters (optimal values in
brackets): albedo of snow (0.75), albedo of firn (0.53), albedo ofice (0.34), e-folding constant
for effect of ageing on snow albedo (219 days) and e-folding constant for effect of snow
depth onalbedo (3.2 cm). The input consists of daily albedo, snow depth and dates of snow-
fall events. The correlation coefficient between observed and simulated albedo is 0931, the

corresponding rms difference being 0.067.

1. INTRODUCTION

1o understand how ablation on a glacier may change if
climate changes, one needs to know the components of the
surface-energy balance. It is generally accepted that, at least
on mid-latitude valley glaciers, the most important pro-
cesses delivering melt energy in summer are absorption of
solar radiation and turbulent exchange of sensible heat. On
most glaciers, solar radiation typically provides 75% of the
melt energy, although on the lower parts of maritime
glaciers this may be closer to 50%.

In recent years, glacier mass-balance models have been
developed that are based on a calculation of all energy
transfers between atmosphere and glacier surface (c.g
Greucell and Oerlemans, 1986: Oerlemans, 1993; Oerlemans
and Fortuin, 1992). Radiative and turbulent energy fluxes
are calculated from climatological data by schemes used
widely in boundary-layer meteorology. In the course of
time, the usefulness of such schemes has been tested with
field experiments on glaciers in which the components of
the energy balance were measured (c.g. Ambach, 1979;
Kuhn, 1981; Munro, 1989). Such studies were usually per-
formed over a short period during the melt season and at a
single location. Tn more recent vears, detailed information
about altitudinal gradients has been obtained as a result of
experiments carried out simultaneously at a number of me-
teorological stations (e.g. Ocrlemans and Vugts, 1993; Van
den Broeke and others, 1994; Greuell and others, 1995). How-
ever, these experiments were also restricted to the summer.

In spite of the energy-balance work done so far and the
significant increase in our knowledge this has brought
about, there is still a need for meteorological data on
glaciers collected over longer periods. In particular, the
parameterization used for albedo in mass-balance models
needs further testing with data that cover both the trans-
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ition from snow to firn and to glacier ice, as well as the trans-
ition from a bare-ice surface to snow cover in the fall,

It is, however, not casy to obtain such data. Ablation
zones are difficult to work in throughout the year, because
of melt water, high melt rates causing continuous changes in
the surface relief and difficult access in early winter (danger
of avalanches and crevasses). Furthermore, for budgetary
and logistic reasons, it is not feasible to have a permanently
manned station on a glacier tongue.

Nevertheless, there are a few places where some of these
difficulties can be overcome; one such place is Morteratsch-
gletscher, Switzerland (see Fig 1). This glacier flows in a
northerly direction, is about 7km long and has an area of
16.4 km”. Altitude ranges from 4049 (Piz Bernina) to about
2100 m (glacier front). Access to the tongue is possible in
almost all conditions. A meteorological station was installed
here in September 1995 and has been functioning ever since.

In this paper, we present an analysis of the solar radi-
ation measurements for the period 1 October 1995-30 Sep-
tember 1996. We first present a brief description of the
mstrumental set-up and then discuss certain features of the
data. Next, a simple model for calculating the daily albedo
is introduced. As input, it uses snow depth and dates of
snowfall events. The model is fitted to the albedo data by
optimizing five control parameters, namely, albedo of fresh
snow, albedo of firn, albedo of ice, e-lolding constant for
effect of ageing on snow albedo, e-folding constant for effect
of snow depth on albedo.

2. THE INSTRUMENTS

The automatic weather station (AWS) is located on the ton-
gue of Morteratschgletscher, about 500 m from the glacier
snout at an elevation of 2104 m (as obtained from GPS meas-
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Fig. 1. A view over Morteratschgletscher, Switzerland. The location of the automatic weather station is indicated by an arrow.
( Photograph by W, Haeberli, September 1959.)

urements on 29 September 1995). It is placed on an homoge-
neous part of the glacier which slopes gradually (about 5°).

The AWS stands frecly on the ice and sinks with the
melting surface. The distance between sensors and surface,
being 3.5m, thus remains approximately constant when
snow cover is absent. In winter, the height of the sensors 1s
3.5m minus the snow depth at the AWS site. For the year
considered here, the maximum snow depth was only
62 cm, which is only half of the long-term average [accord-
ing to information from local mountain guides). Conse-
quently, the height of the sensors varied between 2.9 and
35m.

The AWS is equipped with sensors for temperature (as-
pirated), air pressure, wind speed and wind direction, and
with upward and downward looking pyranometers. In ad-
dition, snow temperatures are measured. Data are sampled
every 2min and then converted into half-hourly mean
values and stored on a Campbell CRI0 data logger. Power
is supplied by a solar panel combined with lithium batteries.
The relative surface height is obtained from an acoustic sen-
sor attached to a separate construction drilled into the ice.
This allows monitoring of melt and snow accumulation.
Stake readings were also carried out during regular visits
to the station.

The Aanderaa pyranometer is not the most accurate
instrument on the market but it is nevertheless suitable in
view of errors inherent in measuring using an AWS. The
potentially important error sources are snow, condensation
and riming on the instruments, and tilting of the mast. The
field of view of the downward-facing pyranometer is rel-
atively large, because the instrument is between 3 and
3.5 m above the surface.

It is possible to determine global radiation by using the
upward-looking sensor by partitioning the incoming radi-
ation into direct and diffuse components, and assuming that
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the two-stream approximation is valid. However, the parti-
tioning is the problem, since no observations of cloud cover
and reflectivity of surrounding slopes are available. We have
chosen to correct the data directly by comparing them with
the data from carefully calibrated Kipp and Zonen pyran-
ometers operated for 4weeks in spring very close to the
AWS site. The procedure is described in the Appendix.

The station has been operational since 29 September
1995 and was visited and observed on 16-17 December (im-
mediately after a 30 cm snowfall), 19 February (during light
snow), 19 March, 18-19 April, 12-13 May, 16 Junc—1 July, 31
July—1 August, 6-12 September. So, in spite of the fact that
the station was not manned, many observations on its per-
formance and on the surface conditions arc available.

During these visits, riming or condensation was hardly
ever ohserved. According to mountain guides working in
the region, fogey conditions on the lower part of the glacier
do not occur frequently, so possibly the error resulting from
condensation is not too large, especially if daily means are
considered.

The tilt of the mast was measured on all the visits men-
tioned above. In September 1995, the station was placed
horizontally. On 16 December, the tilt appeared to be 67 to
the north, This must have been due to the considerable
amount of melt (about 04m) in October 1995. During the
winter, spring and summer the tilt did not change more than
a few degrees. In October 1996, the tilt was again measured
accurately, still giving a value of 6° in a northerly direction.

With regard to the albedo measurements, it is fortunate
that the shading angle of the surrounding mountains, typi-
cally 30°, is significantly larger than the tilt of the mast.
Consequently, direct radiation can never enter the down-
ward-looking pyranometer. This means that the potentially
largest error source is absent. In this paper, we define the
albedo with respect to a horizontal surface. Therefore, all
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calculations have been done using data reduced to the hori-
zontal plane as deseribed in the Appendix.

3. GLOBAL RADIATION

For a proper interpretation of the measurements presented
here, some basic concepts on solar radiation need to be clar-
ified. The solar constant S is defined as the energy flux of
radiation originating from the Sun, perpendicular to the so-
lar beam, for the annual mean Earth-Sun distance (e.g

g
-9

Liou, 1992). The currently accepted value is 1368 £3 W m -,
For reference, it is useful to define the extra-terrestrial irra-
diance Q. as

@ o= BsinN (1)

Here, A is solar elevation. Qg thus represents the flux of
energy through a surface of unit area perpendicular to the
Earth surface at the “top” of the atmosphere. An effective
transmissivity T, can now be introduced by relating the
global radiation G to Quy :

&= 1y - (2)

It should be stressed that here global radiation refers to
the flux impinging on an imaginary horizontal surface
through a point on the sloping glacier surface.

The result of a number of processes is absorbed in 7ug.
First of all, atmospheric processes, that is, scattering and ab-
sorption of solar radiation by air, aerosol and clouds, make
Teif significantly smaller than unity. Reflection from the sur-
rounding slopes, on the other hand, normally lcads to an
increase in global radiation, i.c. an increase in 7. In prin-
ciple, g can therefore be larger than unity but this rarely
happens.

Global radiation can be partitioned into direct radiation
(solar beam impinging on the surface) and diffuse radiation
(coming from all other directions). The proportion of dif-
fuse radiation increases with cloudiness and reflectivity of
the surrounding slopes. A full treatment of what happens
with solar radiation in a glacierized valley of given geom-
etry therefore becomes a complicated matter, so compli-
cated that only computer time-consuming Monte Carlo
methods can deal with all aspects. ‘This is not feasible for
the study of the energy balance of a glacier surface, in which
other processes such as turbulent fluxes introduce signifi-
cant uncertainties.

A frequently made assumption in radiative-transfer cal-
culations is that the diffusive solar radiation, including rad-
iation reflected by the glacier surface, is isotropic. This

implies that the amount of reflected radiation measured
with a down-facing pyranometer should not depend on the
tilt of the instrument, unless it is tilted so much that direct
radiation can enter the dome when the Sun is very low
(Mannstein, 1985).

We now turn to the measurements. As an example, Fig-
ure 2 shows the record of global and reflected radiation for
the first 8 days of April 1996. A few centimetres of snow fell
on 2 April. The extra-terrestrial irradiance for 1day is also
shown for reference. The large cut-off in global radiation,
because of shading by the surrounding mountains, is clearly
seen. This, of course, is typical for a north-facing glacier in
the Northern Hemisphere. 8 April apparently had variable
light clouds and at some instant a peak global radiation very
close to the extra-terrestrial irradiance. This must have been
due to reflections between cloud, glacier surface and sur-
rounding slopes,

Daily mean values of & for the entire year of measure-
ments are plotted in Figure 3, together with the extra-terres-
trial irradiance. Air temperatures (also daily means) are
shown for reference. The most striking feature in the radi-
ation record is the large day-to-day variability in the
summer hall-year compared to the winter half-year. We
believe that this is associated with the presence of snow on
the valley slopes. The effect of multiple reflections on global
radiation is far more important when the slopes are covered
with snow than when they are not. Therefore, in cases where
the slopes are covered with snow, multiple reflections
decrease the contrast between sunny and cloudy days. It is
possible that another process, associated with different
cloud characteristics, contributed to the difference between
summer and winter. In winter, clouds are probably optically
thinner.

As noted carlier, interception of solar radiation by sur-
rounding mountains strongly reduces the incoming radi-
ation, notably from easterly (carly morning) and westerly
(late afternoon) directions. Consequently, there is a large
difference between daily mean global radiation and extra-
terrestrial irradiance.

Table 1 lists monthly mean values of G, Q. and 7. (the
last three columns are discussed later). In summer, about
half'of the potential solar energy reaches the glacier surface.
In winter, the fraction is even lower,

4. ALBEDO

Figure 4 shows all the measurements of incoming and re-

600 \\

400 / ;.,__.& l

—~ 1200 ——global T e—

T (| e reflected \ —Extra-terrestrial iradiance

§ 1000 - - - - extraterr. i ;

‘g 800 o A

< \ - .
5 ‘ F

o

&

o

w

LA

April 1996

Fig. 2. Example of measured global radiation ( solid ) and reflected solar radiation ( dashed ). Shown are half-hourly mean values.

Lxtra-terrestrial irradiance is showon for reference.
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Fig. 3. Daily mean values of air temperature (upper panel, smoothed curve also shown ) and global radiation lower panel ).

flected radiation. Each dot represents a half-hourly mean
value (total number of data points: 17568). There is a clear
grouping in the diagram. Apparently, characteristic albedos
for snow/firn and ice are emerging.

Occasionally, albedo values larger than one occur.
Closer inspection of the data in relation to the snow-depth
record (discussed in more detail later) shows that this hap-
pens during snowfall and must be due to snowflakes adher-

Table 1. Solar-radiation characteristics in monthly mean
values. G is global radiation, Qe is extra-terrestrial irradi-
ance, Tegt 1s transmissivity, A is absorbed solar radiation, f is
absorbed solar radiation scaled by extra-terrestrial irradiance.
In this table, albedo is the ratio of monthly mean reflected lo
global radiation

Month G ()8 Teff A Albedo f
Wm? Wm? Wm *

October 1995 106 210 0.51 71 0.34 0.34
November 1995 57 138 041 26 0.54 0.19
December 1995 37 108 0.35 10 072 0.10
January 1996 52 128 041 13 076 010
February 1996 98 191 0.51 29 0.70 0.15
March 1996 167 282 0.59 54 0.68 0.19
April 1996 221 377 0.59 86 0.61 023
May 1996 236 447 0.53 116 0.51 0.26
June 1996 282 176 0.59 194 0.31 041
TJuly 1996 241 455 053 167 031 037
August 1996 174 390 045 113 0.35 0.29
September 1996 134 301 0.44 72 0.47 0.24
Year 151 292 0.49 79 0.53 024
234
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ing to the upward-looking sensor, whereas the downward-
looking sensor remains free of snow. The AWS was visited
once in light snow but then the sensors were clean. During
a visit after a heavy snowfall (35 cm, 18 October 1996), the
effect could be clearly observed (upward-looking sensor
covered by a few centimetres of snow, downward-looking
sensor free of snow). In any case, such measuring errors have
only a small effect on the overall pattern.

On most days, albedo shows some variation during the
day. We hesitate to give a full analysis of this, because several
factors that may cause this variation (varying tilt of sensors,
riming, snowdrift, etc) could not be observed because the
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Fig. 4. All half-hourly means of global and reflected radiation

in a scatter plot. Two clusters emerge, associated with snow
and ice.
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station is unmanned. From now on, the discussion will be
restricted to daily albedos. First, daily albedo is defined as
the ratio of daily amount of reflected solar radiation to the
daily global radiation. Note that this differs from the daily
mean albedo, which is the mean of all instantancously deter-
mined albedo values during daylight. However, when the
Sun is very low, this quantity may be influenced greatly by
measuring errors. In view of this, daily mean albedo is not a
very useful quantity in analysing measurements and instcad
the daily albedos should be studied.

Figure 5 shows daily albedos for the entire year. For rea-
sons explained above, 1 day appeared to have an albedo ex-
ceeding 0.9. For this day, its value was set at 0.9. Also shown
in Figure 5 is snow depth derived from the acoustic sensor.
As expected, there is a clear relation between albedo and
snowfall events (seen in the record of the acoustic sensor as
an almost stepwise inerease in snow depth).

In general, snow albedo is lower in spring than in winter,
except when large amounts of snow fall (as on 21-22 June,
when a few centimetres of snow bring the albedo up to over
0.8). Tt also appears that ice albedo increases slowly in
August and September. There are three snowfall events in
late summer (27 August, 12 and 24 September). In all cases,
snow melted away within a few days but the albedo re-
mained relatively high, Consequently, the monthly albedo
for September 1996 was significantly higher than for
October 1995. However, October 1995 was exceptionally
sunny and warm (see also the temperature curve in Figure
3). All the monthly albedos are given inTable 1.

The last two columns inTable 1 show absorbed solar rad-

iation A and the efficiency of absorbing solar radiation ( f)
defined as

- 3)

So, f indicates how much of the insolation at the top of the

f

atmosphere is actually absorbed at the glacier surface. In
the annual mean, only one-quarter of the extra-terrestrial
irradiance would be absorbed by a horizontal surface on
the glacier at the AWS site! The amount will be cven less
for the actual glacier surface, which has at the AWS site a
slope of about 67 in a northerly direction.

5. MODELLING ALBEDO

In mass-balance models based on a calculation of the
energy balance, albedo should be a prognostic variable
determined by the nature and history of the melt process.
In earlier studies, simple formulations for albedo have been
used in which one or more of the following parameters plays
a role: snow depth, accumulated melt, age of snow, snow
density, distance to equilibrium line, ete. Because of the lack
of data, such formulations have never been checked thor-
oughly. Although the present dataset is far from ideal and
concerns only a single point on a glacier, 1t provides an op-
portunity to test some of the ideas behind the albedo
schemes.

Here, we will fit an albedo scheme, described briefly, to
the 366 daily albedo values. Although one could argue that
one loses information by not looking at half-hourly values,
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Fig. 5. Daily albedo (upper panel) and snow depth (lower panel ), derived from the acoustic sensor ( except the peak marked ™,

Jor which snow depth was arbitrarily described ).
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the additional information, notably on snowfall events,
would not be accurate enough for a study with a high reso-
lution in time. In the calculation, values of five parameters
are determined in such a way that the rms difference (o)
between observed and simulated daily albedos is mini-
mized.

First of all, we anticipate that the albedo of the snow-
covered glacier site at day (7) will depend on the age of the
snow at the surface, so

. 5—1
L}bllﬁ\\'(’) = C¥firn T+ ((}I'r'hnm\' - n"ﬁl‘ﬂ) PXP( = ) . (l)

Note that this expression introduces three parameters: a
characteristic albedo for firn (@), for fresh snow (apenow )
and a time-scale t* determining how fast the snow albedo
approaches the firn albedo after a snowfall. In this equation,
5 is the number of the day on which the last snowfall
occurred. Because of the daily resolution used here, the
albedo of fresh snow should be interpreted as the character-
istic albedo for snow that is not more than 1day old. So, it
may (and does) differ from the albedo of a snow surface
during or immediately after a snowfall.

Next, we require a smooth transition to the characteris-
tic ice albedo ai. when snow depth (d) is small. This can be
achieved by writing for the final albedo

(i) _ (1) ) —d
@ = Qgnow' = T Mice — (1511()\\'“ P ( de /- (5}

Here, d” is a characteristic scale for snow depth. When snow
depth is d*, the snow cover contributes /e to the albedo, the
underlying surface (1-1/e). If snow depth equals 3d*, the
underlying surface still contributes about 5% to the albedo.

Therefore, there are now five control parameters:
Ofpsnows Qfiens Qices ¢ and d”. Before optimal values for these
can be calculated, the snowfall events have to be defined.
First of all, daily mean values of the snow-depth measure-

ments from the acoustic sensor (sampling every 3 hours)

were calculated to remove noise. It was assumed that there
was a snowfall on day () if

d(i) —d(i—1) = 0.02m (6)

Here, d(i) is the daily mean snow depth. The value of
0.02 m was chosen, because it is twice the estimated snow-
depth error for daily mean values. The resulting snowfall
cvents arc shown in Figure 6. Very probably, a few of the
snowfalls derived from the application of Equation (6) to
the snow-depth data are not real and a few may be missing,
This is the price one has to pay when using data from an
automatic station.

It is not difficult to calculate the optimal values for the
control parameters. We found that the mutual dependence
of optimal control parameters is small and that a unique
solution could be obtained by minimizing 0. The results
are given in'lable 2 (full model). Although the correlation
coefficient 1s significant (0.93), o is still fairly large (0.067).

Judging from Figure 6, in which observed and calculated al-

bedos are compared, there are at least two reasons. Around
days 135 and 160, the effect of ageing is apparently overesti-
mated in the model. A possible reason is that in these peri-
ods light snowfalls were not revealed by the analysis of the
snow events. A second factor concerns the tendency of the

Table 2. Summary of model results. For each model, the best
values for the control parameters are listed, as well as the rms
difference () between simulated and observed albedo and
corresponding correlation coefficient (1)

Qfpsnow Oy e (il it 7 o
cm d
Full model 0755 0533 034 32 249 0931 0.067
One albedo [or snow 0.70 034 29 - 0912 0.076
" =10 071 054 034 0 213 0.891 0.084
Tiwo albedo values only 0,67 034 0 = 0.882 0.087
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Iig 6. Upper panel: snowfall events derived from the acoustic snow-depth measurements. Lower panel: a comparison of observed

and simulated albedo.
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observed ice albedo to increase from the beginning of June
to the end of September.

To investigate the stability of the albedo model, the con-
trol parameters were varied around the optimal values. Fig-
ure 7 shows the result in terms of the rms difference between
observed and simulated albedo (). lee and snow albedos
appear to be better defined than the firn albedo. The curve
for the ageing time-scale ¢* is rather flat: it would not make
much difterence it * were to be increased or decreased by a
few days. The snow-depth scale d* is more sharply deter-
mined. The implication is that, for a snow depth of 10 cm,
95% of the albedo is determined by the snow cover and only
5% by the underlying ice surface. This is in good agreement
with the theoretical results of Wiscombe and Warren (1980).

One may well wonder whether simpler albedo models
would give a simulation of comparable quality. InTable 2
the results of a calculation using simpler models are sum-
marized. First, we consider a model without ageing cffect
of the snow. So, a single value for snow albedo is used. The
best result is obtained with a snow albedo of 0.70, the result-
ing value of @ being 0.076. One may therefore conclude that
the simulation without an ageing effect is significantly,
although not dramatically, worse.

Another simplification would be to omit the snow depth
(i.e. put d* to zero). This leads to an optimal simulation with
a = 0.084, clearly demonstrating that it makes sense to take
snow depth into account explicitly. Finally, a run was done
inwhich only two albedo values were used: one [or snow and
one for ice, no account being taken of effects of snow depth
or ageing. Now, the best simulation that can be achieved has
a = 0.087, which is 30% larger than the result for the full
model.

We made several further attempts to improve the simul-
ation by taking into account air temperature and solar ele-
vation. This was not successful and the results of these
additional calculations are therefore not shown.

6. CONCLUDING REMARKS

Although a Iyear record does not constitute a climatology,
we may conclude that, on an annual basis, the wngue of
Morteratschgletscher absorbs less than 25% of the solar rad-
iation available at the top of the atmosphere. For the
4month period June-September, when most of the melting
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takes place, the percentage is higher, namely about 32%,
(because shading by the surrounding mountains is less
effective then). The order-of-magnitude is probably typical
for larger north-facing glaciers in the Alps.

Albedo was found to vary strongly in time, notably in
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Fig 8. A comparison of data from the Aanderaa pyranometers,
mounted on the AWS, and the Kipp pyranometers, placed per-
Seetly horizontal. Each dot represents a half-hourly mean
value. The top panel shows global radiation and the hottom
panel shows reflected solar radiation. Period: 18 April
1530 h until 15 May 0930 b 0T 1996,
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late spring and fall when snow falls every now and then on
bare ice. An albedo scheme with five control parameters is
able to reproduce the observations reasonably well if snow-
fall events and snow depth are used as input. From compara-
tive tests with simpler versions of this scheme, we conclude
that the albedo model formulated here is suitable for simu-
lating the albedo. Its degree of complexity is in balance with
the type and quality of the measurements.

The albedo scheme proposed here can be incorporated
in glacier mass-halance models, if basic information is avail-
able on snow depth and frequency of snowfall events. We
hope that it will be possible to use this scheme for other
points on a glacier by adjusting only the ice albedo. Tor
many glaciers, the variation in the characteristic ice albedo
can be estimated from high-resolution satellite images (e.g.
optical channels of Landsat TM) acquired on a suitable day
in the second half of the ablation season (see e.g. Knap and
others, in press).
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APPENDIX

The output from the Aanderaa pyranometers was corrected
by a comparison with Kipp pyranometers. The Kipp pyran-
ometers were placed perfectly horizontal and close (a few
metres away) to the site of the AWS. After looking at the
data (18 April 1530 h until 15 May 0930 h UT), it appeared
that the correlation between half-hourly values from the
Kipp and Aanderaa sensors was very high (see Fig. 8). The
systematic error in the incoming radiation can be explained
by the 67 tilt (towards the north) of the Aanderaa sensor.

Inview of other possible sources of error in the Aanderaa
data (temperature effects, snow cover, riming and less opti-
mal cosine response), it was decided to correct the Aanderaa
data by a straightforward application of linear regression
equations for global and reflected radiation. The regression
equations were calculated so that the rms difference
between the Aanderaa and Kipp and Zonen data was mini-
mized under the condition that the mean values for both da-
tasets were identical. An example of the correction
procedure is shown in Figure 9.
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Fig. 9. An example of corrected global radiation. The signal
[rom the Aanderaa pyranometer has been corrected to the Kipp
pyranometer.
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