Fournal of Glaciology. Vol. 43, No. 143, 1997

Response of the longwave radiation over melting snow and ice
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ABSTRACT. Parameterizing the incoming longwave radiation L | in terms of the
fourth power of the absolute temperature at the reference height is used in glaciology for
several purposes. In this paper, the validity of this kind of parameterization is investigated
for the Greenland ice sheet, both by observations and by numerical simulation with a
meso-scale model. It is found that such a parameterization severely underestimates the
increase of L | in response to large-scale warming in an area where surface melting is
important. This is explained by the systematic influence that is exerted on the shape of

the temperature profiles by surface melting.

1. INTRODUCTION

This paper concerns the parameterization of the incoming
longwave radiation L | above a large ice sheet under condi-
tions with surface melting. Such a parameterization is re-
quired for models to investigate the response of the
Greenland ice sheet to global warming. In principle, L | can
he determined fairly accurately from profiles of temperature
(T), water-vapour density (p,) and liquid or solid water den-
sity. However, it is often assumed that L | can be expressed in
terms of parameters at the reference height (), as

L|=emoTh’, (1)

in which T}, is the absolute temperature at the reference
height, @ is the Stefan Boltzmann constant and €. 1s the
effective emittance. Empirically, e is found to be a func-
tion of cloudiness (N), water-vapour density at the refer-
ence height (py,) and also of the geographical location.
The dependence on location is caused by systematic differ-
ences between the profiles and cloud properties, as well as
by differences in surface elevation.

The parameterization (Equation (1)) is used in glaciol-
ogy for several purposes. It has often been applied to evalu-
ate L | for field campaigns in which N, T}, and pyp, have been
observed but L | has not. Recently, Equation (1) has also
been used in model studies related to the response of the
Greenland ice sheet to climate change. In those studies, L |
is determined from a prescribed, idealized temperature
series. Greuell and Konzelmann (1994) applied this para-
meterization to estimate the yearly energy balance for one
site (ETH Camp, southwest Greenland), with e as deter-
mined by Konzelmann and others (1994) from measure-
ments at the same site. Van de Wal and Oerlemans (1994)
used it to perform yearly energy-balance calculations for
the whole Greenland ice sheet. More research along this
line is expected in the near future.

Though the validity of Equation (1) has been rather well
confirmed for typical cases such as ordinary land surfaces
during the daytime, it has not been so for glaciers where
melting occurs. There is a particular difficulty with such
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surfaces. As the air temperatures rise, the glacier surface
remains at the melting point and hence the temperature
rise cannot be uniform with height. It should be expected
then that the rise in 7}, is smaller than the rise in the tem-
peratures above. Since the latter also yield a contribution
to L |, L | rises faster than T3, so that e is a rising func-
tion of T},.

Actually, it is well known that large errors would occur
for melting mountain glaciers, for which the T profiles are
obviously perturbed by advection of air from the ice-free
surroundings. For such glaciers, it is obvious that Equation
(I) cannot be applied with a Tj, measured above the glacier.
Greuell and Oerlemans (1989) calculated L | from a Tj,
measured at a site beyond the thermal influence of the
glacier, whereas Kuhn (1989) used a weighted average of
e heyond the influence of the glacier and above it. For
large ice sheets without advection from ice-free surround-
ings, the matter is different. The use of Equation (1) for that
case is based on the assumption that the atmosphere will
adapt to the surface conditions up to a sufficient height, so
that T}, is “representative” (Greuell, 1992).

In earlier papers, attempts have been made to evaluate
the validity of Equation (1) from data that were acquired on
the Greenland ice sheet. Greuell (1992) investigated the de-
pendence of g on Ty, for the ETH Camp (see above) and
found that it could not be determined whether e, was de-
pendent on or independent of Ty, due to the large scatter of
eoif. He recalled an interesting result from Ohmura (1981),
who found from a long sequence of data, taken on Axel Hei-
berg Island (this concerns a smaller ice cap), that €. is an
increasing function of 7j,. Konzelmann and others (1994)
also found a large scatter in eqr. Another problem is that
Equation (1) has not been tested for the ablation zone,
where the highest air temperatures above the ice sheet are
found.

A theoretical test has also been tried. Konzelmann and
others (1994) calculated L | with a narrow-band model from
profiles of T and py. Standard profiles were chosen, based on
inspection of radio soundings, and then p, and T were
varied by amounts that did not depend on height. This
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vielded good accord with Equation (1). However, a crucial
flaw in this numerical experiment is that the boundary con-
dition for a melting glacier was not incorporated, so that
there is a systematic difference between the idealized pro-
files of the experiment (which differ mutually by an addi-
tive constant) and the real profiles (which differ the more,
the greater the height becomes), once melting occurs,

In the present paper, the usefulness of Equation (1) for
the lower part of the Greenland ice sheet is evaluated. This
is done in two ways. First, the relation between observed
values for Ti,* and L | is investigated for a location on a
melting surtace where a large range of positive T}, values
occurs. It is noted here that such measurements have rarely
been done, which is to be attributed primarily to the experi-
mental difficulties involved in performing measurements
over an ice surface with a high melting rate (Oerlemans
and Vugts, 1993). Secondly, a case study with a numerical
meso-scale model is analysed, in which the change of the T'
profile is calculated from the changes in air flow and turbu-
lence, which in their turn depend on the temperature differ-
ence between air and atmosphere (Meesters, 1994). If the
difference with Equation (1) is large, it should be concluded
that parameterizing L | along this line is inappropriate in a
model to study the reaction of a large ice sheet to climate
change.

2. OBSERVATIONS

2.1. Site and set-up of the observations

A general description of the Greenland Ice Margin EXperi-
ment (GIMEX) can be found in Oerlemans and Vugts
(1993). A more detailed description of the climate of the ab-
lation zone can be found in Van den Broeke and others
(1994). Several papers on GIMEX have been published in a
special issue of Global and Planelary Change (No. 9, 1994),
During GIMEX-91, radiation data were collected dur-
ing 52 d, 10 June—=31 July 1991, Tn this study, we will use data
collected at “site 4” on Russell Glacier, 2.5 km from the
boundary between glacier and tundra at an elevation of
340ma.s.l. (Fig. 1). These measurements were performed
by the Institute for Marine and Atmospheric Research,
University of Utrecht. Advection of warm air from the
tundra plays no role at this site, at least at the lower heights,
as is shown by the very high directional constancy (0.97) of

Fig. 1. Location of the site (“site 47 ) from which observations
were used.
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the east-southeast wind (Van den Broeke and others, 1994).
"The glacier surface at this location is very rough: the regu-
larly spaced ice hills (formed by mechanical deformation
and differential melting) have typical dimensions of several
metres vertically and horizontally. This and the high seaso-
nal melt rate (3.1 m water equivalent; Van de Wal and others,
1995) prevents the operation of tall masts and sensitive equip-
ment. Instead, we used a 6 m mast that rested freely on the ice
with its four legs and melted down with the surface in the
course of the ablation season,

At 1.5 m above the surface, shortwave radiation was
measured with Kipp CM 14 pyranometers and total radia-
tion with Aanderaa 2811 pyrradiometers, As these sensors
were not ventilated, the measurements were perturbed by
heating of the sensor housing due to insolation. After the
experiment, all the radiation sensors were recalibrated and
several corrections were applied before the data could be
analysed. Since longwave radiation was not measured di-
rectly, it was calculated by subtracting the global from the
total radiation. This procedure, together with the typical
measuring accuracy of the sensors, yields an estimated ac-
curacy of the measured daily mean incoming longwave ra-
diation L | of 10 Wm 2

lemperature and humidity were measured at three
levels. In this paper, only temperature and humidity mea-
surements at i = 2 m are used.

2.2. Results and comparison with theory

Only diurnal means have been used for comparison with
theory to minimize the influence of errors in the measured
radiation and in the observed cloudiness. The diurnal
course of the temperature at the reference height, Tj, is
small so that the average of the fourth power of 7j, can be
estimated as the fourth power of the average of Tj,.

A problem is that the incoming radiation depends
strongly on the cloudiness N, even if N is small. In Figure
2 the observed ¢, is shown as a function of N only. A linear
dependence is seen. This behaviour differs strongly from
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tig. 2. Observed atmospheric emittance dependent on cloudi-
ness, for “site 47, June- July 1991. Also shown are two para-
meterizations, based on measurements al other polar sites
(equilibrium line of southwest Greenland in the case of
Ronzelmann and others (1994) and Foldewey ( Svalbard)
and Georg von Newmayer ( Antarctica) in the case of Kinig-
Langlo and Augstein (1994) ).
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other results for polar regions (Konig-Langlo and Augstein,
1994; Konzelmann and others, 1994), which are also shown
in Figure 2. According to those results, the cloud contribu-
tion is about proportional to the third power of N. Konzel-
mann and others (1994) explained this by remarking that, in
the case of low N, only high cirri are present, which have a
small influence on L |, whereas high N is related to clouds
with a low base. This rule apparently does not hold for the
GIMEX site 4. For a clear sky, however, there is a good
agreement between the observations for site 4 and the two
parameterizations.

A straightforward way to account for the influence of
the clouds, starting from the assumed proportionality of
L] to Ty ! is to assume that the following approximation
can be used:

L= (@ +AN)oTy". (2)

The best values for a and 3 have been determined from
L | e N and Tj, by a least-squares calculation. It was
found that a = 078 £ 0.01 and 3 = 0.14 + 001, with a
high correlation of r,3=-0.8. In Figure 3, L] as deter-
mined by Equation (2) is compared to the observed L |.
The correlation between the observed and explained L | 1s
rather high, r,, = 0.88, suggesting that the model is good.
However, things become diflerent if one looks at the predic-
tions for dependence on 1j, for fixed N. To do so, the data
points have been classified according to N being “low”
(N £0.3), “moderate” (0.3 < N <0.7) and “high”
(N > 0.7). In Figure 3, the data points have been marked
accordingly. The least-squares linear fit for cach class is also
shown. The slopes of these fits appear to be 0.50 + 0.11 for
low IV, 0.39 + 0.10 for moderate N and 0.24 + 0.26 for high
N. All slopes are significantly smaller than 1. This indicates
that L |, rises considerably faster than T, for fixed N, so
that Equation (2) and hence Equation (1) are refuted for this
case. We have not tried to obtain a better relation, since it
would be impossible to generalize it to cover a larger area
as the observations have been done at a rather special loca-
tion. It is emphasized that the noted discrepancy cannot be
explained, as for small glaciers, by advection of warm air
from the snow-free surroundings, since the surface wind was
always from the ice sheet as noted in section 21. In the fol-
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Fig. 3. Observed vs calculated incoming longwave radiation
for Site 47 Three classes _for cloudiness (N) have been dis-
cerned. The solid lines are the best linear fits for the three
classes.
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lowing section it will be shown that this discrepancy is like-
ly to occur for the whole area where melting is important.

3. NUMERICAL CALCULATIONS

3.1. Set-up of the numerical calculations

A two-dimensional meteorological meso-scale model has
been used; this was developed to study the relation be-
tween the atmospheric circulation and the surface-energy
halance for the western margin of the Greenland ice sheet.
The model has been described and validated by Meesters
(1994) and Meesters and others (1994). Only those features
that are most important for the present paper are briefly re-
viewed.

Figure 4 indicates the topography in the model. A
terrain-following staggered grid is used. There are 13 levels
for the temperature above the surface, with the lowest
heights at 10, 20, 40, 80, 120 m and the highest level at
5000 m. No clouds are assumed to be present. L | is parame-
terized at the surface altitude 2z, according to

de

ds(zmhs) ) (3)

o0
e / dsaT(s)
in which €(zq,r, $) 1s a function of the water-vapour content
between zq, and s, parameterized according to the sugges-
tion of Savijirvi (1990).
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Fig. 4. Topography used for the two-dimensional meso-scale
maodel.

3.2. Results of the numerical calculations

Two runs (A and B) with the model will be considered here.
They correspond to runs A and C discussed by Meesters
(1994). Run A is a standard run with a clear sky, no large-
scale wind and temperature, moisture and ice conditions
representing a day in July. Run B differs from run A only in
that the initial air temperature is increased hy 5K at all
levels. This causes large differences in the wind field and in
the turbulent exchange, as has been discussed by Meesters
(1994). Both runs started at midnight and lasted for 48 h. In
this section, averages for the latter of the 2 d are considered.

Figure 5 shows the diurnally averaged temperatures, at
the surface and at the reference height (10 m), for both runs.
It is seen that the difference between both runs is small for
small z and increases with increasing altitude. Yet, for the
highest altitude (=400 km), the increase is still consider-
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Fig. 5. Surface (T.) and reference height ( Ty, ) temperature for
runs A (solid) and B ( dashed ). Daily averaged values, as a
Junction of the distance to the ice margin.

ably smaller than the imposed rise of the free-atmosphere
temperature, 5 K.

These features have the following background. Close to
the ice margin, the average air temperatures are high due to
the low altitude. Surface melting inhibits large differences
between runs A and B. With increasing altitude, tempera-
tures generally become lower. At the highest altitude, melt-
ing occurs only during a small part of the day for run A but
during a considerable part of the day for run B (Meesters,
1994). Hence, the difference between the mean tempera-
tures for runs A and B at high altitude is, although much
higher than for low altitudes, considerably smaller than the
difference of 5 K imposed on the free-atmosphere tempera-
ture.

Figure 6 shows the diurnal averages for the temperature
profiles for both runs, for three locations. Locations “1.” and
“H”are at the foot and at the top (surface elevation 2.5 km) of
the slope, respectively, and location “M” is at @ =90 km, for
which the surface elevation is 1.2 km. This figure illustrates
that suppression of the temperature rise, which occurs for
the “warm” part of the ice sheet, is restricted to a shallow
layer. Figure 7 shows the relative increase, from run A to run
B. of L | as well as T;,*. It is seen that for the “warm” part of
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Fig. 6. Temperature profiles for sites with a low ( L), middle
(M) and high ( H) altitude, for runs A (solid) and B
( dashed ). Daily averaged values.
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the ice sheet, the increase of L | for clear-sky conditions is
underestimated by a factor of up to 3 if one applies Equation
(1),
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Fig. 7. Increment of the incoming longwave radiation (L | )
and of the fourth power of the temperature at reference height
(Ti} ). Daily averaged values as a_function of the distance to
the ice margin.

The difference cannot be explained from the change in
water-vapour content py,. Inspection shows that py, in-
creases by only 5% [rom run A to run B, averaged over the
zone 0 < <160 km. But since (for clear sky and with
changes in the shapes of the profiles neglected) €4 should
be proportional to a low power of py, (power £ according
to Konzelmann and others (1994)), this can explain a
change of less than 1% in €. Hence, the noted change in
L | has to be attributed for the greater part to the systema-
tic change in the shapes of the profiles.

The apparent shallowness of the layer that is adapted to
the surface cannot be a consequence of the limited simula-
tion time (2 d). A katabatic wind flows over Greenland with
a typical length scale of 500 km and a speed {coastward
component) of 5ms |, vielding a time-scale of only 10°s or
about 1 d.

4. DISCUSSION

The assumption that the incoming (clear-sky) longwave
radiation L | should be roughly proportional to the fourth
power of the temperature at the reference height Ty' has
been tested for the Greenland ice sheet. It has been found,
both from observations and from simulations, that in re-
sponse (o a large-scale warming a rise in L | occurs which
is much larger than the rise in 73,! for those sites where melt-
ing occurs during a large part of the day. This is explained
from the fact that Tj, is kept low by the melting surface,
whereas L | rises more strongly since the temperatures at
higher levels also contribute to L |. The existence of this
cffect was known beforehand but it has usually been consid-
ered as negligible. The present study has shown that thisis in
general nof the case.

It is emphasized that even relatively small errors in the
calculation of L | lead to large errors in the net radiation if
the latter is small. This is the case for the Greenland ice sheet
during the melting season, when the net longwave radiation
and net shortwave radiation tend to cancel because of the
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high albedo of the ice (e.g. Van de Wal and Oerlemans, 1994).
Hence, studying the response of the ice sheet to climate
change requires an accurate parameterization of L |.

Equation (1) has rarely heen applied to cases with high
air temperatures over melting glaciers. However, Van de Wal
and Oerlemans (1994) used Equation (1) in a model for the
response of the Greenland ice sheet to climate change. They
stipulated the effect of climate change by increasing the air
temperature Tj, by 1 K everywhere. Since the effect of sur-
face melting on T}, has not been taken into account, it is
likely that the calculated increase in L | would be relatively
well in accord with the stipulated climate change, whereas
the prescribed increase in 7T, itself would not be. So, the
effects of a wrong 7}, and a wrong relation between 7}, and
L | cancel (whereas, on the other hand, the turbulent fluxes
will be calculated wrongly to the extent that 7j, is wrong but
this problem is beyond the scope of the present study).

It is concluded that the use of Equation (1) in models to
simulate the response of ice sheets to large-scale warming
leads, as far as the equation is taken literally, to a strong
underestimation of the change in the incoming longwave
and net radiation once surface melting occurs. For this rea-
son, the use of models with several T' levels within the atmo-
sphere is strongly recommended.
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