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ABSTRACT

A meso-y-scale atmospheric model has been used to simulate atmospheric circulations observed during the
Greenland Ice Margin EXperiment (GIMEX). The simulations shown here are two-dimensional and cover the
1213 July 1991 period, a typical summer situation in this area. The synoptic-scale wind forcing is included.
The tundra topography is assumed to be either flat, or averaged over a 50-km-wide cross section centered on
the GIMEX transect. Simulated wind, temperature, humidity, and turbulent fluxes compare reasonably well with
available observations. The simulated heat used to melt snow or ice is also shown. The sensitivity of the model
results to the synoptic-scale wind forcing is significant. The impact of a tundra much warmer than the ocean on
the ice sheet melting is discussed. It is found that weak easterly synoptic-scale winds are able to overwhelm this

impact, especially when the tundra is assumed to be flat.

1. Introduction

One problem to be addressed in climatic change
studies is the possible partial melting of huge ice sheets
such as those over Greenland and Antarctica.

Among the processes governing the evolution of
these ice sheets, the snow/ice mass budget has to be
considered as critical. Variations in the melting rate in
particular are suspected to play the most important role
in the ice sheet mass balance variations, at least at the
geological timescale (e.g., Gallée et al. 1992).

Moreover, a close link exists between the snow/ice
surface energy balance and the melting (e.g., Ambach
1985), so that a good understanding of the processes
responsible for the energy exchanges between the ice
sheet and the atmosphere is necessary. A detailed ice
sheet surface energy balance will certainly include the
representation of the absorbed solar heat flux, the long-
wave radiation, the turbulent sensible and latent heat
fluxes.

While variations in the absorbed fraction of the solar
heat flux depend mainly on the surface albedo varia-
tions, which seem the most important process at time-
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scales equal or larger than one season (e.g., Gallée et
al. 1992), the turbulent heat fluxes play a significant
role in coupling the atmosphere to the surface at shorter
timescales. These fluxes are particularly large over the
steep slopes of the ice sheets, generally in relation to
katabatic wind (Lliboutry 1965). The width of the
Greenland ice sheet ablation zone is typically a few tens
of kilometers and includes the steepest slopes. Conse-
quently, a detailed study of the ice sheet surface energy
balance and melting would require an explicit repre-
sentation of atmospheric processes having a horizontal
length scale of 5—10 km. In the atmosphere, such hor-
izontal length scale is classified as a meso-y scale. In-
deed, meso-y-scale atmospheric processes are charac-
terized by horizontal length scales ranging between 2
and 20 km (see, e.g., Stull 1993).

This stresses the importance of meso-y-scale atmo-
spheric modeling over the ice sheets. Such models may
be validated using well-documented field experiments
covering the ice sheet ablation zone. In turn, field ex-
periments may be completed by simulations performed
with them. An application of a validated meso-y scale
atmospheric models is to provide a link between the
observations and the General Circulation Models
(GCMs), even those which in the future will include
an explicit representation of processes having an hori-
zontal length scale as small as 50 km. In general, the
ice sheet ablation zone should be considered as a sub-
grid-scale feature in these models and parameterized.
To refine the climatology of a particular region, another
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FiG. 1. Locations of five different sites used in the present study
on a transect perpendicular to the ice edge.

possible application is the nesting into GCMs of meso-
y-scale atmospheric models properly designed for this
task.

As shown by Oerlemans (1991), the western part of
the Greenland ice sheet between 65°N and 70°N, is dry
and warm. The equilibrium line in this region is sig-
nificantly higher than elsewhere over the Greenland ice
sheet. Implications for a climate change could be im-
portant. A modeling study (Letréguilly et al. 1991) has
shown that this region may have been marked by an
extensive melting during the isotopic stages Se (130
kiloyears Before Present—kyr BP) and 5c¢ (100 kyr
BP). Furthermore, possible future greenhouse warm-
ing could also cause an extensive melting of the Green-
land ice sheet in this region (Huybrechts et al. 1991).

The Greenland Ice Margin EXperiment (GIMEX),
performed during the summer seasons of 1990
and 1991 in this region of Greenland provides a
good database for testing mesoscale models. Until
GIMEX, detailed meteorological measurements on
Greenland have been limited to single locations
(Ambach 1977a,b; Ohmura et al. 1992). The
GIMEX experiments provide data with some (al-
though still limited ) horizontal resolution by the use
of several independent masts, set up in an array along
the ice sheet profile. This enables mesoscale model-
ers to check the performance of their models in order
to make the step toward suitable boundary-layer
parameterizations for GCMs over Greenland. The
first results of GIMEX and other recent work con-
cerning the Greenland ice sheet are collected and
published in a special issue of Global and Planetary
Change (No. 9, 1994).

The aim of this paper is to validate a meso-y-scale
atmospheric model for a GIMEX situation representa-

tive of average conditions during the melting period.
For such condition, the synoptic-scale wind forcing has
an easterly component most of the time. It will be in-
cluded since it is typical for this part of Greenland (van
den Broeke et al. 1994) and could play an important
role in the katabatic wind behavior (e.g., Murphy and
Simmonds 1993). Since we are dealing mainly with
the influence of the turbulent energy fluxes on the ice
sheet mass balance, we will restrict ourselves to a time-
scale comparable to the daily cycle. This will exclude
the study of important processes such as those govern-
ing the snow albedo variations.

The remainder of this paper will be divided into five
parts. In section 2, more details will be given on the
field experiment itself. In section 3, a short model de-
scription will be provided. In section 4, the standard
simulation results will be analyzed and compared with
the available observations. Model sensitivity to the pre-
scribed tundra topography and to the inclusion of the
synoptic-scale forcing will be explored in section 5.
Finally, conclusions will be given in section 6.

2. The GIMEX experiment

The GIMEX data were obtained in the western part
of Greenland at a latitude of 67°N along a line approx-
imately perpendicular to the ice sheet margin. Data are
obtained from a series of masts and a captive balloon
site as given by Oerlemans and Vugts (1993). The data
from the two days of 12 and 13 July are particularly
interesting because of the rather calm and stationary
large-scale weather, with few clouds.

The general setup of the experiment in 1991 is given
in Fig. 1. A total of seven unmanned masts was oper-
ated by Utrecht University and the Free University of
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Amsterdam, the sites being numbered according to Fig.
1. At all sites, temperature and wind speed were mea-
sured at two levels or more, thus enabling the calcu-
lation of turbulent fluxes with Monin—Obukhov simi-
larity theory, using hourly mean values of the profiles.
Relative humidity profiles were measured at sites 7, 4,
and 9 and used for the calculation of latent heat fluxes.
Flux profile relations were used as presented by Duynk-
erke and van den Broeke (1994). All variables were
sampled at 2-min intervals and converted into hourly
mean values. This experimental setup has been used
successfully on Alpine glaciers and also in Antarctica.
The masts rest freely on the surface and melt down with
the ice (the surface at site 4 lowered 2 meters during
the experiment owing to ice ablation). Leaning of the
masts was less than 5°. Data from all masts were trans-
mitted by telemetry to the base camp. The total mea-
suring period spanned 52 days in 1991, of which in this
paper a case study is made of two days: 12 and 13 July
1991.

Since the main goal of the present study is an ac-
curate simulation of the surface energy balance, we will
concentrate on the surface observations at ice sites 4,
6, and 9 and the tundra site 7. Site 9 is estimated to be
situated close to the mass-balance equilibrium line.
Characteristic for the expedition area (just above the
Arctic Circle at 67°N) is a 150-km wide strip of tundra,
that allows for the highest mean summer temperatures
in Greenland, exceeding +10°C (Ohmura 1987). Al-
though the coastal areas experience persistent fog dur-
ing the summer, the expedition area has a very dry and
sunny climate. The general atmospheric circulation
during the two day period under consideration is char-
acterized by very small pressure gradients over West
Greenland, resulting in a weak off-ice directed geo-
strophic flow over the expedition area. Cloud cover for
both days is 1/8 or less. The maximum temperature at
the airport of Sendre Stremfjord (25 km away from the
ice edge) is +20°C for both days. This weather type is
typical for this part of Greenland during summer. Me-
teorological conditions during these days are, therefore,
expected to be representative for average summer con-
ditions (van den Broeke et al. 1994).

The low tundra albedo of 0.2 and the very dry soil
force a strong upward-directed sensible heat flux over
tundra during sunny weather, while the sensible heat
flux 1s downward directed over the melting ice (mainly
due to the fixed surface temperature of the melting ice,
see Duynkerke and van den Broeke 1994). As a con-
sequence, very persistent katabatic winds dominate the
stable surface layer of the ablation zone, while daytime
conditions over the tundra are convective. The strong
horizontal temperature difference between the bound-
ary layer air over the tundra and over the ice (in the
order of 10 K km™") further accelerates the air over the
first ten kilometers of the ablation zone at day time, as
has been described by van den Broeke et al. (1994).
During the short night the opposite happens and the
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formation of a very stable boundary layer over the tun-
dra decelerates the katabatic flow over the nearby ice.
Further on the ice this influence of the tundra becomes
weaker, and the daily cycle of the katabatic wind is
reversed: maximum at night and minimum during the
day, analogous to antarctic katabatic winds (Kodama
et al. 1989).

The width of the ablation zone probably exceeds 100
km during the period under consideration, since strong
melt was observed at site 9, 88 km away from the edge.
A very interesting feature along the profile is the dip in
surface albedo at site 6, probably caused by inefficient
meltwater run off (Van de Wal and Russell 1994). Sur-
face reflectivity at sites 4 and 5 remains constant at 0.55
throughout the season. At site 6, however, a marked
decrease starts in July and results in very low values of
0.3 at the end of the season. Satellite observations con-
firm the existence of a zone of low reflectivity in the
ablation zone which is several tens of kilometers wide,
running for hundreds of kilometers south—north along
the ice edge. This particular albedo profile has been
used in the initialization of the model. Another impor-
tant surface parameter, the aerodynamic roughness
length z,, also showed large variations along the pro-
file. Values for z, published by Duynkerke and van den
Broeke (1994) are used for the present runs and also
held constant in time. Routinely measured background
temperatures from the coastal weather station at
Egedesminde (some 250 km to the north) are used for
the initialization of background temperature and spe-
cific humidity.

3. The model

The atmospheric model (referred to hereafter as
MAR"') is that of Gallée and Schayes (1994). It is a
meso-y-scale hydrostatic primitive equation model in
which the vertical coordinate is the normalized pressure
o = (p — p/p, — p:) (p, = const, p; and p being the
model top pressure, the surface pressure, and the pres-
sure, respectively). The full continuity equation is
taken into account. The model is extensively described
in Gallée and Schayes (1994 ) and is used here with the
following modifications:

e Only the subgrid-scale fluxes on the o surfaces and
the vertical turbulent fluxes are taken into account, ex-
cluding the correction terms. This is justified by the fact
that the correction terms contribution is negligible in
katabatic winds simulations (Gallée and Schayes 1994,
Gallée et al. 1993).

e Except in the surface layer, the vertical subgrid-
scale fluxes are treated using the E-¢ model of turbu-
lence (Duynkerke 1988), allowing to represent the tur-
bulent mixing length as a function of the local flow

' MAR: Modele Atmosphérique Régional.
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characteristics. This is important because of the com-
plex structure of the katabatic layer (Pettré and André
1991; Gallée and Schayes 1992).

¢ To represent the vertical subgrid-scale fluxes in
the surface layer, the formulation of Duynkerke (1991)
and Duynkerke and van den Broeke (1994 ) is used.

e The Deardorff (1978) soil model has been adapted
to the GIMEX situation. Over the tundra, the soil ther-
mal conductivity is 0.65 Wm™' K~'. Over the ice
sheet, the snow/ice density is parameterized as in
Meesters et al. (1994 ), while the snow heat conduction
coefficient is parameterized as in Yen (1981). When
the ice sheet surface temperature exceeds 273.15 K, it
is reset to 273.15 K, and a resulting meltwater flux is
computed.

¢ The lateral boundary conditions are modified to
take into account the synoptic scale, and involve ‘‘re-
laxing’’ the model-predicted variables toward the
large-scale analysis (Anthes et al. 1989).

e To take into account a nonzero geostrophic forc-
ing, the synoptic-scale flow is included by constraining
its potential vorticity to remain constant. This is done,
in particular, to define the geostrophic wind, the initial
wind, and to update the lateral boundary conditions for
the wind at each time step. Details are given in the
appendix. The model sensitivity to the constant poten-
tial vorticity constraint will be discussed in section 5.

4. Standard simulation
a. Initialization

The simulations shown here are done with the two-
dimensional model version, with the model domain
perpendicular to the ice margin. This is a reasonable
assumption since the ice sheet topography and albedo
may be assumed as two-dimensional in the GIMEX
area. Another reason is that the two-dimensional ver-
sion of the model is not CPU expensive, so that a lot
of sensitivity experiments may be done with the model.

The horizontal grid size is 5 km and there are 17

nonuniformly distributed vertical levels (i.e., 15 365,
" 12224, 9386, 6862, 4717, 3028, 1819, 1032, 561, 295,
153, 78, 39, 20, 10, 5, and 2.50 m).

Initial air temperature and humidity are taken from
the Egedesminde sounding on 13 July 1991 at 0000
UTC. The synoptic-scale forcing is that of the 700-hPa
level in the Egedesminde sounding and varies in time.
The synoptic-scale wind speeds (m s~') V, and direc-
tions dd, at Egedesminde are Ve = 4¢''%, 4¢'",
3%, 4e™5°, 4¢'% respectively on 12 July at 0000
UTC, 1200 UTC; on 13 July at 0000 UTC, 1200 UTC;
and on 14 July at 0000 UTC. Interpolation is performed
between at each time step.

The ice sheet topography is prescribed using an ide-
alized profile taken from Oerlemans and van der Veen

(1984):
1/2
h = (m> , h
P8
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where T, represents the ice yield stress (100 kPa) and
p the ice density (900 kg m™*). Although the ice sheet
topography may be assumed as two-dimensional in the
GIMEX area, this assumption is rather crude for the
hilly tundra. Several tests, including a three-dimen-
sional test, have been made to determine the impact of
a prescribed tundra topography on the simulated at-
mospheric circulation over the ice sheet. It is found that
only the marginal area of the ice sheet is significantly
affected by the choice of the tundra topography. This
is a rather small part of the ice sheet domain. The rea-
son is that the large-scale and katabatic circulations
come from the ice sheet interior.

The best agreement between observations and sim-
ulation near the ice sheet margin is found when taking
a tundra topography meridionally averaged along a 50-
km wide cross section centered on the GIMEX transect.
This topography will be referred to as the hilly tundra
topography in the remaining of the paper. The agree-
ment is poorer when assuming a flat tundra, and sim-
ulated wind speed differs from that of the previous sim-
ulation by up to roughly 20% in the ice sheet margin
area. This indicates that the model results in the ice-
sheet margin area have to be considered with caution.
With a 150-m high flat tundra, the agreement is some-
what in between that obtained with the abovementioned
assumptions.

Finally, the three-dimensional test does not reveal a
significant improvement of the model results. This is
due to the fact that topographic features such as f jords,
which could play a significant role in the katabatic cir-
culation over the tundra, are too small and are conse-
quently crudely represented in the model. Because the
present study is dealing mainly with the katabatic cir-
culation over the ice sheet, the small improvements ob-
tained in the three-dimensional test confirm that it is
reasonable to use the two-dimensional version of the
model.

The standard simulation will therefore be performed
with the hilly tundra topography. More details about
the model sensitivity to the prescribed tundra topog-
raphy will be given in section 5. Note that the topog-
raphy has been filtered in order to avoid the generation
of 2 Ax waves.

Sea surface temperature is fixed at the freezing point
(271.2 K). Over the tundra and the ice sheet, the initial
mean soil temperatures used in the Deardorff (1978)
soil model are 7, = 289.2 K and T; = 273.15 K, re-
spectively. The initial soil surface temperature is that
of the sounding, except over the ice sheet where it is
not allowed to exceed 273.15 K. The surface albedo is
prescribed and is taken from the GIMEX data. It equals
0.2 over the tundra. Over the ice sheet, it is equal to
0.55, 0.55, 0.35, 0.35, 0.50, 0.62, and 0.82, respec-
tively, at 0, 10, 30, 50, 70, 90, and 235 km from the
margin and is interpolated in between. The surface
roughness length for momentum is also defined as
found by Duynkerke and van den Broeke (1994). It is
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divided by a factor of 10 for computing heat and hu-
midity fluxes.

b. Model performance

In this section, we analyze in detail the results of the
standard simulation. The simulation is started at 0000
LT on 12 July and is conducted over 48 h. Since
roughly a 12-h time integration is needed before the
katabatic wind is well established, only the results of
the last 36-h time integration are shown. In Fig. 2, the
circulation characteristics observed at mast 7 (base
camp located on the tundra, 0.8 km from the ice sheet
margin) are compared with the simulation at the first
tundra grid point (starting from the ice sheet margin)
for 12—13 July 1991. The agreement is rather good,
except perhaps for the wind direction, which is simu-
lated from the southeast, while the observations are
marked by northeasterly winds. In fact, the observed
winds are influenced by channeling of the cold air into
the fjord, which is not represented in the two-dimen-
sional topography.

In Fig. 3, the circulation characteristics observed at
mast 4 (located on the ice sheet, 2.2 km far from the
ice sheet margin) are compared with the simulation at
the first ice sheet grid point (starting from the ice sheet
margin) for 12—13 July 1991. The agreement is not as
good than for mast 7, except for the wind direction.
The simulation is more marked by the katabatic cir-
culation than is found in the observations. This is re-
flected in the more relative constancy of the simulated
wind speed and by the retardation of the wind speed
minimum at night, as compared to the observations. As
mentioned before, this could be due to the two-dimen-
sional representation of the tundra topography. Another
possible cause of this shortcoming could be an under-
estimation of the observed roughness length at mast 4.

As it is seen from Figs. 4 and 5, the agreement be-
tween observations and simulation is better for masts

6 and 9 (located over the ice sheet, respectively, 39 and’

88 km far from the ice sheet margin) than for mast 4.
Simulation and observations are comparable, except at
mast 9 where the simulated latent heat flux is generally
underestimated during daytime. Although the observed
latent heat flux is not available for mast 6, it could be
inferred that the simulated latent heat flux over the ice
sheet increases from mast 4 to mast 9, as in the obser-
vations.

Over the ice sheet, the observed wind direction is
SE. This behavior is also found in the simulation at
masts 4, 6, and 9. It is also found that the simulated
sensible heat flux is always downward, as in the ob-
servations.

To summarize the comparison between the simula-
tion and the observations, the heat amount available for
snow/ice melting (i.e., the energy equivalent of the re-
duction of the snow temperature to 0°C, see section 3)
is shown in Fig. 6 for the second day of integration (13
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July) as a function of the distance to the ice sheet mar-
gin. At masts 4 and 9, the difference with the melted
ice amount per day computed from the observed sur-
face heat fluxes remains within 10%.

The details of the simulated surface energy budget
averaged over the same day are also shown (see Table
1). It is found that the absorbed solar heat flux domi-
nates everywhere. Over the ice sheet, it is the most
important at mast 6, because of the low surface albedo
there. The net infrared heat losses increase with the
altitude of the ice sheet surface because of a decrease
in the downward infrared heat flux. Simulated latent
heat fluxes are of secondary importance.

The sensible turbulent heat flux absorbed by the ice
sheet surface is an important component of the surface
energy budget. It amounts to roughly 40% of the ab-
sorbed solar heat flux at masts 6 and 9 and is larger
than roughly 50% at mast 4, but this last value could
be overestimated, because of the excessive wind speed
simulated at mast 4. In general, the sensible heat flux
increases downslope between mast 9 and the ice sheet
margin area. This results from an increase of the wind
speed and of the vertical potential temperature gradient
between the surface and the katabatic layer. The main
reason is that the snow/ice temperature may not be
larger than the melting point. Observations have shown
that the katabatic winds are very persistent over the ice
sheet margin in the GIMEX area (van den Broeke et
al. 1994). Consequently, the importance of the sensible
heat fluxes in the surface energy budget reflects the
influence of the katabatic winds on the Greenland ice
sheet mass balance in this area.

c. Katabatic flow characteristics

Figures 7 and 8, show, respectively, the wind speed
and the downslope wind component for the second day
of integration (i.e., 13 July) at 1500 LT. Figures 9 and
10 show the potential temperature field for the second
day of integration at 0300 LT and 1500 LT, respec-
tively. It is seen that katabatic flow dominates over the
ice sheet. For the highest surface elevations, the tem-
perature inversion is stronger at 0300 LT. Near the ice
sheet margin, the slopes are steeper and a well-marked
temperature inversion is maintained even at 1500 LT.
This results from the fact that the air mass is much
warmer than the melting ice there, a situation different
from what is found for Adélie Land (Antarctica),
where anabatic flow may be observed during daytime
over the steep coastal slopes.

At distances larger than 50 km, the wind speed (Fig.
7) increases downslope. This is due to the fact that the
buoyancy force (i.e., slope inversion force, see Mahrt
1982) dominates. Between 150 km and 10 km far from
the ice sheet margin, the height of the wind speed max-
imum is 75 m. This is typical of what is observed at
site 9, 88 km far from the ice sheet margin (Oerlemans
and Vugts 1993). The maximum wind speed is simu-
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Mast6, 12-13 July 91
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FiG. 4. Comparison between observations and the standard
simulation for mast 6 (located on the ice sheet, 39 km from
the ice sheet margin): (1) top left panel: wind speed 6 m above
the surface (in m s™'); (2) top right panel: wind direction (in
degrees); (3) middle left panel: temperature 2 m above the
surface (in K); (4) middle right panel: air specific humidity 2
m above the surface (in g kg™'); (5) bottom left panel: sensible
heat flux (in W m~2-—positive upward). The observations are
represented by the stars.

Sensible heat flux {W/m?2}

PN PPN U N ISTIN NEPENS BFUNE SRS TS SV S

lated roughly 50 km far from the ice sheet margin. Con- nent contribution to the wind speed, where slopes in-
trasting with the wind speed, the downslope wind com-  crease, is a classical feature of katabatic flows. Another
ponent exhibits two local maxima. The largest one oc-  interesting feature found in Fig. 8 is that the downslope
curs over the steepest slopes and in lower model layers  wind component becomes zero near the ice sheet mar-
(Fig. 8). The increase of the downslope wind compo-  gin, roughly 300 m above the surface. Keeping in mind
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FiG. 3. Comparison between observations and the standard simulation for mast 9 (located on the ice sheet, 88 km from
the ice sheet margin): (1) top left panel: wind speed 6 m above the surface (in m s™'); (2) top right panel: wind direction
(in degrees); (3) middle left panel: temperature 2 m above the surface (in K); (4) middle right panel: air specific humidity
2 m above the surface (in g kg™"); (5) bottom left panel: sensible heat flux (in W m~2— positive upward); (6) bottom
right panel: latent heat flux (in W m~*—positive upward). The observations are represented by the stars.
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FiG. 6. Heat available for ice/snow melt (in cm WE day™') as a function of the distance to the
ice sheet margin (in km), for the second simulated day (corresponding to 13 July 1991), and for
the standard simulation (hilly tundra, solid line). Comparison between the standard and sensitivity
experiments: dashed line: experiment 1 minus standard (the tundra is assumed to be 0 m high);
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that the geostrophic downslope wind component is
roughly 3 m s~ at this time, this means that a return
flow is simulated aloft in this area.

The analysis of the potential temperature field (Figs.
9 and 10) reveals that over the steepest ice sheet slopes,
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the katabatic layer is fully developed. It consists, from
the surface upward, of a thin cold-air surface layer,
followed by a very stable inversion layer for which
strength decreases downslope, a slightly unstable
layer thickening downslope (in which 0 > 86/8z
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FiG. 7. The wind speed in the vertical plane of integration for the standard experiment, after 39-h time integration (i.e., on 13 July at 1500
LT), as a function of distance to the ice sheet margin (positive distances are on the ice sheet) and height above the surface (panel a) or altitude
(panel b). Positive values indicate downslope wind and are represented by solid lines. Contour interval of 2 m s™'.
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Fic. 8. The x (downslope) component of the wind field in the vertical plane of integration for the standard experiment, after 39-h time
integration (i.e., on 13 July at 1500 LT), as a function of distance to the ice sheet margin (positive distances are on the ice sheet) and height
above the surface (panel a) or altitude (panel b). Positive values indicate downslope wind and are represented by solid lines. Contour interval

of 2 ms™'. Note the 0 m s™' contour simulated above the ice sheet margin (height above the surface: 300 m, altitude 500 m).

> —1°Ckm™'), and a stable transition layer to the
overlying free atmosphere. In this area, the apparent
adiabatic nature of the katabatic flow, contrasting with
the stable air mass stratification, especially at 0300 LT,
seems to be the main cause of the unstable layer thick-
ening; the stabilizing turbulent heat exchanges being
relatively less important. For example, 5 km far from
the ice sheet margin, the model simulates at 0300 LT
and 1500 LT, respectively, a 150-m and 200-m deep
unstable layer from roughly 100 m above the ice sheet
surface. Over the tundra, the slope inversion force van-
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FiG. 9. The potential temperature in the vertical plane of integration
for the standard experiment, after 27-h time integration (i.e., on 13
July at 0300 LT), as a function of distance to the ice sheet margin
(positive distances are on the ice sheet) and altitude. Contour interval
of 2 K.

ishes and the katabatic flow slows down. Consequently,
the cold katabatic air is piling up, so that the stable
inversion layer thickens and the unstable layer disap-
pears. The piling up effect is well marked in the vertical
wind speed component (not shown) and is responsible
for the generation of a vertically propagating gravity
wave. When assuming a flat tundra, the piling up effect
is also significant but slightly less efficient (see section
5). Because the unstable layer is replaced by a colder
stable layer over the tundra, an associated pressure gra-
dient force (i.e., thermal wind force, see Mahrt 1982)
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FIG. 10. The potential temperature in the vertical plane of integra-
tion for the standard experiment, after 39-h time integration (i.e., on
13 July at 1500 LT), as a function of distance to the ice-sheet margin
(positive distances are on the ice sheet) and altitude. Contour interval
of 2 K.
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Fic. 11. Standard experimént: time—height cross section of the x
(downslope) component of the wind field, for the last 36-h time in-

tegration of the 12—13 July 1991 period, at mast 7. Contour interval
of Ims™'.

results from density gradients along the x axis. It is
directed from the tundra toward the ice sheet. This is
why the model simulates a decrease of the wind speed
in the upper part of the katabatic layer, 30 ki upwind
of the ice sheet margin. Nevertheless, the katabatic flow
is not completely stopped since the slope inversion
force still exists between the cold melting ice sheet and
the overlaying warm air. Above the unstable layer, the
impact of the slope inversion force is very small but a
slight thermal wind force persists, perhaps due to the
piling up of the katabatic air in the ice sheet margin
area. It seems that the abovementioned return flow
(Fig. 8) could be associated to this residual thermal
wind force.

During daytime only, the simulated downslope wind
speed component is maximum near the ice sheet mar-
gin. At mast 7 the wind speed simulation (Fig. 2) and
the downslope wind component [Fig. 11, see also van
den Broeke et al. (1994), their Fig. 8] also exhibit a
maximum during daytime. One could explain the daily
wind speed maximum at mast 7 by the persistence of
the katabatic winds near the ice sheet margin and by
an ice breeze effect. The ice breeze effect is due to the
temperature gradient that is generated during daytime
between the warm tundra and the cold ice sheet (e.g.,
van den Broeke et al. 1994). More generally, daytime
over the tundra is marked by the development of a con-
vective boundary layer roughly 1000 m thick. Indeed,
the solar heat flux absorbed by the tundra surface is
important during this period of the year.

As a consequence of the katabatic wind persistence
and the ice breeze effect, katabatic wind circulation
tends to penetrate over the tundra. In particular, the
potential temperature time—height cross section [Fig.
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12, see also van den Broeke et al. (1994), their Fig. 9]
reveals maximum values in the potential temperature
around 1200 LT, extending upward from 150 m above
the surface. The near-neutral air stratification above
150 m at this time seems to be more related to the
signature of a katabatic unstable layer than to a subsi-
dence effect due to a pure ice breeze.

Despite the fact that the ice breeze effect is respon-
sible for an increase of the simulated wind over the
tundra during daytime, winds are generally weaker
over the tundra than over the ice sheet.

During nighttime, the temperature difference be-
tween the tundra and the ice sheet decreases and even
becomes reversed in observations, so that there is no
ice breeze effect. Consequently, the cold katabatic air
piling up effect plays a relatively increasing role in the
atmospheric dynamics near the ice sheet margin. The
associated thermal wind force causes a decrease of the
simulated wind over the tundra while it is maintained
over the ice sheet. This leads to a stronger transition in
the atmospheric circulation between the ice sheet and
the tundra, as it is also found in the observations.

5. Sensitivity experiments

In this section, the MAR sensitivity to the represen-
tation of the tundra and the synoptic-scale wind forcing
will be discussed. The impact of the tundra heating on
the ice sheet melting will also be shown. The experi-
ments are summarized in Tables 2 and 3. and described
in detail in the remainder of the section.

a. Sensitivity to the tundra topography representation

We will now analyze the model sensitivity to the
representation of the tundra topography by assuming a
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FiG. 12. Standard experiment: potential temperature time—height
cross section, for the last 36-h time integration of the 12—13 Jul
1991 period, at mast 7. Contour interval of 1 K. .



DECEMBER 1995

GALLEE ET AL.

2855

TABLE 1. Standard simulation along the GIMEX transect. Atmospheric heat fluxes (W m™2) at the surface, and averaged over the 13 July
1991. Positive values refer to heat fluxes absorbed by the surface. The distance from the ice sheet margin (km) and the altitude (m) of the

masts in the model are also included.

Mast Distance Altitude Absorbed solar Net infrared Sensible Latent
7 -2.5 160 248 —83 —-121 —45
4 2.5 305 145 -39 83 0
6 375 950 209 -61 87 —-18
9 87.5 1427 106 -71 40 -16

0-m-high flat tundra (experiment 1) and comparing the
results to those obtained with the standard (in which
the hilly tundra topography is taken). Note that for the
three last tundra grid points (before the ice sheet mar-
gin) and the two first ice sheet grid points, the surface
heights in experiment 1 are 0, 0, 84, 287, 468 m in
place of 174, 142, 160, 305, 468 m in the standard,
(giving at mast 4 a slope amounting to 4% and 3%,
respectively ). In Table 3, it is found that experiment 1
is very similar to the standard, except for mast 4, where
the differences with the observations are generally
larger for experiment 1. More precisely in Fig. 13, the
circulation characteristics observed at mast 4 (located
on the ice sheet, 2.2 km far from the ice sheet margin)
are compared with the results of experiment 1 at the
first ice sheet grid point (starting from the ice sheet
margin) for 12—13 July 1991. The agreement is less
good than for the standard, especially for the simulated
wind speed, which is larger and exhibits a nonrealistic
constancy. The larger simulated wind speeds at mast 4
in experiment 1 could be due partly to the larger pre-
scribed ice sheet slope in this area (4%) than in the
standard (3%). The sensible heat flux is also marked
by a nonrealistic constancy, probably due to the non-
realistic wind speed constancy. Moreover, the simu-
lated time—height cross section at mast 7 for the down-
slope wind speed component (not shown) is marked
by a nonrealistic nighttime maximum. Nevertheless, a
comparison of the simulated wind field at 0300 LT with

that of the standard reveals small differences. Only a
slight nighttime penetration of the katabatic flow over
the tundra is found in the sensitivity experiment 1 while
the discontinuity in the atmospheric circulation be-
tween the tundra and the ice sheet is maintained. In the
sensitivity experiment 1, this is due to a slightly less
efficient piling up of the cold dense katabatic air over
the tundra. Although these model results must be con-
sidered with caution because of the three-dimension-
ality of the real tundra topography, the comparison be-
tween the standard and experiment 1 seems to confirm
the occurrence of a piling up effect.

To assess the impact of the presence of a tundra
much warmer than the ocean (hot tundra) on the model
sensitivity, experiment 1 has been reconducted with
tundra replaced by ocean (experiment 2, see Table 2).
The main results are shown in Table 3. No sensitivity
is found for the 0-m high flat topography assumption
except perhaps at mast 4. Figure 6 shows the 13 July
melting for the standard and the differences with that
of experiments 1 and 2. It is found that these differences
are large near the ice margin, amounting to 0.8-cm wa-
ter equivalent (cm WE) for experiment 1. In this area,
the larger melting in experiments 1 and 2 than in the
standard is mainly due to the above-mentioned larger
wind speed. It is also found that, in contrast to the stan-
dard and experiment 1, experiments 1 and 2 are very
similar, except perhaps in the first 30 km over the ice
sheet. This indicates the larger model sensitivity to the

TaBLE 2. Simulations of the 12—13 July 1991 along the GIMEX transect. Description of the sensitivity experiments to the tundra
representation and to the synoptic-scale forcing. The tundra topography is either averaged along a 50-km-wide cross section centered on the
GIMEX transect (hilly tundra topography), either assumed to be flat, 0-m-high, referring to sea level. The subscript O refers to values at the
sounding location. Here u, and v, are the synoptic-scale wind components. E = (§, + f)/py., where {,, f, and p,, are, respectively, the
relative vorticity, the Coriolis parameter, and the synoptic-scale pressure thickness p,, — p,, represents the potential vorticity of the synoptic-
scale flow. When mentioned, the 700-hPa level of the Egedesminde sounding is included.

Wind initialization Tundra representation

Large-scale

Exp. wind forcing Xx component y component topography surface

STD Egedesminde P = Pyolo E=E Hilly Tundra
1 Egedesminde Pxilhe = PyoMro E=EF, 0 m High Tundra
2 Egedesminde Psre = Pyoliro E=E, 0 m High Ocean
3 Egedesminde Pai¥y = PyoliLo VL = U Hilly Tundra
4 0 u, =0 v, =0 Hilly Tundra
5 0 u, =0 =0 0 m High Tundra
6 0 u, =0 v, =0 0 m High Ocean
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Mast4, 12-13 July 91
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FiG. 13. Comparison between observations and simulation 1, for mast 4 (located on the ice sheet, 2.2 km from the .
ice sheet margin): (1) top left panel: wind speed 6 m above the surface (in m s™'); (2) top right panel: wind direction
(in degrees); (3) middle left panel: temperature 2 m above the surface (in K); (4) middle right panel: air specific humidity
2 m above the surface (in g kg™"); (5) bottom left panel: sensible heat flux (in W m™>—positive upward); (6) bottom
right panel: latent heat flux (in W m~>—positive upward). The observations are represented by the stars.
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representation of the tundra topography (and conse-
quently of the ice sheet margin slope) than to the tundra
heating.

b. Sensitivity to the large-scale wind forcing

We will now discuss the MAR sensitivity to the syn-
optic-scale wind forcing. Two experiments will illus-
trate it. They differ from the standard experiment as
follows: in experiment 3, the constant potential vortic-
ity constraint is not used in the wind initialization; only
the mass flux is prescribed to be py 1), = Py oltr o, Where
Pso and u; o are taken from the sounding; moreover the
geostrophic wind is taken as (u,, v,) = (Uz0, V.0); in
experiment 4, the synoptic-scale forcing has been reset
to zero, and the model is initialized from a state at rest.
The results of these experiments are summarized in Ta-
ble 3. They show a significant sensitivity to the syn-
optic-scale forcing. When the initialization procedure
is not based on the potential vorticity conservation in
the large-scale flow, the model tends to overestimate
the katabatic wind, especially the second day. This is
simply due to the fact that the potential vorticity con-
servation, which is also contained in the full model
equations, is such that the y wind component is in-
creased from the ice sheet top to reach a spurious high
value over the ice sheet slope. Moreover, because of
the too large y wind component, the turbulent heat ex-
changes with the surface are increased. A spurious
cooling of the upper part of the katabatic layer results,
increasing the katabatic force. Consequently, the height
of the katabatic layer and the downslope wind com-
ponent also increase spuriously. It may be seen in Table
3 that at mast 9 the wind increases significantly when
compared to that simulated in the standard. Moreover,
the model seems to diverge: after 48 simulated hours
at mast 9, for example, experiment 3 overestimates the
wind speed by 80% (spurious wind speed increase
from 5.2 ms™' t0 9.2 ms™') and the downward sen-
sible heat flux by 100%. The height of the wind speed
maximum is also doubled.
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When a zero synoptic-scale forcing is prescribed
(experiment 4), it is found (see Table 3) that the wind
speed over the ice sheet is smaller than in the standard.
When compared to the observations, it is overestimated
at mast 4, especially at night. Nevertheless at mast 9,
it is underestimated by up to 15% (at 1500 LT). In
experiment 4, the simulated temperatures are lower
than in the standard and slightly underestimated when
compared to the observations. The wind speed at mast
6 (not shown) is smaller by 2 m s™' as compared to
the observations and the standard. Temperature at the
same mast is underestimated at night by 1.5°C, whereas
it is overestimated by 1.1°C in the standard, when com-
pared to the observations. In fact, experiment 4 gives
acceptable results when considering the observations
near the surface. Nevertheless, in experiment 4 the
thickness of thr katabatic layer is 40 m at night—that
is, two times smaller than in the standard and obser-
vations—and the simulated wind speed is almost zero
at 80 m above the surface.

One may characterize the model sensitivity to the
synoptic-scale forcing used by analyzing the impact on
the snow/ice melting. This is shown in Fig. 14 for the
second day of integration (13 July). Differences are
large, and may amount to no less than 25% in the area
of mast 6, when the synoptic-scale forcing is not taken
into account. This suggests that the katabatic circula-
tion is strongly inflenced by the synoptic-scale forc-
ing. The main consequence for the surface energy bal-
ance is an increase of the katabatic flow efficiency in
transferring heat to the ice sheet surface.

Finally, one has tested the model sensitivity to the
presence of a hot tundra, when the synoptic-scale forc-
ing is not included. This is done by comparing exper-
iment 5 and experiment 6, which differs from experi-
ment 5 by the fact that tundra is replaced by ocean. It
is seen in Table 3 that the model sensitivity is much
larger than that between experiments 1 and 2 (for
which the synoptic-scale forcing is included). At mast
4 for example, the simulated temperature difference be-
tween experiments 5 and 6 amounts to 0.8°C, while it

TABLE 3. Summary of the sensitivity experiments along the GIMEX trz..x=ct, 13 July.
Observations (referred as OBS) are also indicated when availat:le.

Wind speed (m s™")

Temperature (°C)

Mast 4

Mast 9 Mast 4 Mast 9 Snow/ice melting (cm WE)
Expt. 0300LT 1S500LT O0300LT 1500LT 0300LT I500LT O0300LT IS00LT Mast4 Mast6 Mast9
OBS 4.0 8.3 55 4.6 38 5.8 -2.0 1.2 4.8
STD 8.1 9.7 6.9 5.0 47 4.5 -2.6 1.9 4.8 5.6 1.6
i 11.3 114 6.8 5.0 5.0 4.7 2.5 1.8 5.6 5.5 1.6
2 10.3 9.5 6.8 5.0 53 4.7 -25 1.8 5.3 5.5 1.6
3 89 10.2 9.1 74 54 5.7 1.0 3.0 55 6.4 2.2
4 74 8.2 52 39 35 4.0 -29 1.2 4.3 4.6 1.3
5 9.8 8.8 4.1 23 38 3.8 -40 1.0 4.6 4.6 1.3
6 6.3 42 4.0 1.8 3.0 3.0 —4.2 1.0 34 43 1.2
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FiG. 14. Heat available for ice/snow melt (in cm WE day ™), as a
function of the distance to the ice sheet margin (in km), for the second
simulated day (corresponding to 13 July 1991). Comparison between
the standard and sensitivity experiments: solid line: standard; dashed
line: experiment 3 (the initial cross-slope wind component is con-
stant); axis line: experiment 4 (the synoptic-scale forcing is assumed
to be zero).

only amounts up to 0.3°C between experiments 1 and
2. This reflects a lower impact of tundra heating at mast
4 when the geostrophic forcing is added. Snow/ice
melting at masts 4 and 6 is also much less influenced
by the tundra heating in this case. This suggests that
even a weak easterly synoptic-scale forcing is strong
enough to overwhelm significantly the contribution of
the snow-free tundra heating to the snow/ice melting
over the ablation zone.

6. Conclusions

In order to study the physical processes governing

the ice/snow melting, the two-dimensional version of
a meso-y-scale atmospheric model MAR has been used
to simulate the atmospheric circulation near the margin
of the west Greenland ice sheet. The simulations shown
here are two-dimensional, and cover the 12—13 July
1991 period. Simulated wind, temperature, and turbu-
lent fluxes compare generally well with available ob-
servations, especially further above the ice sheet. The
agreement is not so good just near the ice sheet margin
(i.e., at mast 4), but this could be due to the crude
representation of the tundra topography and the ice
sheet margin slope.

Model sensitivity to the synoptic-scale wind forcing
is significant. A simple initialization scheme, based on
the potential vorticity conservation of the synoptic-
scale flow, has been developed. It considerably im-
proves the simulation. Finally, it is found that easterly
synoptic-scale forcing influences the katabatic circu-
lation. Even a weak easterly flow, which prevailed dur-
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ing the 12—13 July 1991 period and often occurs in this
region of Greenland, overwhelms significantly the im-
pact of a hot tundra on the ice sheet melting, so that
the Greenland ice sheet mass balance for situations sim-
ilar to that of the 12—13 July 1991 period is not sig-
nificantly sensitive to the influence of a hot tundra.

Such study suggests the potential of mesoscale mod-
els when studying the impact of climatic changes over
the ice sheets. Indeed, climate signals are transferred to
the ice by the atmospheric boundary layer. Using a
mesoscale model like this is a first step toward bridging
the gap between atmospheric and mass balance models.
Moreover, mesoscale models like this could be used to
test bulk models of the ABL that can be applied to the
entire Greenland ice sheet.
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APPENDIX
Model Initialization

To take into account in a simple way the synoptic-
scale wind forcing over an ice sheet, a simple initializa-
tion procedure is presented here, based on the potential
vorticity conservation of the flow. The synoptic-scale
flow (u,, v,) is assumed to be barotropic. Vertical mo-
tion relative to o surfaces is neglected.

For such flow, the MAR equations reduce to

ou,, ou,, Ou,, O,
= 7L e S of 4 A
8t+uL8x+vL8y 8xp+va (Al)
Ov Ov, Ov, ad’g
et 5 it 2 e Rt -4 B A
8t+uL8x+vLay ayp Sur (A2)
Opxr . O(paritr) | O(Paavr)
=0, A3
a T ax T oy (43)

in which (8¢,/0x|,, 8¢,/3y|,) = (fv,, — fu,) is the
synoptic-scale pressure gradient force. Note that in our
model the initial mean sea level pressure p, = p, is
assumed to be constant (Gallée and Schayes 1994).
We further assume that the synoptic-scale pressure
thickness py; = p. — p; is stationary.
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Defining {, = v, /3x — Ou, /Dy, it is easily found
that the following quantity is conserved:

_ C+f .
PxL

It represents the potential vorticity of the synoptic-scale
flow.

Even when the homogeneity along the y axis is as-
sumed, E is conserved. In this case, {; = dv,/0x, and
the mass flux is pe ;.

The initialization of the two-dimensional model ver-
sion is performed by keeping py,u; = constant and E
= constant. One proceeds as follows:

E

1. Using the mass conservation constraint pyu;
= constant, computes u, at every grid point from its
value at the grid point corresponding to the sounding.

2. Using the potential vorticity conservation con-
straint £ = constant, computes v, at every grid point.
In the present study, one takes {;, = 0 at the grid point
corresponding to the sounding.

3. Using the momentum equation (AZ2) in the y di-
rection, computes u, from the local values of {; and u; .

4. Using the momentum equation (Al) in the x di-
rection, computes v, from the local values of G, uy,
and v
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