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Summary

Simulations of the katabatic wind system over the Greenland
ice sheet for the two months April and May 1997 were
performed using the Norwegian Limited Area Model (NOR-
LAM) with a horizontal resolution of 25 km. The model
results are intercompared and validated against observational
data from automatic weather stations (AWS), global atmo-
spheric analyses and instrumented aircraft observations of
individual cases during that period. The NORLAM is able to
simulate the synoptic developments and daily cycle of the
katabatic wind system realistically. For most of the cases
covered by aircraft observations, the model results agree
very well with the measured developments and structures of
the katabatic wind system in the lowest 400 m. Despite
NORLAM's general ability of reproducing the four-dimen-
sional structure of the katabatic wind, problems occur in
cases, when the synoptic background is not well captured by
the analyses used as initial and boundary conditions for the
model runs or where NORLAM fails to correctly predict the
synoptic development. The katabatic wind intensity in the
stable boundary layer is underestimated by the model in
cases when the simulated synoptic forcing is too weak. An
additional problem becomes obvious in cases when the
model simulates clouds in contrast to the observations or
when the simulated clouds are too thick compared to the
observed cloud cover. In these cases, the excessive cloud
amount prevents development of the katabatic wind in the
model.

1. Introduction

Katabatic winds are common phenomena over the
sloped ice sheets of Greenland and Antarctica.
They are gravity-driven downslope ¯ows which
form as a result of the cooling of the near surface
air over the sloped ice sheet due to the divergence
of radiation and sensible heat ¯uxes. Most intense
katabatic winds with wind speeds up to gale force
are found in the coastal zones, where a strong
topographic gradient is present (Putnins, 1970;
Ball, 1956; Wendler, 1990). The so-called
`̀ piteraq'', which is a strong synoptically enforced
katabatic wind at the Greenlandic coast, repre-
sents a well-known phenomenon to the Inuits at
Greenland (Rasmussen, 1989). Because of the
large scale of the katabatic wind regime, the
Coriolis force is important, resulting in a deviation
from the downslope direction to the right on the
Northern Hemisphere.

Most investigations of the Greenland katabatic
wind system rely on surface observations and
numerical simulations. However, detailed analyses
of the three-dimensional structure of katabatic
winds and their evolution in time are rare because
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of the lack of suitable validation data sets. The
situation changed with the Greenland Ice Margin
Experiment (GIMEX) in 1991 (Oerlemans and
Vugts, 1993) in combination with the ETH
Greenland Expedition, which included turbulence
measurements up to 30 m over the ice (Forrer and
Rotach, 1997), and also remote sensing measure-
ments of the boundary layer over the ice
(Meesters et al., 1997). A further signi®cant im-
provement was achieved with the performance of
the experiment KABEG 97 (Katabatic Wind and
Boundary Layer Front Experiment around Green-
land, hereafter KABEG) in the area of Kanger-
lussuaq (also known as Sùndre Strùmfjord,
67�0103200N; 50�3601100W, Western Greenland)
during April and May 1997 (Heinemann, 1998,
1999). During KABEG, ®ve surface stations were
installed at different locations on the ice sheet and
in the tundra area near Kangerlussuaq (see Figs. 1
and 2). In addition to these surface measurements,
nine individual cases of katabatic wind develop-
ments were investigated by aircraft measurements.
These katabatic wind ¯ights were performed under
very different synoptic conditions and thereby
allow for the study of the impact of the synoptic
environment on the development of katabatic
winds. Furthermore, the surface conditions during
the ¯ights were different, since during the
KABEG period melting occured in the tundra
area, which was almost snow-free at the end of
KABEG.

After successful early simulations of katabatic
winds in Antarctica using the simple steady-state
model of Ball (1956, 1960) like in Parish and
Bromwich (1987), further advances were achieved
by the application of three-dimensional mesoscale
models using the primitive equations for the
numerical simulation of these wind systems. While
Heinemann (1997), GalleÂe (1995), and Bromwich
et al. (1994) use idealized initial and boundary
conditions for the simulation of Antarctic kata-
batic winds in the Weddell Sea Region and the
Ross Sea Area, respectively, Hines et al. (1995)
perform a simulation for the period of June 1988
using a mesoscale model nested into global anal-
yses for Antarctica. For Greenland, Heinemann
(1996) and Bromwich et al. (1996) show charac-
teristic features of Greenland katabatic winds, again
applying idealized initial and boundary conditions.

In the present paper, the three-dimensional
structure of the katabatic wind system over Green-

land and its evolution in time is investigated by
numerical simulations with the Norwegian limited
area model (NORLAM), which is nested into
analyses provided by the European Centre for
Medium-range Weather Forecasts (ECMWF). The
simulations cover all cases of the KABEG kata-
batic wind ¯ights. Comparisons of the NORLAM
results to the aircraft measurements are per-
formed. Additionally, the available data of the
KABEG AWS and observations from the Program
for Arctic Regional Climate Assessment (PARCA)
Greenland Climate Network (GC-Net) AWS
(Steffen et al., 1996) were used for the validation
of NORLAM.

The outline of the present paper is as follows: A
description of the NORLAM is given in Sect. 2. In
Sect. 3, the results of the NORLAM runs are
presented with an emphasis on the comparisons to
the AWS and aircraft data, and Sect. 4 contains a
summary.

2. The numerical model and data description

2.1 NORLAM

The Limited Area Model (LAM) used for the
simulations is the former operational DNMI
(The Norwegian Institute, Oslo) model NORLAM
(version 9). A general description of the model
and its parameterizations is given in GrùnaÊs and
Hellevik (1982), and in Nordeng (1986), while a
summary of the characteristics of the version 9
NORLAM can be found in Table 1.

For the studies of the present paper, a nesting
mode is used. A ®rst run with a 50 km grid

Table 1. Characteristics of NORLAM (version 9)

NORLAM

grid modi®ed Arakawa D
(GrùnaÊs and Hellevik, 1982)

vertical coordinate �-type
vertical levels 30/40 �-levels
equations of motion primitive, hydrostatic
initialization iterative normal mode

(Bratseth, 1982)
boundary layer Louis (1979), Blackadar (1979)
surface layer, radiation Nordeng (1986)
convection scheme modi®ed Kuo (1965) scheme
surface categories water, sea ice, ice, land,

ablation zone, tundra
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(LAM50) is performed using ECMWF analyses
as initial conditions. A second integration with a
25 km grid (LAM25) is then executed starting
with the 0 h initialized analyses of the LAM50 run
as initial conditions. ECMWF analyses were taken
as boundary ®elds for the LAM50 runs, while for
the 25 km simulation the results of the LAM50
run were used as boundary values. The model is
used with a domain size of 121�97 grid points for
the LAM50 and LAM25 simulations. The valida-
tion study compares observations with results of
only the LAM25. LAM50 results are used for a
comparison with ECMWF data in order to check
NORLAM's ability of reproducing the large-scale
atmospheric conditions. The months April and
May 1997 were completely simulated with a
vertical resolution of 30 �-levels. The model was
operated in a forecast mode, i.e. it was restarted
with a new ECMWF analysis at 0000 UTC every
day and integrated forward in time for 48 hours.
Therefore, each day of the month apart from the
®rst day is covered by integrations twice.

For the simulation of the katabatic wind system
during the individual KABEG cases, model re-
runs with three different start times of NORLAM
were performed, i.e. each ¯ight case was simu-
lated three times using different ECMWF analyses
as initial ®elds. The ®rst simulation starts one day
prior to the ¯ight at 0000 UTC, the second on the
day before the ¯ight at 1200 UTC, and the third
simulation starts on the day of the ¯ight at 0000
UTC (aircraft missions started at about 0700
UTC). In order to provide a high vertical reso-
lution for the comparison of the model results to
the aircraft-obtained boundary layer pro®les of
KABEG (see below), the vertical resolution of
NORLAM was increased to 40 �-levels for the re-
runs. A very good resolution of the boundary layer
is achieved, since 18 of the 40 �-levels are located
in the lowest 400 m of the atmosphere with 5
levels covering the lowest 100 m.

The model domain of the NORLAM grid LAM50
which is used for all the simulations presented in
this paper is displayed in Fig. 1a. The LAM50
domain ranges from Canada to Europe while the
domain of the inner grid LAM25 (Fig. 1b,
indicated by the rectangle in Fig. 1a) only captures
Greenland. The region of Kangerlussuaq, where
six of the KABEG ¯ights took place and where
the KABEG AWS were operated, is marked by a
box in Fig. 1b and shown in detail in Fig. 1c.

The input data used for the simulations is listed
in Table 2. In order to account for the complex
topography of the tundra, which cannot be ex-
plicitly resolved with the grid spacings used, a
larger roughness z0 � 10ÿ2 m was introduced for
grid points within the tundra area. The tundra grid
points were identi®ed using the variance of a
sub-grid scale topography with 2.2 km resolution
(Ekholm, 1996). The tundra area is ice-covered
during most of the year apart from the summer
months May to August. For the simulation of May
1997, the tundra area in the model is therefore ice-
free. This is in agreement with the satellite
(AVHRR visible channels) and in-situ observa-
tions during KABEG, which showed a sudden
melting of the tundra snow at the end of April
(Heinemann, 1998, 1999). The surface class
`̀ tundra'' was not used for the monthly simulations
of April 1997, and the tundra was treated as inland
ice �z0 � 10ÿ4 m�. The simulation for the month
May 1997, however, as well as the individual re-
runs with increased vertical resolution for the
KABEG ¯ights were performed with the addi-
tional `̀ tundra'' surface class. A larger roughness
of the ice surface can be found in the so-called
ablation zones close to the coast of Greenland,
where the strongest topographical gradients are
present. The processes of melting, runoff and ice
dynamics lead to a signi®cant modi®cation of the
surface characteristics in the ablation zone and
were therefore taken into account using an ad-
ditional surface class for the simulations. For the
surface class `̀ ablation zone'' (contained in all
discussed simulations), a z0 value of 10ÿ2 m was
chosen, and the gradient of the gridscale topo-
graphy (exceeding 1%) was used to identify the
grid points within the ablation zone.

The months April and May 1997 were simu-
lated twice using different albedos of 0.6 and 0.8
for the ice sheet, respectively. Since comparisons
with the available AWS data and aircraft-
measured albedo during KABEG suggested that
an albedo of 0.8 for the ice sheet was more
realistic, only the simulation results of the runs
with an albedo of 0.8 are discussed in the present
paper.

2.2 Observational data

Observational data collected during the aircraft-
based experiment KABEG during April/May 1997
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in the area of South Greenland constitute the main
data set for the validation of the numerical model.
The goals of the katabatic wind program of
KABEG were to investigate the development of
the katabatic ¯ow under high pressure conditions,
the channeling of the katabatic ¯ow and effects of
synoptic forcing, and the modi®cation of the kata-
batic ¯ow in the transition zones ice/ocean and
ice/tundra. During the planning of the katabatic
wind ¯ights of KABEG, model simulations were
also taken into account. The area near Kanger-

lussuaq (K1, Fig. 2) was selected to investigate the
development of the katabatic ¯ow over relatively
homogeneous topography and the modi®cation of
the katabatic ¯ow in the transition zone ice/tundra.
The regions for the investigation of channeling
effects of the katabatic wind were near Ilulissat
(K3) and southwest of Tasiilaq (Angmagssalik)/
Kulusuk (K2), where pronounced valley structures
with steep topographic gradients are present.

In the K1 area, automatic surface stations were
installed along a line oriented parallel to the fall

Fig. 1a. Model domain of the LAM50 with topography
(isolines every 500 m). The thick line shows the coast line
according to the model resolution of the LAM50. The box
indicates the model domain of the LAM25. Greenland
radiosonde stations are marked by triangles (NAR�
Narssarssuaq, EGE�Egedesminde, THU�Thule Airbase,
DAN � Danmarkshavn, SCO � Scoresbysund, ANG �
Angmagssalik); b Model domain of the LAM25 with
topography (isolines every 500 m). The box marks the
position of the section shown in detail in Figure 1c). The
locations of the PARCA AWS are indicated by ®lled circles.
The shown stations are Swiss Camp (SC), Crawford Point
(CP), NASA-W (NW), DYE-2 (D2), JAR1 (JA), Saddle
(SA), NASA-E (NE), Humboldt (HU), Tunu-N (TU), Gits
(GI), South Dome (SD) and Summit (SU); c Part of the
model domain (marked by the black box in Fig. 1b of the
LAM25 with topography (isolines every 100 m). The ®lled
circles indicate the positions of the AWS sites (A1, A2, A3,
A4 and S) of the KABEG project
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line at about 50 km north of Kangerlussuaq
(Fig. 2): A1 over the tundra close to the edge of
the inland ice (at a distance of 12 km to the ice
edge); A2 over the inland ice close to the ice edge
(both being wind recorders); and two surface energy
balance stations over the ice at distances of about
30 km (A3) and 75 km (A4) from the ice edge.

Aircraft data were collected by the research
aircraft POLAR2 (Dornier 228) owned by the
Alfred-Wegener-Institut (Bremerhaven, Germany).
The GPS-navigated aircraft measured position,
wind vector, air temperature and humidity with
several instruments with sampling rates between
12 and 120 Hz (Table 3). In addition, downward
and upward solar and terrestrial radiation and sur-
face temperature were measured; a high-resolu-
tion laser altimeter registered surface roughness
structures. Only wind and temperature data are
used for the comparison with model results. The
aircraft sensors represent a high-quality measure-
ment system, and the errors of the temperature
and horizontal wind components can be estimated
to be about 0.2 �C and 0.3 msÿ1, respectively.

The aircraft data used in this study are
vertical pro®les ¯own as slantwise aircraft temps
(ascents or descents). Since the aircraft temps
were generally performed with a descent/ascent
rate corresponding to 5 msÿ1 relative to the
surface, the horizontal distance of two consecutive
temps is about 5 km. Details about the KABEG
experiment and the instrumentation of the aircraft

and surface stations are given in Heinemann
(1999).

The locations of the AWS of the PARCA pro-
ject are shown in Fig. 1b. As shown in Fig. 2,
PARCA stations Swiss Camp and JAR1 lie inside
the KABEG K3 area. For the validation of
NORLAM, ®ve PARCA stations with nearly com-
plete data records for the months April and May
1997 were chosen in order to represent different
regions of Greenland. In addition, the comparison
of the NORLAM results to one of the KABEG
stations will be described in more detail in Sect.
3.2, while the comparisons for the other stations,
which yielded similar results, are not discussed in
the present paper.

3. Results of the simulations

In this section, the results of the NORLAM simu-
lations for April and May 1997 and for individual
katabatic wind cases of the KABEG project are
described. The model results are validated using
the ECMWF analyses, the data of the surface
observations (PARCA AWS and KABEG AWS)
and the available aircraft data of KABEG.

3.1 Comparisons of the NORLAM forecasts
to the ECMWF analyses

The months April and May 1997 were completely
simulated by NORLAM in a forecast mode. For

Table 2. List of data sets and initial settings used for the NORLAM simulations

Input data

initial and boundary data ECMWF Tropical Ocean ± Global Atmosphere
(TOGA), 2.5 �C, 12-hourly analyses

topography NOAA (1995), TBASE 8 km resolution
sea ice coverage SSM/I-derived (April and May 1997),

[algorithm of Cavalieri et al. (1995)]
sea surface temperature (SST) Reynolds and Smith (1994),

monthly mean, 1 �C resolution
tundra surfaces identi®ed by variance of sub-grid scale

topography (Ekholm, 1996)

Surface types Albedo Roughness �z0� in m

open water 0.15 Charnock relation
(minimum 1.5E-5)

sea ice 0.6 1.E-2
ice sheet 0.6/0.8 1.E-4
land (without snow cover) 0.25 3.E-1
ablation zone 0.6/0.8 1.E-2
tundra (not April 1997) 0.25 (ice-free) ± 0.5/0.7 1.E-2
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each day of the month, a 48 h simulation was
carried out. Monthly mean ®elds were calculated
from the NORLAM results using only the output
of the second day of the forecasts. These monthly
mean ®elds were compared to monthly mean ®elds
of the ECMWF analyses, which had been taken as
initial and boundary ®elds for the NORLAM
integrations. The large-scale mean structures are
well captured by the NORLAM forecasts (not
shown), which re¯ects that the average synoptic
conditions are generally well reproduced by
NORLAM. The bias (mean NORLAM±mean
ECMWF) of the horizontally averaged (over the
whole model domain) geopotential height on
pressure surfaces is less than 10 m throughout
the troposphere during April and May 1997.
No excessive moisture loss or production by

NORLAM is present, and biases in zonal and
meridional wind speed are less than 0.5 msÿ1.

In addition, individual comparisons of the
synoptic-scale features for the case studies of the
KABEG katabatic wind ¯ights underline that the
basic large-scale conditions are relatively well
captured by NORLAM.

3.2 Validation of the NORLAM against AWS data

3.2.1 Monthly time series and statistics

The NORLAM simulations for the months April
and May 1997 were validated against the available
AWS data of the PARCA and the KABEG
stations. While for the model the surface pressure
at the respective height of the grid point, the 2 m

Fig. 2. Locations of the KABEG ¯ight patterns
for the three ¯ight areas Kangerlussuaq (K1),
Angmagssalik (K2) and Ilulissat (K3). The
locations that were chosen for pro®le compar-
isons are marked by the triangle A4 in the K1
area, the label P4/Pa in the K2 area and the label
I4/Pd in the K3 area
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temperature and the 10 m wind were used, AWS
values were taken at the speci®c sensor heights
(between about 2 m and 4 m, also depending on
the snow heights at the locations). No height
corrections for the difference between the surface
elevation on the model grid and the reported
elevations of the AWS were made.

In Fig. 3 measured and simulated time series of
surface pressure, near surface temperature, wind
speed and wind direction are displayed for the
PARCA AWS Humboldt (HU in Fig. 1b) for the
period of April and May 1997. Humboldt was
chosen in order to represent the northwestern part
of Greenland. The course of the surface pressure
is captured well by NORLAM, and the time series
of the NORLAM 2 m temperature shows a good
agreement with the measured temperatures at
Humboldt. Large-scale changes and the daily
courses are captured well by the model. The
simulated wind speeds at 10 m height agree
reasonably well with the measurements. Consid-
ering the difference between sensor (2±4 m) and
model height (10 m) above ground, a ®rst guess of
a 10 m value from the AWS data can be achieved

by adding 10% to the measured values (according
to a logarithmic wind pro®le with z0 � 10ÿ4 m).
This height difference can at least partly explain
the larger NORLAM wind speeds. A general
dif®culty for the model simulations seems to be
the higher variability of the wind on relatively
short time scales compared to temperature and
pressure, which vary more slowly and by smaller
amplitudes than the winds. As a consequence, the
agreement between modeled and measured wind
speeds is less satisfactory than the agreement in
pressure and temperature. Considering the wind
direction, the agreement of model and AWS is
very good although daily variations are not as well
captured as variations on longer time scales.

From the ®ve KABEG stations, the AWS A4
was chosen for the comparisons, since it has the
highest location over the ice (i.e., being farthest
from the ice edge and over relatively homoge-
neous terrain) and should be captured well by the
model. The other KABEG AWS, especially S and
A1 are located in the complex tundra area, whose
small-scale topographic structures cannot be ex-
plicitly resolved by a numerical model with 25 km

Table 3. Instrumentation of the research aircraft POLAR2 during KABEG

Quantity Sampling Measurement system, instrument
in Hz

METEOPOD

Air temperature 120 PT100 open wire (Rosemount)
Air temperature 120 PT100 open wire (AWI)
Air humidity 120 Lyman-� (AIR)
Air humidity 12 Humicap, PT100 in Rosemount housing (Aerodata)
Air humidity 12 Dew point mirror (Gen. Eastern)
Air pressure 12 Pressure sensor (Rosemount)
3D wind vector 120 5-hole-probe (Rosemount)
Acceleration 60 Attitude and Heading Reference System LTR81 (Litton)
Height 120 Radar altimeter (TRT)

Basic instrumentation

Acceleration 60 LaserNav Inertial Platform Navigation (Honeywell)
Height 12 Radar altimeter
Position 12 GPS (SEL)
Surface 12 KT4 (Heimann), 8±14 mm, 0.6� opening angle
temperature
Downward and 12 Short-wave: pyranometer (Eppley PSP)
upward radiation 12 Long-wave: pyrgeometer (Eppley PIR)
¯uxes

Additional instrumentation

Height 500 Laser altimeter (Ibeo)
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resolution. Figure 4 displays a time series for
KABEG AWS A4. Like at the location Humboldt,
the modeled pressure and temperature agree well
with the observations. The wind speed is also
simulated relatively well, but again the NORLAM
10 m winds seem to overestimate episodes with
stronger winds. The wind direction simulated by
NORLAM also shows a good agreement with the
measured wind direction.

In order to validate the model's ability to
capture the main synoptic features, the station
Summit (SU, in Fig. 1b) was chosen, since it is
located on top of the Greenland ice sheet where
the slope of the terrain is negligible. In contrast to
the other AWS discussed in this paper, winds at
Summit are not katabatically driven, but purely
synoptically forced. It can be seen that the main
synoptic features are captured well by NORLAM
(Fig. 5). However, the simulated amplitudes of the
daily courses of the near surface air temperature
are too weak compared to the observed courses.
Particularly during the second half of May 1997,
when only very weak winds were present, the
simulations of the temperature indicate the typical

daily courses for almost cloudless conditions, but
the temperatures are generally too low and the
amplitudes too weak. This problem may be attri-
buted to parameterization problems for strong
stable strati®cation in the boundary layer. For
other periods (e.g., the beginning of May) the
model prediction of the cloud amount seems to be
unrealistic, which leads to a complete suppression
of the daily courses of the near surface air tem-
perature. The excessive cloud amount in the
model, which also prevents the development of
the katabatic wind over the slopes (see Fig. 4, days
122±124), was found to result from high humidity
values of the initial ECMWF analyses (see below).
In contrast, the problem of the boundary layer
parameterizations appears to be less important for
the katabatic ¯ow, where the strati®cation is less
stable due to dynamical mixing.

In order to allow a better quantitative compar-
ison, statistics of the variables surface pressure,
near surface temperature, wind speed and wind
direction are shown in Table 4 for ®ve selected
PARCA AWS for April and May 1997. For all ®ve
AWS, the correlation of the surface pressure of the

Fig. 3. Time series (April and May 1997) of NORLAM forecasts and observations of the surface pressure (p, ®rst panel), near
surface air temperature (T, second panel), wind speed (ff, third panel) and wind direction (dd, fourth panel) at PARCA AWS
Humboldt (HU). AWS data (full lines) are given at the speci®c sensor heights, while for the NORLAM LAM25 results
(dashed lines with ®lled circles) surface pressure at the elevation of the grid point, the 2 m temperature and the 10 m wind
were used. No corrections for differences between the elevation of the model grid point and the reported elevation of the AWS
were made. Julian days 91 and 121 correspond to 1 April 1997 and 1 May 1997, respectively. Model data lines start on the
second day of each month at 0600 UTC, since only the �30 h, �36 h, �42 h and �48 h NORLAM output is used in the time
series
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simulation results and the measurements is very
good with values between 0.94 and 0.99. Some
biases can be seen in pressure, which are partly
due to the different heights of the model grid
points and the AWS. The elevations of the AWS
sites are known within the errors of the GPS
measurements, which are �20 m for Summit and
Crawford, and �0.1 m for Humboldt, Tunu and
JAR1. However, the largest differences result from
the averaging over the model grid size (25 km)
and the fact that the model grid point closest to
the AWS was taken, which represents a problem
especially in the steeper coastal regions (JAR1).

The model topography (using the TBASE 8 km
resolution data set, see Table 2) has also lower
elevations on top of the ice sheet, resulting in a
relatively large pressure bias for Summit. The
correlation coef®cients of the 2 m temperature and
the wind speed are relatively high apart from
Summit in May 1997, where the mean wind speed
is comparably low. Biases in temperature and
wind speed are small for almost all AWS with
absolute values of about 1±2 K and 1±2 msÿ1,
respectively. Modeled wind speeds are generally
slightly larger than measured speeds (apart from
JAR1 in April 1997), which is partly due the

Fig. 4. Same as Fig. 3, but for KABEG AWS
A4, and only for the time period of KABEG
(about the second half of April 1997 and the
®rst half of May 1997)

Fig. 5. Same as Fig. 3, but for AWS Summit (SU)
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different heights (NORLAM 10 m/AWS about
2±4 m). The mean wind directions are simulated
well by NORLAM with a maximum absolute bias
of less than 20�.

3.2.2 A case study of the daily course of the
katabatic wind system

The daily course of the katabatic wind during a
selected time period (KABEG ¯ights KA2/KA3,
Table 5) will be described in more detail in this
subsection, using the AWS measurements of
KABEG station A4, which is located over the
relatively homogeneous interior part of the ice
sheet at a height of about 1600 m. The synoptic
situation on 21 April 1997 (¯ight KA2) was
characterized by a high pressure system over
Central Greenland. Relatively strong pressure
gradients were present north of the Kangerlussuaq
area. The area, where the ¯ight pattern was ¯own,
was cloud-free, and strong winds and snow drift
were observed during the ¯ight.

On 22 April 1997 (¯ight KA3), the position of
the strong high pressure system over Central
Greenland was shifted southwards compared to
the previous day. As a result of the southward
movement of the high, the zone of the strongest
pressure gradients was shifted as well. Therefore,
relatively strong pressure gradients were present
in the Kangerlussuaq area, which was completely
cloud-free at that time. During the ¯ight, very in-
tense winds of more than 20 msÿ1 and snow drift
were observed.

In order to show the distribution of the near
surface winds during a synoptically enforced kata-
batic wind case, the NORLAM-simulated winds
at the lowest model level (roughly 10 m above
ground) are displayed for the Kangerlussuaq area
for 0600 UTC 22 April in Fig. 6. Strong katabatic
winds with wind speeds of up to 18 msÿ1 are
present over the slopes. The complex structure of
the tundra area is not resolved by the model, but
its larger roughness length �10ÿ2 m� compared to
the inland ice �10ÿ4 m� and the change in the
topography gradient lead to a strong modi®cation
of the katabatic ¯ow within about two grid
points. The near surface wind ®eld is very
homogeneous in the area of the KABEG stations
A1±A4.

In Fig. 7, measurements of A4 and model
results at the nearest grid point to A4 are dis-T
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played for the period of 21 April to 23 April. A4
was designed as an energy balance station, and
pro®les of wind speed and air temperature (3
levels) as well as snow temperatures (5 levels) and
net radiation were measured. Turbulent ¯uxes of
momentum and sensible heat (H) were calculated
using a variational approach similar to Xu and Qiu
(1997). With the decrease of the net radiation
during nighttime (from 21 to 22 April), a signif-
icant cooling of the surface layer begins, which is
slightly underestimated by the numerical model.
Additionally, the simulated cooling seems to occur
slower than the observed cooling, i.e. a phase
difference is present. Parallel to the decrease in
temperature, an increase in wind speed can be
seen. Although the model strongly overestimates
the magnitude of the wind speed, the qualitative
development in time is captured well. After
sunrise, the net radiation increases again, and the
warming of the surface layer is obvious. With this
warming during daytime, the intensity of the
katabatic winds reduces, and a turning of the
winds to a more contour-parallel ¯ow can be seen
from the observation. This change in wind
direction during daytime is underestimated by
NORLAM by about 20�.

The shown daily course of the near surface
wind at A4 for the period of 21 April to 23 April
is strongly in¯uenced by the presence of a pro-
nounced synoptic pressure gradient (not shown).
This results in an increase of the wind speed even
during the period of positive net radiation on 21
April. For the night of 21 to 22 April, the wind
®eld is in¯uenced by the synoptic forcing and the
katabatic forcing. Heinemann (1999) shows for
cases with weak synoptic forcing that a pro-
nounced daily cycle of the near-surface wind is
present over the ice due to the nighttime devel-
opment of the katabatic wind with a peak to peak
amplitude of 5 msÿ1 for the wind speed anomaly.
The onset of the katabatic wind is found to occur
at about two hours before sunset, and the wind
speed maximum is observed in the early morning
hours. However, a pronounced diurnal cycle is
present for all katabatic wind days (weak and
strong synoptic forcing) for the net radiation, wind
direction and temperature.

The model simulations can also be compared
with measured components of the surface energy
balance. A good agreement is found for the net
radiation (Q) and the sensible heat ¯ux (H). During
nighttime and high wind speeds, the energy loss

Table 5. List of the KABEG katabatic wind ¯ights used for
the comparison in April and May 1997, areas according to
Fig. 2 (time in UTC)

Date, time Flight Area, Time for the
pro®le comparison

aircraft/NORLAM

18 April 1997 KA1 K1, A4 0740/0800
0700±1145
21 April 1997 KA2 K1, A4 0710/0800
0630±1150
22 April 1997 KA3 K1, A4 0740/0800
0705±1210
29 April 1997 KA4 K1, A4 1100/1000
1020±1540
2 May 1997 KA5 K1, A4 0640/0600
0605±1150
11 May 1997 KA6 K2, P4 0810/0800
0635±1130
13 May 1997 KA8 K1, A4 0630/0600
0600±1205
14 May 1997 KA9 K3, I4 0710/0800
0600±1135

Fig. 6. Topography (isolines every 200 m) and wind vectors
at the lowest NORLAM �-level (about 10 m above ground)
for KABEG ¯ight KA3 valid at 0600 UTC 22 April 1997
obtained by an 18 h LAM25 simulation. The thick full line
marks the coastline, while the thick dashed line indicates
the position of the sea ice edge. The Greenland radiosonde
station Egedesminde is indicated by a triangle; ®lled circles
show the positions of the KABEG AWS (A1 in the tundra,
A2±A4 over the ice, S near Kangerlussuaq)
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by the net radiation is almost completely com-
pensated by a ¯ux of sensible heat towards the
surface. Modeled evaporation (E) is very small as
could be expected for the air temperatures being
in the range of ÿ15 �C to ÿ25 �C.

3.3 Comparisons of aircraft data and
simulated boundary layer pro®les

NORLAM's ability to correctly simulate the
vertical structure of the katabatic wind system
and its development in time was investigated by

comparisons of aircraft-measured and simulated
vertical pro®les for all KABEG cases except KA7
on 11 May 1997, which was ¯own after KA6,
when the katabatic wind system had already
decayed (Table 5). A selection of KABEG cases
with highly different synoptic conditions is dis-
cussed more elaborately in this section. As locat-
ions for the comparisons, the highest reference
points of the individual ¯ight tracks were chosen,
since they were located over relatively homo-
geneous terrain and farthest from the ice edge.
Figure 2 shows the typical ¯ight pattern for the
Kangerlussuaq region (area K1) and the ¯ight
patterns for the Angmagssalik ¯ight program (area
K2) and the Ilulissat ¯ight (area K3, see Table 5).
For the Kangerlussuaq region, the highest position
along the ¯ight track (Pb in Fig. 2) is relatively
close to the location of KABEG AWS A4
(67.498�N, 47.997�W), which was chosen for
the comparisons. For the comparison to model
data, the aircraft temps were horizontally aver-
aged with a radius of about 25 km, while an
averaging radius of 10 m was used vertically. The
averaged boundary layer pro®les are slightly
smoother than individual pro®les, and are more
appropriate for intercomparisons with model data.
For the Angmagssalik and Ilulissat ¯ights, the
locations P4/Pa (65.947�N, 41.153�W in the K2
area) and I4/Pd (69.367�N, 48.000�W in the K3
area) were chosen for the pro®le comparisons.

3.3.1 KA1

KABEG ¯ight KA1 took place on 18 April 1997.
At that time, a high pressure system over South-
eastern Greenland provided a weak southerly
synoptic ¯ow in the area of Kangerlussuaq. Some
stratus clouds were present over the tundra area,
while the ice sheet was cloud-free.

Figure 8 shows vertical pro®les of wind speed,
potential temperature and wind direction for 18
April 1997 at 0600 UTC/0800 UTC (NORLAM,
30 h and 32 h prognoses) and about 0740 UTC
(observation, aircraft and A4 data). The two
modeled pro®les as well as the aircraft obtained
pro®le show the typical vertical structure of the
katabatic wind system. While the `nose' of the
observed wind speed pro®le (low-level jet, LLJ) is
located at a height of about 80 m, the model
simulates the LLJ at a height of about 50 m. The
model underestimates the intensity of the kata-

Fig. 7. Two day time series of NORLAM results and
observations at KABEG AWS A4 for the period of 21 April
to 23 April 1997. The displayed variables are (from top to
bottom): Net radiation (Q), 2 m temperature (T), surface
¯uxes of sensible (H) and latent (E) heat, total cloud
coverage, wind speed (ff) and direction (dd) at 10 m
(LAM25) and sensor height (AWS), respectively. LAM25
results are dashed with ®lled circles, AWS values are
plotted with full lines
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batic winds by about 5 msÿ1 and above 300 m by
an even larger value. At 400 m, the aircraft obser-
vations still show wind speeds of about 10 msÿ1.
The large differences at upper levels (300±400 m)
suggest that some upper level synoptic support of
the katabatic winds is missing in the NORLAM
forecast. Comparisons of the ECMWF analysis
for 0000 UTC 18 April to the NORLAM forecasts
of the model runs started 24 h/12 h before show
slight differences in the location of a strong
pressure gradient zone. This could either be due to
a wrong prognosis of the NORLAM or to an
insuf®cient quality of the ECMWF analysis for 17
April used as initial ®elds for the NORLAM runs.

The vertical structure of the potential tempera-
ture shows the typical strong inversion pattern for
katabatic wind cases in the modeled pro®les. The
observed surface inversion was too thin to be re-
solved by the aircraft measurements, but is indi-
cated by the low 2 m temperature of the KABEG
AWS A4. The vertical pro®le of the wind
direction is reproduced very well by the model.
Differences only occur at heights above 200±
300 m, where only weak winds are present in the
model. A signi®cant turning of the wind can be
seen from a near surface direction of about 140�
to a more cross-slope direction of about 190� at a
height of 200 m.

The forecast using the analysis of 1200 UTC
17 April as initial ®eld did not lead to a signi®cant
improvement, but the model run started at 0000
UTC 18 April shows a much better agreement in
the wind speed pro®le at heights above 250 m
(Fig. 9). Yet, the lower structure of the pro®le is

still not captured very well by the model, which
can be attributed to the relatively short spinup
time of the model in this simulation. The results of
the KA1 simulations using different start times
reveal a general problem of the numerical simu-
lation of katabatic wind cases. On the one hand,
the model should be started with an analysis close
to the time of the ¯ight in order to capture the
synoptic conditions best, while on the other hand
the model has to be given a suf®cient spinup time
to build up a realistic boundary layer structure.

3.3.2 KA3

As described in Sect. 3.2, KA3 was one of the
cases when a relatively strong synoptic pressure
gradient was present in the Kangerlussuaq area.
Figure 10 shows the vertical pro®les measured on
22 April 1997 at about 0740 UTC and pro®les
valid at 0600 UTC, 0800 UTC and 1000 UTC of a
NORLAM simulation started at 0000 UTC 21
April. The simulated pro®le at 0800 UTC for this
case almost exactly captures the observed struc-
ture and magnitude of the wind speed pro®le in
the lowest 120 m of the boundary layer (partic-
ularly the height of the LLJ). Above that height,
the agreement is still good, although differences of
about 1±2 msÿ1 in wind speed occur at heights
between 120 m and 350 m. The model pro®le
valid at 1000 UTC agrees almost exactly with the
observed pro®le at heights above 150 m, while the
simulated wind speeds below that level are weaker
than the observations at 0740 UTC. This re¯ects
the diurnal development of the katabatic wind

Fig. 8. Observed (OBS, aircraft and A4) and
simulated pro®les using the 30 h and 32 h
forecast of the LAM25 (started at 0000 UTC
17 April) at location A4 during KA1. The
displayed variables are wind speed (ff), poten-
tial temperature (�) and wind direction (dd)
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system, which decays signi®cantly during the
daytime due to the reduction of the katabatic and
synoptic forcing. This effect is even more pro-
nounced in the model pro®le at 1200 UTC (not
depicted), where the wind speeds are about
3±5 msÿ1 less than at 0600 UTC. This modeled
decay of the katabatic wind system is in agree-
ment with the aircraft temps ¯own later on the
same day (at about 1000 UTC, not displayed).

As expected considering the very good agree-
ment of the modeled wind speeds with the ob-
servations, the potential temperature pro®le is also
captured very well by the model. Like in the case
KA1 discussed above, slightly larger differences
only occur close to the surface in the lowest
50±100 m (differences of up to 5 K). The main

differences are the height of the stable boundary
layer (SBL) and the temperature in the lowest
50 m. The ¯at layer of about 30 m vertical extent
above ground with a nearly neutral strati®cation
agrees with the observations, which are 3±4 K
warmer than the simulations in this lower part of
the boundary layer, but the 2 m temperature of the
AWS indicates that the very shallow inversion in
the surface layer is not captured by the simula-
tions.

The wind direction is simulated very well in the
lowest 100±150 m and changes only slightly in
time. At higher levels, the differences between
simulations and observations increase to about 30�
considering the model pro®les at 0600 UTC and at
0800 UTC, while the pro®le at 1000 UTC only

Fig. 9. Same as Fig. 8, but for the 06 h and 08 h
forecast of a LAM25 run started at 0000 UTC
18 April

Fig. 10. Same as Fig. 8, but for KA3 and
simulated pro®les from the 30 h, 32 h and 34 h
forecast of the LAM25 (started at 0000 UTC 21
April)
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shows differences up to 20�. The model pro®le at
1200 UTC (not displayed) nearly exactly repro-
duces the observed wind direction pro®le. The
better agreement in wind direction at upper levels
for the later pro®les at 1000 UTC and 1200 UTC
indicates that the model also simulates the right
synoptic conditions for that case, but obviously
with a small time difference of about 2±4 h.

The LAM25 simulation started at 1200 UTC 21
April (not shown) also yields a very good agree-
ment in wind speed and potential temperature
while capturing the wind direction almost exactly.
In a simulation started 12 h later (at 0000 UTC 22
April, not shown), the model still captures the
observed vertical structure of the wind direction
and the potential temperature very well, but the
LLJ is less pronounced and wind speeds at heights
between 150 m and 350 m are overestimated by up
to 5 msÿ1. This indicates that the spinup time of
only 6 hours for the latter simulation is probably
not suf®cient for the case of the strong katabatic
wind system during KA3.

3.3.3 KA9

For the katabatic wind ¯ight KA9 (14 May 1997,
see Table 5) the region of Ilulissat Glacier was
chosen, which is located north of the Kangerlus-
suaq area (compare area K1 and K3 in Fig. 2).
The synoptic situation is characterized by a high
pressure system over Central Greenland. A cloud
coverage of about 3/8 Ci was present over the
inland ice, and in some areas even low clouds (1/8
Sc) were observed.

The aircraft measurements show a pronounced
wind maximum of 15 msÿ1 at a height of about
70 m for that case (Fig. 11). The LLJ is almost
exactly simulated by the NORLAM forecast
started at 1200 UTC 13 May 1997. Only slight
differences in wind speed of 1±3 msÿ1 are present
at heights between 150 m and 350 m. Potential
temperature and wind direction of observation and
model are also in very good agreement. Larger
differences in wind direction are noticeable at
heights above about 300 m, where the simulated
and observed wind speed are relatively small. In
the case of KA9, the NORLAM forecast started at
1200 UTC 13 May 1997 (Fig. 11) yields the best
agreement with the observation. The simulation
started 12 h earlier overestimates the wind speeds
at upper levels, while for the model run started
12 h later (14 May 1997 at 0000 UTC) the spinup
time of the model appears to be too short, which
leads to an underestimation of the observed wind
speeds.

3.3.4 Pro®le statistics

After the elaborate discussion of selected KABEG
¯ights above, a more compact analysis of the
quality of the NORLAM simulations is added in
this subsection. Several statistics of the investi-
gated pro®les are presented in Table 6. For most
simulations, the biases (NORLAM minus obser-
vation) in wind speed are relatively small with
values of about 1±3 msÿ1. However, for those
cases, where the synoptic conditions are not well
captured (i.e., for the longer forecasts for KA1,

Fig. 11. Same as Fig. 8, but for KA9 and
simulated pro®les from the 18 h and 20 h
forecast of the LAM25 (started at 1200 UTC
13 May) at location I4 (Ilulissat region)

Mesoscale modeling of katabatic winds over Greenland and comparisons with AWS and aircraft data 129



KA2, KA6 and KA9, and for KA8), the biases are
larger with values of up to 10 msÿ1. In the cases
KA4 and KA5, NORLAM erroneously predicted
clouds, preventing the development of the kata-
batic wind system. A neutral strati®cation and no
LLJ is simulated for KA4, which results in a
negative correlation for the wind speed pro®le for
the �22 h forecast. `No cloud runs' (sensitivity
studies with arti®cially suppressed cloud develop-
ment in the model) for KA4 and KA5 lead to a
much better simulation of the wind speed while
slightly reducing the correlation of the potential
temperature as a result of an overestimation of
the inversion strength. This result shows that a
realistic simulation of clouds is a crucial require-
ment for the success of katabatic wind simulations.
If the model overestimates the cloud coverage
(particularly low clouds), the katabatic wind devel-
opment is too weak compared to the observations.
Potential reasons for wrong cloud forecasts can be
wrong moisture ®elds in the forcing model, wrong
NORLAM forecasts, or a general problem with
the cloud physics scheme of the model like an
overestimation of the cloud thicknesses or the
clouds' optical thicknesses. Since the NORLAM
cloud cover is determined diagnostically based on
the relative humidity and the vertical velocity, its
cloud prediction could be directly affected by a

potential moisture excess in the ECMWF ana-
lyses. This is the case particularly for KA4, when
the ECMWF analyses used as initial ®elds showed
values for the relative humidity exceeding 80% in
the lowest 1000 m over the ice surface in the
Kangerlussuaq area.

In order to provide a more compact measure of
the quality of the simulations, average values of
the statistical parameters are shown in Table 6 for
all katabatic wind simulations apart from the
standard runs for KA4 and KA5, where the results
of the respective `̀ no cloud run'' were taken in-
stead. The simulations started about 30±34 h prior
to the ¯ights are referred to as `̀ long range fore-
casts'' (`̀ long'' in Table 6). The simulations started
about 18±22 h prior to the observations are called
`̀ medium range forecasts'' (`̀ medium'' in Table
6), and the model runs started closest to the time
of the ¯ights (about 6±10 h prior) are named
`̀ short range forecasts'' (`̀ short'' in Table 6). The
average bias and standard deviation in wind speed
is smallest for the short range forecast of the
katabatic wind pro®les. The standard deviations
are generally relatively small with an average
value of about 1.5 msÿ1. Correlation coef®cients
show a very good correlation with best average
values for the short range forecast. The biases and
standard deviations of the potential temperature

Table 6. Statistics from the comparison of the NORLAM-simulated vertical pro®les of the runs with different model start times
to the aircraft-observed vertical pro®les during the KABEG ¯ights (see Table 5 for comparison times). The letters `̀ nc'' after a
¯ight name indicate a `̀ no cloud run'' (arti®cially suppressed cloud development). Bias is the mean difference NORLAM minus
observations, and `̀ stdv'' and `̀ corr'' are the standard deviation and the correlation coef®cient between NORLAM and aircraft
data, respectively. Maximum absolute values are printed bold, minimum absolute values are underlined. `̀ Long'', `̀ medium''
and `̀ short'' refer to averages for the different NORLAM forecast times (taking the `̀ no cloud run'' for KA4 and KA5)

Flight number, Potential temperature Wind speed
forecast time

bias stdv corr bias stdv corr
�C �C % msÿ1 msÿ1 %

KA1, �32/�20/�08 2.9 2.3 3.1 1.2 1.7 1.5 97 92 92 ÿ6.0 ÿ4.9 ÿ3.2 1.1 1.4 1.0 95 89 95
KA2, �32/�20/�08 1.6 1.0 1.8 1.9 1.5 1.7 89 99 85 ÿ5.7 ÿ4.9 2.6 2.8 2.5 0.7 44 79 98
KA3, �32/�20/�08 ÿ1.8 ÿ0.7 0.4 1.0 1.7 1.6 98 93 94 1.0 ÿ1.9 ÿ0.2 0.6 1.1 1.5 98 92 86
KA4, �34/�22/�10 2.2 2.5 2.8 1.7 2.3 1.4 88 91 97 ÿ1.5 ÿ0.6 0.7 1.3 2.2 1.1 48 ÿ92 78
KA4nc, �34/�22/�10 0.8 0.7 2.0 1.5 1.2 1.3 89 92 86 1.6 2.0 1.3 0.7 0.6 0.6 92 93 92
KA5, �30/�18/�06 3.4 2.7 2.8 3.2 2.8 2.0 97 92 93 0:0 0.6 2.3 3.4 2.7 2.0 ÿ69 63 92
KA5nc, �30/�18/�06 1.2 1.2 2.9 1.3 1.4 2.0 94 93 88 0.8 0.6 2.1 1.6 1.4 2.1 90 93 92
KA6, �32/�20/�08 ÿ0.1 0.4 2.3 1.5 1.0 0.9 93 97 97 ÿ9.1 ÿ7.0 ÿ2.4 1.0 0.9 0.3 83 99 99
KA8, �32/�20/�08 ÿ0.8 ÿ1.1 1.6 1.2 1.4 1.9 98 97 95 ÿ6.8 ÿ10.0 ÿ6.8 2.6 2.9 2.4 65 64 70
KA9, �32/�20/�08 1.8 0.1 4.5 1.8 1.3 0:7 95 97 98 8.0 2.4 ÿ2.0 3.1 1.5 1.3 85 96 98

Average 0.7 0.5 2.3 1.4 1.4 1.5 94 95 92 ÿ2.0 ÿ3.0 ÿ1.0 1.7 1.5 1.2 82 88 91
long/medium/short
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pro®les however are smallest for the medium
range forecast, and the correlations are largest.

The different forecast qualities dependent on
the forecast time demonstrate that the spinup time
is a key issue for the simulation of the strong
katabatic wind system. A longer spin-up time
results in a better simulation of the inversion
structure, while the simulation of the synoptic
forcing on the wind pro®le gets worse with
increasing forecast time. Forecast times of 18±22
hours seem to be a good compromise between
suf®cient spin-up time and the forecast of the
synoptic forcing on the katabatic wind system.

4. Summary and conclusions

Numerical simulations with the mesoscale model
NORLAM have been performed for two complete
spring months (April and May 1997) and for
individual cases covered by aircraft investigations
of the KABEG experiment. The comparisons of
the NORLAM forecasts to AWS data of KABEG
and the PARCA GC-Net and to aircraft observa-
tions of KABEG yield an overall very satisfying
agreement of model and observations.

From the simulations, some essential require-
ments are necessary for a successful forecast of
the boundary layer and katabatic winds over the
Greenland ice sheet using mesoscale limited
models. The success of the simulation of katabatic
winds over the Greenland ice sheet is crucially
depending on the correct forecast of the synoptic
conditions, since the structure and intensity of the
katabatic wind system strongly depends on the
synoptic environment. It is therefore of great
importance that the initial data for the simulations
capture the synoptic pressure ®elds well. Addi-
tionally, good moisture analyses are necessary as
initial ®elds for the mesoscale model. If the
analyses are too moist, an overestimation of
clouds by the mesoscale model is likely. A wrong
cloud prediction consequently leads to a wrong
prediction of the boundary-layer development,
i.e. the nighttime cooling due to the divergence of
the net radiation, which is one essential driving
mechanism of katabatic winds.

Besides these requirements concerning the
initial data, the mesoscale model itself has to
realistically predict the synoptic environment and
the SBL development in order to yield a correct
katabatic wind forecast. The incorrect simulation

of clouds in two of the examined cases clearly
indicate the need for advanced cloud prediction
schemes for katabatic wind forecasting on an op-
erational basis. Another requirement is a suf®cient
vertical resolution of the SBL in the model, which
was 18 model layers in the lowest 400 m in our
simulations.

The comparison of the NORLAM simulations
to the KABEG aircraft data and AWS measure-
ments shows encouraging results and con®rms
that the basic physics of katabatic winds are well
captured by the model. The good quantitative
agreement of the simulations with the observa-
tional data indicates that ± taking into account the
above-mentioned requirements ± the katabatic
wind system is simulated well even with a low-
order boundary layer parameterization such as
Louis (1979). Yet, the complex four-dimensional
structure of katabatic winds close to the coast and
in the vicinity of the transition region between ice
sheet and tundra near the Kangerlussuaq region
can not be simulated by a mesoscale model with
25 km grid spacing. This effort would require
resolutions of less than 5 km in order to provide a
satisfactory description of the small-scale topo-
graphy of the Greenland coastal areas and has to
be left for future work.

Since the katabatic wind system over Green-
land and Antarctica is of major importance in
many research ®elds like for instance glaciology,
and since it has a crucial impact on human life and
activities in polar regions in the vicinity of the
slopes of the ice sheet, it is essential to broaden
the scienti®c understanding of this atmospheric
phenomenon and to signi®cantly improve weather
prediction models applied for katabatic wind
forecasting and katabatic wind simulations. The
present study is a ®rst step to validate a mesoscale
numerical model using four-dimensional observa-
tional data of katabatic winds in a remote area,
where validation data sets are generally quite rare.
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