
2290 VOLUME 129M O N T H L Y W E A T H E R R E V I E W

q 2001 American Meteorological Society

Mesoscale Modeling of Katabatic Winds over Greenland with the Polar MM5*

DAVID H. BROMWICH

Polar Meteorology Group, Byrd Polar Research Center, and Atmospheric Sciences Program, Department of Geography,
The Ohio State University, Columbus, Ohio

JOHN J. CASSANO

Polar Meteorology Group, Byrd Polar Research Center, The Ohio State University, Columbus, Ohio

THOMAS KLEIN AND GUNTHER HEINEMANN

Meteorologisches Institut der Universitat Bonn, Bonn, Germany

KEITH M. HINES

Polar Meteorology Group, Byrd Polar Research Center, The Ohio State University, Columbus, Ohio

KONRAD STEFFEN AND JASON E. BOX

Cooperative Institute for Research in Environmental Sciences, University of Colorado, Boulder, Colorado

(Manuscript received 5 April 2000, in final form 16 February 2001)

ABSTRACT

Verification of two months, April and May 1997, of 48-h mesoscale model simulations of the atmospheric
state around Greenland are presented. The simulations are performed with a modified version of The Pennsylvania
State University–National Center for Atmospheric Research fifth-generation Mesoscale Model (MM5), referred
to as the Polar MM5. Global atmospheric analyses as well as automatic weather station and instrumented aircraft
observations from Greenland are used to verify the forecast atmospheric state. The model is found to reproduce
the observed atmospheric state with a high degree of realism. Monthly mean values of the near-surface tem-
perature and wind speed predicted by the Polar MM5 differ from the observations by less than 1 K and 1
m s21, respectively, at most sites considered. In addition, the model is able to simulate a realistic diurnal cycle
for the surface variables, as well as capturing the large-scale, synoptically forced changes in these variables.
Comparisons of modeled profiles of wind speed, direction, and potential temperature in the katabatic layer with
aircraft observations are also favorable, with small mean errors. The simulations of the katabatic winds are
found to be sensitive to errors in the large-scale forcing (e.g., the large-scale pressure gradient) and to errors
in the representation of key physical processes, such as turbulence in the very stable surface layer and cloud–
radiation interaction.

1. Introduction

Numerical simulations of katabatic winds over the
Antarctic and Greenland ice sheets have been presented
in the refereed literature beginning with the work of
Parish (1984). Many of the katabatic wind simulations
presented in the literature have used two- and three-
dimensional, numerical models with idealized large-
scale atmospheric forcing (e.g., Parish 1984; Pettré et
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al. 1990; Gallée and Schayes 1992; Bromwich et al.
1994; Bromwich et al. 1996; Gallée and Duynkerke
1997; Heinemann 1997). More recent publications have
described three-dimensional simulations of katabatic
winds forced by realistic atmospheric conditions (Hines
et al. 1995; Walsh and McGregor 1996; Hines et al.
1997a,b; van Lipzig et al. 1999). In both cases, the
verification of these simulations is often limited to glob-
al atmospheric analyses, widely spaced automatic
weather station (AWS) observations, or data from a sin-
gle site of a field campaign. Results from these studies
have indicated serious problems in the representation of
clouds, radiation, and turbulent processes near the sur-
face.

Increased research into processes acting in the polar
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TABLE 1. List of katabatic wind flights during the KABEG ’97 field
program with the date/time (UTC) and location of aircraft profiles
used for model verification.

Flight
number Date/time Location

KA1
KA2
KA3
KA4
KA5
KA6
KA8
KA9

18 Apr 1997/0740
21 Apr 1997/0710
22 Apr 1997/0740
29 Apr 1997/1100
2 May 1997/0640

11 May 1997/0810
13 May 1997/0630
14 May 1997/0710

A4
A4
A4
A4
A4
P4
A4
I4

atmosphere, through observational campaigns such as
SHEBA (Pinto et al. 1999), GIMEX (Oerlemans and
Vugts 1993), and the FIRE Arctic Clouds Experiment
(Curry et al. 2000), has allowed for refinement of the
numerical models used for simulations in this environ-
ment. In particular improvements in the understanding
of cloud and radiation processes have provided for po-
tentially dramatic improvements in the skill of meso-
scale model simulations of the near-surface atmospheric
state over large ice sheets.

Based on the experience of previous research into
mesoscale modeling in polar regions, The Pennsylvania
State University–National Center for Atmospheric Re-
search (PSU–NCAR) fifth-generation Mesoscale Model
(MM5) has been modified for use in polar regions (re-
ferred to as the Polar MM5). The Polar MM5 modifi-
cations described in this paper are now available in the
public release version of MM5 (v3.5 and later).

The results of two months (April and May 1997) of
48-h simulations of the katabatic winds over Greenland
using the Polar MM5 are presented in this paper. The
model verification results for this two-month period are
presented to illustrate the potential skill of the Polar
MM5 over extensive ice sheets. Sensitivity simulations
are presented to illustrate potential sources of errors in
some of the katabatic wind simulations.

Data used for verification of the Polar MM5 simu-
lations include operational global atmospheric analyses
from the European Centre for Medium-Range Weather
Forecasts (ECMWF), AWS observations from sites on
the Greenland ice sheet (Steffen et al. 1996; Heinemann
1999), and instrumented aircraft observations of the kat-
abatic layer over Greenland obtained during the Kata-
batic Wind and Boundary Layer Front Experiment
around Greenland during 1997 (KABEG’97) (Heine-
mann 1999). A more detailed description of the data
used to verify the Polar MM5 simulations is given in
section 2.

Section 3 of this paper describes the Polar MM5 and
the changes made to this model for use in polar regions.
Descriptions of the model configuration, initialization,
and forecast procedure used for this study are also pre-
sented in this section. The model verification results are
described in section 4, with emphasis given to the AWS
and instrumented aircraft observations. Concluding re-
marks are presented in section 5.

2. Observational data used for model verification

The primary observational data used for verification
of the Polar MM5 simulations presented in this paper
are aircraft and AWS observations from the KABEG’97
field campaign and AWS observations from the Green-
land Climate Network (GC-NET) AWS array.

The aircraft data collected during KABEG’97 include
the aircraft position, wind components, air temperature,
and humidity sampled at rates of 12–120 Hz [additional
details on the aircraft measurements can be found in

Heinemann (1999)]. The aircraft data used in this study
are ‘‘vertical’’ profiles observed as the aircraft per-
formed slantwise ascents (or descents) to a height of
400 m above ground level (AGL). The aircraft profiles
are measured over a horizontal distance of approxi-
mately 5 km. A list of the aircraft profiles used for model
verification in this paper is given in Table 1. The location
of the aircraft profiles are shown in Figs. 1b,c (locations
A4, I4, and P4). AWS observations from site A4 (Figs.
1b,c) are used for model verification from 16 April to
17 May 1997.

During April and May 1997 13 AWSs were operating
as part of the GC-NET AWS array. A description of the
GC-NET AWS measurements and site locations is given
by Steffen et al. (1996). Observations from six of the
GC-NET AWSs operating during April and May 1997
are used to verify the Polar MM5 (Table 2, Fig. 1b).
These six sites are selected for model verification pur-
poses since they contain a nearly complete record of
observations during the two-month period of interest
and because they provide observations of the near-sur-
face atmospheric state over a large area of the Greenland
ice sheet. Model verification results from the remaining
seven GC-NET AWS sites are not presented, but they
are similar to the results described in section 4b.

3. Description of the Polar MM5

The Polar MM5 model used for the simulations pre-
sented in this paper is based on version 2 of the PSU–
NCAR MM5. A general description of this model is
given by Dudhia (1993) and Grell et al. (1994). The
model configuration used for the simulations presented
in this paper is described below. In addition, a descrip-
tion of the changes made to the standard version of MM5
for use in polar regions is provided.

a. Polar MM5 dynamics and physics

The standard version of MM5 (version 2) allows for
the use of either hydrostatic or nonhydrostatic governing
dynamics. For the Greenland simulations presented in
this paper the hydrostatic dynamics option is used since
the hydrostatic approximation is valid for the model
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FIG. 1. (a) Map of Polar MM5 model domain, with terrain elevation contours (solid lines, 500-m contour interval), zero elevation contour
(bold line), and latitude (dashed lines, 108 contour interval) and longitude (dashed lines, 308 contour interval); (b) detail of Polar MM5
model domain centered on Greenland, with terrain elevation contours (solid lines, 500-m contour interval), zero elevation contour (bold
line), and locations of sites discussed in text marked with filled circles (HU: Humboldt AWS, TU: Tunu-N AWS, SU: Summit AWS, JA:
JAR 1 AWS, CP: Crawford Point AWS, A4: KABEG AWS A4, D2: Dye-2 AWS, and I4 and P4: location of aircraft profiles); and (c) detail
of Polar MM5 model domain centered on KABEG AWS A4, with terrain elevation contours (solid lines, 100-m contour interval), zero
elevation contour (bold line), and location of sites I4, A4, and D2 marked with filled circles. Tick marks on borders of each panel indicate
spacing of model grid points (40 km).

horizontal resolution used (40 km), and the hydrostatic
option was found to run approximately 12% faster than
the nonhydrostatic option. The hydrostatic version of
the model includes three-dimensional prognostic equa-
tions for the horizontal components of the wind and
temperature, and a two-dimensional prognostic equation

for p* (defined as the surface pressure minus the pres-
sure at the model top). Additional three-dimensional
prognostic equations for the water vapor mixing ratio
and the mixing ratio of various cloud species are also
part of the model equations. Parameterizations for cloud
microphysics and precipitation processes, cumulus con-
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TABLE 2. List of GC-NET AWSs used for model verification
during Apr and May 1997.

Station name
Latitude

(8N)
Longitude

(8W)
Elevation

(m)

Humboldt
Tunu-N
Summit
Crawford Point
JAR1
Dye-2

78.53
78.02
72.58
69.88
69.50
66.48

56.83
33.99
38.50
46.99
49.68
46.28

1995*
2113*
3254
2022
962*

2165

* Elevation of AWS determined with differential GPS measure-
ments.

vection, radiative transfer, and turbulence are included
in the model, with multiple options available for the
representation of many of these processes.

For the Polar MM5 simulations the large-scale (grid
scale) cloud and precipitation processes are represented
by the Reisner explicit microphysics parameterization
(Reisner et al. 1998). This parameterization predicts the
mixing ratio of cloud water and ice crystals as well as
the rain and snow water mixing ratios, and allows for
the presence of mixed phase clouds. Subgrid-scale
clouds are parameterized with the Grell cumulus param-
eterization (Grell et al. 1994).

Excessive cloud cover was found to be a problem
over the Antarctic in sensitivity simulations using an
older version of MM5 (MM4) (Hines et al. 1997a,b),
similar to results found by Manning and Davis (1997)
for cold, high clouds over the continental United States.
Replacement of the Fletcher (1962) equation for ice
nuclei concentration with that of Meyers et al. (1992)
in the MM5 explicit microphysics parameterizations, as
suggested by Manning and Davis (1997), helped to elim-
inate this cloudy bias in polar simulations with MM5,
and is now a standard option in the Polar MM5 model.
This modification to the Reisner microphysics param-
eterization is used for all of the simulations presented
here.

The Polar MM5 also uses a modified version of the
NCAR community climate model, version 2 (CCM2),
radiation parameterization (Hack et al. 1993) for pre-
diction of the radiative transfer of shortwave and long-
wave radiation through the atmosphere. In the original
version of this parameterization the cloud cover was
predicted as a simple function of the grid-box relative
humidity, with the cloud liquid water (CLW) path de-
termined from the grid-box temperature. Sensitivity
simulations revealed that this parameterization of cloud
cover tended to significantly overestimate the CLW
path, and thus the radiative effects of the clouds, which
was particularly noticeable as large downwelling long-
wave radiation fluxes during the austral winter over the
Antarctic ice sheet (Hines et al. 1997a,b). In order to
resolve this problem, the predicted cloud water and ice
mixing ratios from the Reisner explicit microphysics
parameterization are used in the modified CCM2 radi-

ation parameterization for determination of the radiative
properties of the modeled cloud cover. This modification
allows for a consistent treatment of the radiative and
microphysical properties of the clouds and for the sep-
arate treatment of the radiative properties of liquid and
ice phase cloud particles, similar to that in the CCM3
radiation parameterization (Kiehl et al. 1996) that is in
part based on results discussed by Ebert and Curry
(1992).

Turbulent fluxes in the atmosphere, and the turbulent
fluxes between the atmosphere and the surface, are pa-
rameterized using the 1.5-order turbulence closure pa-
rameterization used in the National Centers for Envi-
ronmental Prediction Eta Model (Janjić 1994). Heat
transfer through the model substrate is predicted using
a multilayer ‘‘soil’’ model. The thermal properties used
in the soil model for snow and ice surface types are
modified following Yen (1981). In addition, the number
of substrate levels represented in the soil model was
increased from six to eight, with an increase in the re-
solved substrate depth from 0.47 m to 1.91 m. Also, a
sea ice surface type is added to the 13 surface types
available in the standard version of MM5 (Hines et al.
1997a). The sea ice surface type allows for fractional
sea ice cover in any oceanic grid point, with surface
fluxes for the sea ice grid points calculated separately
for the open water and sea ice portions of the grid point,
which are then averaged before interacting with the
overlying atmosphere. The sea ice thickness varies from
0.2 m to 0.95 m and is dependent on the hemisphere
and sea ice fraction at the grid point (Table 3). Some
surface characteristics for the surface types of interest
in this study are listed in Table 3.

b. Model grid

MM5 is formulated using a staggered horizontal grid
with a vertical s-coordinate system that is defined in
terms of pressure. The model domain used in this study
consists of 100 grid points in the north–south direction
and 110 grid points in the east–west direction, centered
at 718N latitude and 308W longitude, with a horizontal
resolution of 40 km (Fig. 1). The model terrain over
Greenland is specified from the Ekholm (1996) digital
elevation data (Table 3), since accurate representation
of the terrain slope over the ice sheet is required for
accurate katabatic wind simulations. The 40-km hori-
zontal grid spacing used in the Polar MM5 adequately
resolves the terrain slopes over all but the steepest mar-
gins of the ice sheet (Cassano and Parish 2000).

A total of 28 s levels are used, of which seven are
located within the lowest 400 m of the atmosphere, and
the lowest atmospheric model level is located at a nom-
inal height of 12 m AGL. This relatively high resolution
near the surface is required to accurately represent the
evolution of the shallow katabatic layer over the Green-
land ice sheet. The model top is set at a constant pressure
of 100 hPa.
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TABLE 3. List of surface characteristics and input data used for
Polar MM5 simulations.

Surface characteristics

Surface type Albedo Roughness length (m)

Ice sheet
Tundra (summer)
Tundra (winter)
Sea ice
Ocean

0.80
0.15
0.70
0.70
0.15

1 3 1024

0.1
0.1
1 3 1023

minimum 1 3 1024 with
Charnock relation

Input data
Initial and boundary condition

atmospheric data
12 hourly 2.58 ECMWF TOGA

global analyses
Topography Ekholm (1996), 2-km resolution
Sea surface temperature 6-hourly 1.1258 ECMWF TOGA

global surface analyses
Sea ice coverage Sea ice surface type for ocean

grid points with SST , 271.7
K, sea ice fraction based on
climatological values (Gloer-
sen et al. 1992)

Sea ice thickness*:
NH, conc. $ 0.9
NH, 0.6 # conc. , 0.9
NH, conc. , 0.6
SH, all conc.

0.95 m
0.47 m
0.23 m
0.23 m

* NH: Northern Hemisphere; SH: Southern Hemisphere, conc.:
sea ice concentration in grid cell.

→

FIG. 2. Profiles of the monthly mean bias of temperature [(a) and (b)], water vapor mixing ratio [(c) and (d)], zonal wind speed [(e) and
(f )], and meridional wind speed [(g) and (h)], calculated as the difference between the monthly mean Polar MM5 predicted values and values
from the 2.58 resolution ECMWF global analyses (Polar MM5 2 ECMWF), plotted as a function of the model sigma levels (vertical scale
on left side of graphs). The pressure is plotted on the vertical scale on the right side of the graphs, for grid points with a surface pressure
of 1000 hPa. Biases for Apr 1997 are plotted in (a), (c), (e), and (g) and biases for May 1997 are plotted in (b), (d), (f ), and (h). Biases
are area averaged over the entire model domain (thin, solid line), over all oceanic grid points (thin, dashed line), and over all permanent
ice grid points over Greenland (thick, solid line) (with the five grid points closest to the model domain lateral boundaries excluded from all
calculations).

c. Polar MM5 initial and boundary condition data

A list of the datasets used to initialize the Polar MM5,
and those that are used to provide boundary conditions
to the model during the simulations, are listed in Table
3. The 2.58 horizontal resolution ECMWF Tropical
Ocean Global Atmosphere (TOGA) surface and upper-
air data are used to provide the initial and boundary
conditions for the model atmosphere. These data are
interpolated to the Polar MM5 model grid using the
standard preprocessing programs provided by NCAR for
use with the MM5 modeling system. In addition the
1.1258 ECMWF TOGA global surface analyses are used
to specify the initial surface temperature [and sea sur-
face temperature (SST)], deep soil temperature, and
snow cover. Snow cover on the tundra grid points on
Greenland is manually specified to match snow cover
observations from the KABEG’97 field campaign. Sea
ice cover is based on the SST specified with the higher-
resolution surface data, and is considered to be present
at all grid points with an SST , 271.7 K. Sea ice fraction

for these grid points is determined based on climato-
logical values given by Gloersen et al. (1992).

The Polar MM5 was used to produce short duration
(48-h length) simulations of the atmospheric state over
Greenland for April and May 1997. The model was
initialized with the 0000 UTC ECMWF analyses for
each day of the two-month period, with the 24–48-h
forecast used for model verification, unless otherwise
noted.

4. Validation of Polar MM5

The Polar MM5 forecasts are compared to three da-
tasets for the purpose of model verification, including
the global 2.58 ECMWF TOGA global analyses, AWS
observations, and aircraft data collected during the KA-
BEG’97 field campaign.

a. Verification of the Polar MM5 forecasts with
ECMWF analyses

The 2.58 ECMWF analyses were used to verify the
large-scale atmospheric features simulated by the Polar
MM5. Figure 2 displays vertical profiles of the spatial
and temporal mean difference (bias) between selected
Polar MM5 and ECMWF analysis fields. The ECMWF
analyses (on constant pressure levels at 1000, 850, 700,
500, 400, 300, 250, 200, 150, and 100 hPa) are inter-
polated to the Polar MM5 model grid and compared to
the 24- and 36-h forecasts from the Polar MM5. The
bias is calculated for the entire model domain, all oce-
anic grid points, and grid points over the Greenland ice
sheet (with the five grid points closest to the model
domain lateral boundaries excluded from the calculation
for each of these areas, since these grid points are di-
rectly influenced by the imposed lateral boundary con-
ditions). The vertical profiles are plotted as a function
of the model s levels, with a pressure scale calculated
for grid points with a surface pressure of 1000 hPa
plotted for reference.

For all regions of the model domain considered the
magnitude of the bias in the temperature field is less
than 1 K, except near the surface and for s , 0.2 (Figs.
2a and 2b). Over Greenland the model has a tendency
to simulate cooler temperatures near the surface and
warmer temperatures aloft compared to the ECMWF
analyses. This indicates that the Polar MM5 simulates
a stronger low-level temperature inversion than is pre-
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TABLE 4. Statistics from the comparison of the Polar MM5 simulations to the GC-NET AWS data for Apr 1997. Statistics listed in the
table include the mean of the AWS data (mean), monthly mean Polar MM5 2 monthly mean AWS (bias), the root-mean-square error
(rmse), and the correlation coefficient between the Polar MM5 and AWS data (corr). Maximum absolute values are printed in bold and
minimum absolute values are underlined for the bias, rmse, and correlation coefficient for each variable. Variables listed include the
surface pressure, near-surface air temperature, water vapor mixing ratio, wind speed, and resultant wind direction.

Station

Surface pressure

Mean
(hPa)

Bias
(hPa)

Rmse
(hPa) Corr

Temperature

Mean
(K)

Bias
(K)

Rmse
(K) Corr

Water vapor mixing ratio

Mean
(g kg21)

Bias
(g kg21)

Rmse
(g kg21) Corr

Humboldt
Tunu
Summit
Crawford
JAR
Dye-2

780
777
661
783
899
767

2.33
25.28

2.03
21.22
21.02

1.12

1.89
5.99
2.94
2.37
2.12
2.03

0.98
0.93
0.98
0.98
0.98
0.99

231.7
231.5
231.4
223.2
215.8
221.1

0.46
20.60

1.34
20.01

0.77
0.16

2.93
3.04
4.46
3.51
2.56
3.43

0.94
0.94
0.90
0.94
0.96
0.94

0.32
0.33
0.42

1.19
0.94

0.01
20.02

0.09

0.03
0.03

0.11
0.13
0.22

0.38
0.36

0.92
0.86
0.90

0.93
0.88

Average 20.34 2.89 0.97 0.35 3.32 0.94 0.03 0.24 0.90

TABLE 5. Same as Table 4, except for May 1997.

Station

Surface pressure

Mean
(hPa)

Bias
(hPa)

Rmse
(hPa) Corr

Temperature

Mean
(K)

Bias
(K)

Rmse
(K) Corr

Water vapor mixing ratio

Mean
(g kg21)

Bias
(g kg21)

Rmse
(g kg21) Corr

Humboldt
Tunu
Summit
Crawford
JAR
Dye-2

791
787
674
794
906
778

0.09
26.63

0.77
23.43
22.57
21.34

1.43
6.91
1.98
3.79
2.92
2.03

0.99
0.97
0.97
0.98
0.98
0.97

217.6
219.7
224.4
212.8
24.9

211.7

1.22
1.32
4.07

20.10
0.53

20.62

2.75
2.46
5.39
2.78
2.25
2.48

0.93
0.95
0.86
0.83
0.84
0.89

1.00
0.82
0.61
1.44
2.29
1.65

0.20
0.19
0.30
0.22
0.04
0.03

0.35
0.30
0.40
0.41
0.49
0.41

0.87
0.92
0.77
0.84
0.79
0.83

Average 22.19 3.18 0.98 1.07 3.02 0.88 0.16 0.39 0.84

sent in the ECMWF analyses. In comparing the Polar
MM5 modeled near-surface temperature with AWS ob-
servations from Greenland it is found that there is little
systematic cold bias in the near-surface temperatures
(see section 4b), and the difference between the Polar
MM5 simulations and the ECMWF analyses is likely a
reflection of the inadequate representation of the low-
level inversion by the limited number of constant pres-
sure levels and other errors in the ECMWF analyses.
For s , 0.2 larger biases in the temperature are found
compared to lower levels, particularly for April 1997,
and this is likely a result of the coarse Polar MM5
vertical grid spacing (greater than 1000 m) near the
model top and the subsequent inaccurate representation
of the height of the tropopause.

For the mixing ratio, the bias tends to be largest at
lower levels and decreases with increasing height (Figs.
2c,d) (as a result of the decreasing magnitude of the
mixing ratio with height). A positive bias greater than
0.1 g kg21 is found over the ocean, and the entire model
domain, at low levels (s . 0.9). The bias is negative
in the middle troposphere (0.7 , s , 0.9), with mag-
nitudes less than 0.1 g kg21.

The magnitude of the bias in the zonal and meridional
wind components is less than 0.5 m s21, except near
the model top, and is similar for all regions considered
(Figs. 2e–h).

Based on this analysis it appears that the Polar MM5
simulations represent the large-scale atmospheric fea-
tures depicted in the ECMWF analyses with a high de-
gree of accuracy and minimal bias, especially in the
troposphere.

b. Verification of the Polar MM5 forecasts with AWS
observations

The near-surface forecasts from the Polar MM5 are
compared to AWS observations from the Program for
Arctic Regional Climate Assessment GC-NET AWS ar-
ray (Steffen et al. 1996) and an AWS installed as part
of the KABEG’97 field project (Heinemann 1999), us-
ing the model grid point closest to the AWS location.
Statistics calculated from the comparison of the model
data with the AWS observations are given in Tables 4–
6. Tables 4 and 5 list the model verification statistics
for the GC-NET AWS array for April and May 1997,
respectively, while Table 6 lists the verification statistics
for KABEG AWS A4 for 16 April–17 May 1997. The
statistics listed in these tables include the mean AWS
observed values, the bias (mean Polar MM5 2 mean
AWS), root-mean-square error (rmse), and the corre-
lation coefficient between the observed and modeled
monthly time series. Time series plots of the model
predicted and AWS observed near-surface atmospheric
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TABLE 4. (Continued )

Station

Wind speed

Mean
(m s21)

Bias
(m s21)

Rmse
(m s21) Corr

Resultant wind
direction

Mean
(deg)

Bias
(deg)

Humboldt
Tunu
Summit
Crawford
JAR
Dye-2

7.1
6.3
6.8
5.8
5.8
7.3

0.90
1.22
0.31
1.59

20.30
20.46

2.01
2.30
2.46
3.08
2.23
2.72

0.79
0.79
0.84
0.65
0.77
0.73

178
278
204
148
120
159

25
1

212
26
29
26

Average 0.59 2.47 0.76 26

TABLE 5. (Continued )

Station

Wind speed

Mean
(m s21)

Bias
(m s21)

Rmse
(m s21) Corr

Resultant wind
direction

Mean
(deg)

Bias
(deg)

Humboldt
Tunu
Summit
Crawford
JAR
Dye-2

5.6
5.4
3.6
6.1
6.2
7.0

0.98
20.04

1.05
0.92

20.53
20.54

1.93
1.40
2.17
2.53
2.69
2.75

0.60
0.67
0.43
0.57
0.68
0.54

184
277
205
148
125
162

210
0

218
28
11

29

Average 0.31 2.25 0.58 26

variables are shown in Figs. 3–6. The model output used
to calculate the verification statistics and to plot the
monthly time series is available at 3-h intervals, unless
otherwise noted, while the AWS observations are avail-
able at 1-h intervals.

The six GC-NET AWS sites used for model verifi-
cation purposes are shown in Fig. 1b (Humboldt: HU;
Tunu-N: TU; Summit: SU; Crawford Point: CP; JAR 1:
JA; Dye-2: D2) and were selected to represent as wide
an area of the Greenland ice sheet as possible, while
confining the choice of stations to those with nearly
complete records for April and May 1997. Results from
these six stations are comparable to those from the other
GC-NET AWS sites on Greenland. Only site A4 from
the KABEG’97 AWS array is used for model verifi-
cation (Figs. 1b,c), as the remaining KABEG’97 AWS
sites are located close to the ice margin and over the
adjacent tundra in a region of small-scale terrain features
that are poorly represented by the 40-km model grid
used in this study.

Before presenting results of the model–AWS com-
parison it should be noted that the AWS measured tem-
perature and wind speed are from heights of generally
less than 3 m AGL. In contrast, the modeled temperature
and wind speed from the Polar MM5 are taken from the
lowest s level, with a nominal height of 12 m AGL.
The wind speed from the lowest model level has been

interpolated to the height of the AWS observations by
applying Monin–Obukhov similarity theory. No attempt
to adjust the modeled temperature to an equivalent
height above the snow surface has been made. Differ-
ences in the modeled and observed air temperature, due
to differences in the observation and simulation heights,
will be largest during periods of light winds but should
be minimal otherwise. The modeled pressure has been
adjusted to the reported elevation of the AWS sites using
the model gridpoint elevation and the observed air tem-
perature at the AWS sites.

Based on an inspection of Figs. 3–6 it appears that
the Polar MM5 reproduces the observed time series of
surface pressure, temperature, wind speed, wind direc-
tion, and mixing ratio with a surprising degree of ac-
curacy during the two-month period of April–May 1997.
A noticeable bias in the surface pressure is evident at
some of the sites and is due, in part, to uncertainties of
620 m in the true elevation of the AWS sites. A warm
bias in the model forecast near-surface temperature is
present at the Summit (Fig. 4) and A4 (Fig. 6) AWS
sites. Daily spikes, of up to 3 hPa, in the observed
pressure at Tunu AWS are measurement errors (Fig. 3).

A review of Tables 4–6 reveals the generally high
level of skill exhibited by the Polar MM5 forecasts. The
magnitude of the surface pressure bias ranges from 0.09
to 6.63 hPa, with the magnitude of the bias generally
less than 3 hPa at most sites. Part of the bias in the
surface pressure can be attributed to the uncertainty in
the true elevation of the AWS sites. [The elevation of
AWS sites Summit, Crawford Point, Dye-2, and A4
were determined with a handheld GPS receiver and are
known to within 620 m, while the elevation at the re-
maining AWS sites was determined using differential
GPS measurements (Table 2) and are known to an ac-
curacy of 60.1 m.] An uncertainty in the elevation of
the AWS site of 620 m implies an uncertainty in the
adjusted model pressure of 62 hPa. This level of un-
certainty in the adjusted model pressure can account for
some, but not all, of the bias in the comparison of the
modeled and observed surface pressures. The modeled
monthly mean surface pressure does not increase as
much as the observed surface pressure from April to
May, for all of the GC-NET AWS sites, resulting in the
model bias in the surface pressure becoming increas-
ingly negative with time (Tables 4 and 5). The source
of the differences in surface pressure between the Polar
MM5 forecasts and the AWS observations are still being
explored. The large bias in the pressure at Tunu-N is
likely caused in part by a measurement error at this site
(note the anomalous spikes in the observed pressure that
occur on a daily basis in Fig. 3).

The rmse of the surface pressure ranges from 1.43 to
6.91 hPa and is an indication of the typical instantaneous
magnitude of the difference between the modeled and
observed surface pressure. The correlation coefficient
between the modeled and observed surface pressure is
high, ranging from 0.93 to 0.99, indicating that the Polar
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TABLE 6. Same as Table 4, except for KABEG AWS A4 for 16 Apr–17 May 1997.

Sta-
tion

Surface pressure

Mean
(hPa)

Bias
(hPa)

Rmse
(hPa) Corr

Temperature

Mean
(K)

Bias
(K)

Rmse
(K) Corr

Wind speed

Mean
(m s21)

Bias
(m s21)

Rmse
(m s21) Corr

Resultant
wind

direction

Mean
(deg)

Bias
(deg)

A4 837 23.80 4.20 0.99 216.5 3.81 5.01 0.90 5.6 1.36 2.63 0.68 146 0

TABLE 7. Statistics from the comparison of the Polar MM5 simulated vertical profiles to the KABEG aircraft profile data for Apr and May
1997, for potential temperature and wind speed. Statistics listed in the table include the vertically averaged difference between the Polar
MM5 and aircraft data (bias) (Polar MM5 2 aircraft), the root-mean-square error (rmse), and the correlation coefficient between the Polar
MM5 and aircraft data (corr). For each aircraft profile the flight number is listed followed by the number of hours elapsed since the start
of the Polar MM5 forecasts (forecast time). Maximum absolute values are printed in bold and minimum absolute values are underlined for
the bias, rmse, and correlation coefficient for each variable.

Flight number;
forecast time (h)

Potential temperature

Bias
(K)

Rmse
(K) Corr

Wind speed

Bias
(m s21)

Rmse
(m s21) Corr

KA1; 130/133
KA2; 130/133
KA3; 130/133
KA4; 133/136
KA5; 130/133
KA6; 130/133
KA8; 130/133
KA9; 130/133

2.3/0.9
1.4/1.3

22.4/21.7
2.4/3.1
2.9/3.6
2.0/1.8
0.2/0.4

20.1/0.0

2.4/1.2
2.5/2.4
2.6/1.9
2.5/3.1
3.3/3.9
2.1/1.8
1.4/1.0
2.1/2.3

0.99/0.99
0.81/8.85
1.00/1.00
0.93/0.98
0.91/0.92
0.99/0.99
0.96/0.99
0.97/0.96

27.5/27.1
24.8/21.1

5.3/4.5
23.4/24.6

0.6/0.6
21.4/22.3

2.7/20.4
11.6/12.5

7.5/7.2
5.9/2.3
5.6/4.7
3.5/4.6
1.8/1.9
1.5/2.4
2.7/1.0

12.0/12.8

0.97/0.90
20.08/0.77

0.84/0.88
0.93/0.96
0.94/0.97
0.99/0.98
0.99/0.97
0.84/0.87

Average 1.1/1.2 2.4/2.2 0.95/0.96 0.4/0.3 5.1/4.6 0.80/0.91

MM5 forecasts reproduce the observed trends in the
surface pressure accurately (as is evident from Figs. 3–
6). The lower correlation coefficient values between the
model and observed pressure at Tunu-N AWS are caused
in part by the anomalous daily spikes in the observed
pressure at this site (Fig. 3).

The monthly bias in temperature has a magnitude of
less than ø1 K at most sites, but is significantly larger
than 1 K at both Summit and A4 (Tables 3–5). The
average bias in the Polar MM5 simulations at the GC-
NET AWS sites increases from 0.35 to 1.07 K from
April to May (Tables 3 and 4). Preliminary investigation
of the radiative fluxes at the surface in the Polar MM5
simulations indicates an excess of downward-directed
shortwave radiation, which may contribute to the in-
creasing warm bias as the summer solstice is ap-
proached.

The rmse ranges from 2.5 to 5 K at most sites, with
correlation coefficients between the observed and mod-
eled near-surface temperature greater than 0.83 for all
sites for both months.

The forecast near-surface temperature from the Polar
MM5 reproduces the observed diurnal temperature
range at most sites (Figs. 3–6). A notable exception is
at Summit AWS (Fig. 4), where the Polar MM5 forecast
of the daily minimum temperature is often too warm
(Julian days 111–116, 121–124, 128–132, and 135–
147). This error in the modeled minimum temperature
at Summit is responsible for the large temperature bias
at this site (Tables 3 and 4). The time periods with overly

warm minimum temperature in the Polar MM5 forecasts
also correspond to time periods with weak wind speeds
(,5 m s21 in both the observations and model fore-
casts), when a strong low-level inversion would be ex-
pected to be present. A portion of the warm bias at
Summit may be attributed to the difference in the height
above the snow surface of the modeled and observed
air temperature, in the presence of a strong low-level
inversion. To evaluate this possibility the time series of
the model predicted ground temperature is compared to
the observed near-surface air temperature measured at
the AWS. From this comparison (not shown) it is found
that on most of the days when the Polar MM5 simulates
overly warm minimum near-surface air temperatures the
forecast ground temperature was equal to, or slightly
colder, than the AWS observed near-surface air tem-
perature. Therefore a portion of the warm bias in the
Polar MM5 forecasts is a result of the strong inversion
conditions present near the surface during the light wind
periods and the different height of the AWS observation
and the model’s lowest atmospheric level. Additionally,
the strong low-level inversion and weak winds combine
to generate enhanced static stability near the surface. It
is well known that atmospheric surface-layer parame-
terizations do not adequately represent the turbulent
coupling of the atmosphere to the surface under these
strong static stability conditions (Cassano et al. 2001)
and can lead to overly warm near-surface atmospheric
temperatures being predicted in the model.

In addition to accurately simulating the diurnal tem-
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FIG. 3. Time series of the 24–48-h Polar MM5 forecasts (thick, solid line) and the Tunu-N AWS ob-
servations (thin, solid line) for Apr and May 1997. Time series of surface pressure (P), near-surface air
temperature (T), wind speed, wind direction, and water vapor mixing ratio are plotted. The time axis is
labeled in Julian days (1 Apr 1997 5 Julian day 91 and 1 May 1997 5 Julian day 121). The surface
pressure for the Polar MM5 forecast has been interpolated from the height of the model gridpoint elevation
to the height of the AWS observations. The model wind speed has been interpolated from the lowest model
level to the height of the AWS observations. All other Polar MM5 variables are given as the value at the
lowest model sigma level (nominal height of 12 m AGL), and are not corrected for differences between
the elevation of the model grid point and the reported elevation of the AWS.

perature cycle, the Polar MM5 forecast temperatures
also replicated the large-scale changes in temperature
quite well. As an example, the abrupt warming observed
at Tunu-N on Julian day 97 and at Dye-2 and Summit

on Julian day 100 are all simulated accurately by the
Polar MM5.

Comparison of the modeled and observed near sur-
face mixing ratio of water vapor indicates a slight moist
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FIG. 4. Same as Fig. 3, except for Summit AWS.

bias in the Polar MM5 forecasts (Tables 3 and 4, Figs.
3–6). The absolute magnitude of the bias increases from
April to May, due in part to the increasing amount of
moisture present in the atmosphere, although the mag-
nitude of the bias relative to the mean mixing ratio also
increases from April to May. The largest relative errors
occur at the northern AWS sites of Humboldt and Tunu-
N and at Summit. The increase in the low-level moist
bias in the Polar MM5 forecasts during May coincides
with an increasing warm bias in the Polar MM5 forecast
for the same time period. This highlights the importance

of accurate near-surface temperature forecasts for skill-
ful forecasts of the low-level moisture content of the
air.

Aside from the slight moist bias in the Polar MM5
forecasts, the time series of the modeled mixing ratio
is similar to the observed time series. Correlation co-
efficients between the two time series range from 0.77
to 0.93. The rmse ranges from 0.11 to 0.49 g kg21, with
larger values found for May compared to April.

Finally, the modeled near-surface winds are in good
agreement with the observed winds at most of the sites,
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FIG. 5. Same as Fig. 3, except for Dye-2 AWS.

although the modeled wind speed tends to be slightly
less variable than the observed wind speed on time pe-
riods shorter than 24 h (Figs. 3–6). The magnitude of
the bias in the wind speed forecasts ranges from 20.03
to 1.59 m s21, with magnitudes of the bias generally
less than 1 m s21. The rmse varies from 1.40 to 3.08
m s21, and the correlation coefficient between the ob-
served and model wind speed time series ranges from
0.43 to 0.84. The lower correlation coefficient for the
wind speed forecasts, compared to the other variables

discussed above, is a result of the smaller variability in
the modeled wind speeds compared to the observations.

The magnitude of the bias in the resultant wind di-
rection is generally less than 108, with the largest bias
at Summit (188 for May 1997). As with the other var-
iables, the Polar MM5 predicted wind direction matches
the observed changes in the wind direction quite ac-
curately (Figs. 3–6). Of particular note is the excellent
agreement between the observed and modeled wind di-
rection change at Tunu-N on Julian days 98 to 101 (Fig.
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FIG. 6. Same as Fig. 3, except for KABEG AWS A4. Data is plotted from 15 Apr to 20 May 1997
(Julian days 105–140).

3) and the suppressed variability in the modeled and
observed wind direction at Dye-2 on Julian days 131–
143 (Fig. 5).

In summary, the Polar MM5 forecasts of the pressure,
temperature, mixing ratio, and winds compare very fa-
vorably with the AWS observations. The Polar MM5
near-surface temperature is particularly well forecast,
with slightly reduced skill for the near-surface wind
forecasts.

c. Verification of the Polar MM5 forecasts with
aircraft observations

Aircraft data collected during the KABEG’97 field
program provided an opportunity to verify the katabatic
layer structure simulated by the Polar MM5. As dis-
cussed in section 2, vertical profiles through the kata-

batic layer were measured by the aircraft during a series
of ascents and descents. Each ascent–descent through
the katabatic layer (over a depth of approximately 400
m) covered a horizontal distance of roughly 5 km, and
as such does not represent a true vertical profile. For
each flight period (Table 1) the aircraft profile over the
location farthest from the ice sheet margin (Fig. 1b) was
compared to the modeled vertical profiles of the kata-
batic layer, using the grid point closest to the location
of the aircraft profile. These aircraft profiles were chosen
for comparison to the model data, since the model hor-
izontal resolution is not suited for representation of the
steep ice slopes closest to the ice sheet margin.

Flights KA1 through KA5 and flight KA8 took place
near location A4, shown in Figs. 1b and 1c, in a region
of relatively uniform ice topography. The aircraft pro-
files for flights KA6 and KA9 were measured near points
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FIG. 7. Vertical profiles of wind speed, potential temperature, and wind direction from the 30-h (valid at 0600 UTC 22 Apr 1997, plotted
as a thin, solid line with cross symbols) and 33-h (valid at 0900 UTC 22 Apr 1997, plotted as a thin, solid line with open circle symbols)
Polar MM5 forecasts initialized at 0000 UTC 21 Apr 1997 and aircraft observations (plotted as a thin, solid line) from 0740 UTC 22 Apr
1997 for KABEG flight KA3 at location A4. Profiles are plotted with respect to height above the ground (m AGL) to a height of 400 m
AGL.

P4 and I4, respectively, in Fig. 1b, and are located in
regions with pronounced valley-like features in the ice
sheet topography, that act to channel the katabatic flow.

Comparison of the observed and modeled potential
temperature, wind speed, and wind direction profiles are
presented below. Summary statistics from the compar-
ison of the modeled vertical profiles to the observed
aircraft profiles for the eight flights are listed in Table
7. Statistics are calculated for the two model times that
bracketed the time of the aircraft observation (this cor-
responds to forecasts valid 30–36 h after the Polar MM5
was initialized). Average statistics for all eight flight
periods are also listed at the bottom of Table 7.

As was found for the verification of the near surface
variables with the AWS data, on average the Polar MM5
forecast potential temperature profiles are in better
agreement with the observations than the forecast wind
profiles. This is evident as larger correlation coefficients
for the potential temperature forecasts as well as smaller
rmse (Table 7).

The average correlation coefficient for all eight flights
for the potential temperature profiles is 0.95 to 0.96 for
both model time periods considered. The average bias
of the predicted potential temperature profiles varies

from 1.1 to 1.2 K, while the rmse ranges from 2.2 to
2.4 K (Table 7). These values are similar to those found
for the near-surface temperature verification (Tables 4–
6).

The predicted wind speed profiles do not match the
observed wind speed profiles as well as the potential
temperature profiles. Average correlation coefficients
for the wind speed profiles range from 0.80 to 0.91,
which is slightly larger than the results for the near-
surface verification. The magnitude of the average bias
in the predicted wind speed profiles is 0.3 to 0.4 m s21

for both forecast periods, but these surprisingly low val-
ues are the result of large biases of opposite signs for
individual flights (i.e., KA1 and KA9) that nearly can-
cel. The rmse of the modeled wind speed profiles range
from 4.6 to 5.1 m s21 and is larger than the average
rmse for the modeled near-surface wind speeds (Tables
4–6).

Based on the average verification statistics for the
eight KABEG’97 aircraft profiles it appears that the
Polar MM5 forecasts through the depth of the katabatic
layer are generally as skillful as the near-surface fore-
casts discussed in section 4b. We will now examine three
of the aircraft flights in more detail.
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FIG. 8. Same as Fig. 7, except model profiles are 33 h (valid at 0900 UTC 29 Apr 1997) and 36 h (valid at 1200 UTC 29 Apr 1997)
Polar MM5 forecasts initialized at 0000 UTC 28 Apr 1997, and aircraft observations are from 1100 UTC 29 Apr 1997 for KABEG flight
KA4 at location A4.

1) FLIGHT KA3

Flight KA3 was selected for detailed analysis since
it represents a case with moderate large-scale forcing
for the katabatic wind. In addition, no cloud cover was
observed over the ice sheet during the flight, and strong
surface winds caused drifting snow near the surface.

Figure 7 displays the modeled and observed profiles
of potential temperature, wind speed, and wind direction
for flight KA3. From the figure it is evident that the
Polar MM5 simulates a slightly stronger katabatic jet,
located approximately 30 m higher than was observed.
The bias for the modeled wind speed profile for these
time periods is 4.5–5.3 m s21, with a correlation co-
efficient of 0.84–0.88. The modeled potential temper-
ature profile is similar to the observed profile (corre-
lation coefficient of 1.00 for both forecast periods), al-
though the model simulates an overly strong elevated
inversion between 50 and 100 m AGL, and a weaker
surface based inversion than is observed, and has a
slight bias of 22.4 to 21.7 K. Finally, the wind direc-
tion profiles are of similar shape, with both the modeled
and observed winds veering with increasing height, to-
ward a more cross-slope direction, although the modeled
winds are offset from the observations by up to 408,

particularly near the top of the aircraft profiles (400 m
AGL).

Taking the wind observations at 400 m AGL to rep-
resent the large-scale forcing for the katabatic wind it
is found that the Polar MM5 forecast has overly strong
winds at this level (approximately 3 m s21 larger) and
wind directions that are directed in a more downslope
direction by 408. These errors in the large-scale forcing
likely explain the differences between the modeled and
observed profiles in the katabatic layer. The source of
this error in the large-scale forcing is unclear and may
represent an error in the model initial and boundary
conditions derived from the ECMWF analyses or may
represent an error in the evolution of the atmospheric
mass fields during the 30–36-h simulation.

2) FLIGHT KA4

Flight KA4 represents a complex situation that had
relatively weak large-scale pressure gradients present in
the region of the aircraft flight. In addition, this flight
was made during the late morning, 1100 UTC, when
the katabatic wind was decaying. Also, clouds during
the overnight period before the flight limited the amount
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FIG. 9. Same as Fig. 8, except model profiles are 6 h (valid at 0600 UTC 29 Apr 1997) and 12 h (valid at 1200 UTC 29 Apr 1997) Polar
MM5 forecasts initialized at 0000 UTC 29 Apr 1997.

of surface cooling thus inhibiting strong katabatic wind
development.

Observed and modeled profiles of wind speed, po-
tential temperature, and wind direction for flight KA4
are shown in Fig. 8. The Polar MM5 underestimates the
wind speed from the surface to 400 m AGL (bias of
24.6 to 23.4 m s21) and the potential temperature is
overestimated over much of this depth (bias of 2.4–3.1
K). As with the model comparison to the aircraft data
for flight KA3, the simulated flow at 400 m AGL differs
from that observed by the aircraft, indicating that the
large-scale forcing for the katabatic circulation is in-
correct in the model, either due to an error in the
ECMWF analyses or to an incorrect readjustment of the
atmospheric mass in the model domain during the sim-
ulation. For flight KA4 this error in the large-scale forc-
ing leads to weaker winds in the model relative to the
aircraft observations.

Model profiles valid at 0600 and 1200 UTC, from a
simulation initialized at 0000 UTC 29 April (6- and 12-
h forecasts), are compared to the observed profiles in
Fig. 9. For these shorter forecasts, initialized 24 h after
the forecasts shown in Fig. 8, there is much better agree-
ment in the wind speed and wind direction between the
model and the observations from the surface to 400 m
AGL. This better agreement may result from more ac-

curate model initial conditions for the later forecast pe-
riod or may reflect the shorter time for model errors to
become evident in the simulation. Without further ob-
servations of the upper-level winds it is not possible to
unambiguously determine the source of the error in the
simulated katabatic layer profiles.

The importance of an accurate representation of cloud
cover and the radiative properties of clouds is explored
with an additional Polar MM5 simulation for flight KA4.
The sensitivity simulation uses the Polar MM5 but does
not include the modified representation of cloud radi-
ative properties described in section 3a (the cloud ra-
diative properties in the sensitivity simulation are based
solely on the gridpoint relative humidity and tempera-
ture). Results from this unmodified radiation parame-
terization simulation are shown in Figs. 10 and 11.

In Fig. 10 the evolution of the near-surface air tem-
perature, wind speed, wind direction, and cloud cover
in the standard Polar MM5 simulation (heavy line) is
compared to that in the unmodified radiation parame-
terization simulation (heavy dashed line). Both simu-
lations overestimate the near-surface air temperature
during the 48-h simulation when compared to the AWS
observations. This error is due, in part, to an error in
the model initial conditions, which are 158C warmer
than is observed at the AWS. (It should be noted that
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FIG. 10. Two-day time series plots of temperature (T), wind speed, wind direction, and
cloud fraction from the Polar MM5 forecasts (thick, solid line) initialized at 0000 UTC
28 Apr 1997 and observations from KABEG AWS A4 (thin, solid line; no observations
of cloud fraction). Model output from a Polar MM5 simulation without the modified
radiation parameterization is plotted as a thick, dashed line in each panel. The time axis
is labeled in Julian days (28 Apr 1997 5 Julian day 118). Data from the Polar MM5
forecasts are plotted every 6 h on Julian day 118, and every 3 h on Julian day 119.

errors in the model initial temperature were common
throughout the two months of simulations.) The Polar
MM5 simulated air temperature rapidly cools from the
incorrect initial temperature and accurately represents
the diurnal temperature changes during the 48-h sim-
ulation. In contrast, the Polar MM5 simulation without
the modified radiation parameterization experiences lit-
tle cooling and little diurnal temperature change. This
is caused by overcast conditions, and radiatively thick
clouds, being simulated by the unmodified radiation pa-
rameterization. The error in the cloud radiative prop-
erties reduces both heating from shortwave radiation and
cooling due to longwave radiative losses from the sur-
face. The error in the near-surface air temperature also
leads to an unrealistic decay in the katabatic flow over
the 48-h simulation.

The simulated vertical structure of the katabatic layer
from the sensitivity simulation is shown in Fig. 11. No

low-level temperature inversion is simulated (consistent
with the overcast conditions and warm surface temper-
ature simulated) and no katabatic jet is present in the
simulation. The results from this sensitivity simulation
illustrate the importance of accurate representation of
cloud–radiation interaction for the simulation of kata-
batic winds.

3) FLIGHT KA8

The synoptic situation for flight KA8 was dominated
by a surface high pressure located over central Green-
land. This feature generated a strong pressure gradient
that acted to support katabatic wind development in the
area of the research flight. Some high clouds were also
observed during the flight, the timing of which are sim-
ulated correctly by the Polar MM5 (not shown).

The 30- and 33-h Polar MM5 forecast profiles (valid
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FIG. 11. Same as Fig. 8, except output from a Polar MM5 simulation with the unmodified radiation parameterization is plotted.

at 0600 and 0900 UTC 13 May) are compared to the
observed profiles in Fig. 12. For this case the Polar MM5
produced an excellent simulation of the katabatic layer
winds and temperature (Table 7). The modeled and ob-
served potential temperature profiles agree in both mag-
nitude and shape through the lowest 400 m of the at-
mosphere, with a slight warm bias in the modeled near-
surface temperature (bias of 0.2–0.4 K, correlation co-
efficient of 0.96–0.99). Similarly, there is good
agreement between the modeled and observed wind
speed profiles (bias of 20.4 to 2.7 m s21, correlation
coefficient of 0.97–0.99) and wind direction profiles.

5. Conclusions

A comparison of two months of simulations from the
Polar MM5 model with ECMWF operational analyses,
AWS observations, and aircraft observations from the
Greenland ice sheet have been presented. The verifi-
cation indicates that the Polar MM5 simulates both the
large-scale and low-level atmospheric features over the
Greenland ice sheet with a high degree of realism.

Near-surface temperature and wind speed forecasts
had mean errors (biases) of less than 1 K and 1 m s21

for most of the AWS sites considered. Larger errors in
the near-surface air temperature are evident for cases
with weak winds and strong static stability, and reflect

the difficulty of accurately parameterizing the surface-
layer turbulent fluxes under these conditions. The source
of errors in the mean surface pressure between the model
and observations could not be determined unambigu-
ously, although a portion of the pressure errors (at some
AWS sites) is likely caused by uncertainty in the ele-
vation of the AWS sites. The Polar MM5 has a slight
moist bias near the surface, as revealed by the com-
parison of the predicted and observed near-surface water
vapor mixing ratio.

The wind and potential temperature profiles within
the katabatic layer over the Greenland ice sheet are also
simulated with a high degree of skill, based on com-
parisons with aircraft observations. Sensitivity simula-
tions indicate that the model skill is sensitive to errors
in the large-scale forcing and the representation of key
physical processes.

The simulated katabatic flow is sensitive to errors in
the large-scale pressure gradient. Large biases (mag-
nitude . 5 m s21) in the wind speed profiles are found
for certain aircraft flights (e.g., KA1 and KA9). The
errors in the large-scale pressure gradient, inferred from
differences in the modeled and aircraft observed wind
speeds at 400 m AGL, for these simulations may be
caused by errors in the atmospheric analyses used for
initial and boundary conditions in the models, by errors
in the propagation speed of atmospheric features
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FIG. 12. Same as Fig. 7, except model profiles are 30 h (valid at 0600 UTC 13 May 1997) and 33 h (valid at 0900 UTC 13 May 1997)
Polar MM5 forecasts initialized at 0000 UTC 12 May 1997, and aircraft observations are from 0630 UTC 13 May 1997 for KABEG flight
KA8 at location A4.

through the model domain, or by errors in the redistri-
bution of atmospheric mass within the model domain.
For all of the simulations with large wind speed biases,
additional simulations initialized closer to the time of
the aircraft flights have reduced wind speed biases and
smaller differences between the observed and modeled
wind speeds at 400 m AGL.

The modeled katabatic layer is also found to be sen-
sitive to errors in the predicted cloud cover, and to the
radiative properties of the clouds. For flight KA4, a
Polar MM5 sensitivity experiment that did not use the
modified radiation parameterization predicts thick cloud
cover during the 48-h simulation leading to minimal
cooling of the near-surface air and an erroneous simu-
lation of the katabatic flow. The fully modified Polar
MM5 simulation does not simulate a thick cloud cover
during the 48-h model run and thus has a more accurate
representation of the temperature and wind profiles in
the katabatic layer. These results indicate the utility of
using the model-predicted cloud water and ice mixing
ratios to determine the radiative properties of the clouds,
and they highlight the tremendous sensitivity that cloud
and radiation parameterizations can have on simulated
katabatic flows.

Simulations for an entire annual cycle, over Green-
land, are currently under way using the Polar MM5. In

addition, further research and validation of the radiative
forcing in Polar MM5 is continuing, using the radiation
observations from the GC-NET AWS array.
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