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ABSTRACT

The dependence of the performance of mesoscale-α and mesoscale-β models on model resolution
and parameterisation of sub-grid-scale land-use effects is investigated for a meteorological situation
that is strongly influenced by local effects. Two mesoscale models of different horizontal resolution
and model physics are applied to the same meteorological situation, and the results are compared
with observations. Sensitivity studies are performed to estimate the effect of resolution (4 km or 5 km
versus 18 km), parameterisation of sub-grid-scale land-use effects and initial state on the results of
both models. Results show that the accuracy improves with resolution when simple parameterisations
of sub-grid-scale land-use effects are applied. The inclusion of sub-grid-scale land-use effects with
application of a flux aggregation method provides the best solution, which is nearly independent of the
resolutions used. The use of parameter averaging to account for sub-grid-scale land-use effects was
worse than just using one (main) land-use per grid cell. Initial conditions were also found to have a
significant impact on the results.

1. Introduction

Many global and regional climate models do not
include parameterisations for multiple sub-grid-scale
land-use effects. In contrast, some high resolving
mesoscale-β models that have a horizontal resolution
of kilometres include parameterisations for sub-grid-
scale land-use effects (i.e. Klink, 1995; Mölders et al.,
1996; von Salzen et al., 1996). This is at first surpris-
ing, since it might be expected that models of a higher
resolution need less sophisticated parameterisations
of sub-grid-scale effects, because these are partly re-
solved in the higher resolving models. However, model
studies have shown that an increased resolution does
not necessarily improve the model results (i.e. Bélair
et al., 1998). Reasons for this are not fully clear, but
shortcomings in the parameterisations applied are a
very probable one reason. Support for this thesis can
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also be derived from results of mesoscale-β model
studies. These have shown that the horizontal scale of
sub-grid-scale land-use types needs to be considered in
the parameterisations applied in mesoscale-β models
(i.e. Arola, 1999; Lynn et al., 1995; Zeng and Pielke,
1995; Klink and Willmott, 1994). The dependence of
land-use representation on horizontal resolution and
model type has not been investigated extensively up to
now.

The objective of this paper is to investigate the rel-
evance of model resolution and sub-grid-scale land-
use effects for the performance of mesoscale-α and
mesoscale-β models. For this purpose sensitivity stud-
ies with respect to horizontal resolution and ini-
tial data have been performed with the Division of
Atmospheric Research limited area model DARLAM
(Section 3.1) and the mesoscale transport and stream
model METRAS (Section 3.2). Results are compared
with observations and with results of the sensitivity
studies. Studies performed with METRAS test the
impact of different parameterisations for including
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sub-grid-scale land-use effects on model performance.
Both models are applied to the same meteorological
situation. For the case study, a situation was selected
that is dominated by local effects (see Section 2) to de-
tect sub-grid-scale influences more clearly. The eval-
uation method is given in Section 4, and results are
presented in Section 5.

2. Meteorological situation
and comparison data

The simulations were performed for an evaluation
area around Berlin, Germany (Fig. 1). The orography
(USGS, 1996) is generally flat, ranging from 1 m above
sea level at a minimum to a maximum of about 200 m.
Therefore, the influence of the orography will be small.
In particular, the shading effect by mountains will only
be noticeable within about a kilometre of steeper ter-
rain and close to sunrise and sunset.

The land-use data have been derived from an
EU Coordination of Information on the Environment
(CORINE) land-use data set for north-west Europe
on a 30′′ grid (Smiatek, 1998). Small-scale heteroge-
neous land-use dominates the evaluation area (53%;
Fig. 2a), but coniferous forest is quite frequent too
(22%). Meadows (7%), urban/sub-urban regions (6%)

Fig. 1. DARLAM 18-km domain with orography (in m) shaded and the DARLAM 5-km domain noted by the box, which is
also approximately the domain used for the METRAS model. Measurement sites are noted with ‘×’.

and mixed forest (6%) cover altogether 19% of the
area. Less frequent land-use types are heath (2%),
bushes (1%), lakes (2%) and non-vegetated areas of
sand (1%). When focusing on the main land-use on
a 4 km grid (Fig. 2b), the proportion of the heteroge-
neous mixed land-use increases to 65% and of conifer-
ous forest to 24%. All other land-uses are less frequent:
meadows, urban/sub-urban regions and mixed forest
cover altogether about 9% and the remaining ones only
2% of the area.

22 July 1994 was selected for the evaluation, on
which day a ridge was situated over the Baltic Sea
with generally easterly flow over northern Germany
(Fig. 3). Weak pressure gradients associated with the
anticyclone caused light wind conditions (wind speeds
were generally less than 3 m s−1) and little cloudiness,
resulting in maximum air temperatures of more than
30 ◦C in the investigation area. The influence of the
anticyclone also resulted in a low surface humidity,
with dew point temperatures of around 10 ◦C. This
situation was quite steady for several days prior to the
day chosen. The persistence of the situation can also
be seen from Fig. 4, which shows the radiosoundings
data taken at Lindenberg. Stratification, humidity and
wind profiles remain very similar within the selected
period.
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234 K. H SCHLÜNZEN AND J. J. KATZFEY

Fig. 2. (a) Land-use types within the evaluation area in a 1-km resolution based on the CORINE 30′′ data set (Smiatek,
1996).(b) Main land-use type in the METRAS 4-km evaluation area.
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Fig. 3. ECMWF mean sea-level pressure (every 0.5 hPa) and 40-m wind vectors with observed wind vectors overlaid (dark)
for 1200 UTC, 22 July 1994, for the evaluation area marked in Fig. 1. Analysis data interpolated to the 5-km DARLAM grid.
Shading is orography in m.
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Fig. 4. Rawinsonde data (dots) from Lindenberg from 21 July 1994 (1800 UTC) to 23 July 1994 (0000 UTC), the average
sounding (solid line) to initialise the METRAS 1-D model, and profiles derived from NCEP (dashed line) and ECMWF
(dashed-dotted line) analysis data to initialise METRAS.

The selected day is characterised by a very dry, low-
wind-speed and a steady large-scale situation. In these
conditions the influence of land use on the boundary-
layer development and on the diurnal cycle of temper-
ature and humidity is at a maximum. This situation is
therefore best suited to investigate the effect of sub-
grid-scale land use on the meteorological parameters
calculated at the surface.

For comparison routine surface measurements of
temperatures and dew-point temperatures, wind (di-
rection and speed) and pressure at 18 sites are used (see
Fig. 1; routine data from “Deutscher Wetterdienst”).
Most sites provide hourly data, though some only had
data with a three-hourly interval. The approximate 380
measurements per parameter were carefully checked
for plausibility (see Section 4).

3. Model description

The two models applied are based on the same equa-
tions, but differ in applied approximations, solution of
the equations (numerical schemes, grid structure) and
in the parameterisations used.

3.1. DARLAM

The Division of Atmospheric Research limited-area
model (DARLAM) was designed for regional climate
modelling studies (McGregor et al., 1993). It has also
been applied to case studies of extreme orographic
rainfall (Katzfey, 1995) and used in cloud system stud-
ies (Katzfey and Ryan, 1996; 2000) as well as for high-
resolution modelling of pollution transport.

3.1.1. Equations and parameterisations of DAR-
LAM. DARLAM is a two-time-level, semi-implicit,
hydrostatic, sigma (pressure) coordinate, primitive
equations model with semi-Lagrangian horizontal ad-
vection on an Arakawa C-grid (McGregor, 1987; 1993;
McGregor et al., 1993). In these simulations, a three-
layer soil model is used for temperature using the
scheme of Kowalczyk et al. (1991), and moisture at
two soil levels was predicted, using the force-restore
method of Deardorff (1978). For computation of sur-
face heat and moisture fluxes each grid box is assigned
a fractional coverage of one main land-use type, with
the rest of the grid box assumed to be bare soil. No
explicit account is taken for understorey vegetation
such as grass, although some land use types implicitly
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account for a grass understorey in the parameters spec-
ified for the land use. Hence, as is shown in Section 5.3,
large soil moistures are required by the model to ac-
count for the transpiration of any understorey. The sur-
face fluxes are calculated with a modified Louis (1979)
parameterisation using a leaf area index weighted av-
erage of the vegetation and bare ground fluxes. Prior
to model execution, the roughness length of the veg-
etation component over land was computed using an
area weighted logarithmic average of the roughness
lengths associated with the various vegetation types
of the high-resolution input land-use dataset within
each model grid cell:

z0 = exp

( ∑ (area of land use) × ln(z0, land use)

(area of grid cell)

)

During model execution, the evaporation from the
vegetated fraction of the grid cell was computed using
only vegetation parameters from the primary land-use.
Charnock (1955) is used to calculate roughness lengths
over the ocean. Roughness lengths for momentum are
7.4 times that for heat

The numerical model uses the Geophysical Fluid
Dynamics Laboratory’s radiation package described in
Schwarzkopf and Fels (1991) for longwave radiation
and Lacis and Hansen (1974) for shortwave radiation
with relative humidity-based diagnosed clouds. The
outermost grid points are relaxed towards the analyses
via the Davies (1976) type scheme, but modified so
that the weights decrease exponentially inward from

Table 1. Characteristics of the DARLAM (D1–D5) and METRAS (M1–M8) model simulations

Resolution Initialisation/boundary Soil moisture Sub-grid-scale Sub-grid-scale
Case (km) condition initialisation land use fluxes

D1 18 ECMWF/ECMWF NCEP, minimum soil One vegetation Logarithmic average
moisture 90% of type and bare of z0
field capacity ground

D2 18 Same as D1 NCEP Same as D1 Same as D1
D3 5 ECMWF/D1 Same as D1 Same as D1 Same as D1
D4 18 NCEP/NCEP Same as D1 Same as D1 Same as D1
D5 18 NCEP/NCEP NCEP Same as D1 Same as D1

M1 4 Measured profile/lateral open See Table 2 Yes Flux aggregation
M2 18 Same as M1 See Table 2 Yes Flux aggregation
M3 4 Same as M1 See Table 2 Yes Parameter averaging
M4 18 Same as M1 See Table 2 Yes Parameter averaging
M5 4 Same as M1 See Table 2 No not relevant
M6 18 Same as M1 See Table 2 No not relevant
M7 4 ECMWF profile/lateral open See Table 2 Yes Flux aggregation
M8 4 NCEP profile/lateral open See Table 2 Yes Flux aggregation

the lateral boundary. The simulations employ a mass-
flux convection parameterisation, modified from the
Arakawa (1972) scheme.

3.1.2. Description of the DARLAM model simula-
tions. The data used as initial and boundary values
were either the six-hourly NCEP re-analysis or the
standard 12-hourly ECMWF analyses. Both analy-
ses were first horizontally interpolated to the model
grid using a bi-cubic interpolation. The surface pres-
sure field was then computed using the pressure lev-
els and geopotential heights to compute the surface
pressure on the model orography. The data were then
vertically interpolated to the 18 model sigma levels.
The lateral boundary conditions were linearly interpo-
lated in time from the available data (six-hourly from
NCEP, 12-hourly from ECMWF). The 18-km sim-
ulations were nested within analyses, and the 5-km
simulation then nested within the 18-km simulation.
In the lowest 2000 m of the atmosphere, there are
five layers at approximately 45, 220, 540, 1000 and
1570 m.

The initial soil temperatures and soil moistures were
interpolated from the NCEP re-analysis data, since ap-
propriate data were not available from the ECMWF
analysis. In some simulations (see Table 1) the mini-
mum soil moisture was set to about 90% of field ca-
pacity, as it was decided through the sensitivity studies
presented in Section 5.3 that the NCEP soil moisture
was too dry for the DARLAM simulations. The sur-
face temperature was used from either the NCEP or
ECMWF data sets.
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As will be shown, the initialisation of the soil mois-
ture (and temperature) was critical for these short-term
simulations. When DARLAM is used for in-house
weather predictions, the soil moisture and tempera-
tures are used from the previous forecast run in an
attempt to initialise them with hopefully realistic val-
ues. Since these forecasts were not available for this
time period, the NCEP re-analyses values were used.
However, these values are highly dependent upon the
soil scheme used in the re-analysis and are not based
on observations. After evaluation of the simulations
using these values, the regions of low soil moisture
were increased to 90% of field capacity in order to
have a better simulation of the dew-point temperature.

The surface albedo was set to 20% everywhere,
since high-resolution observed data sets were not
available. The soil was characterised as clay loam/silt
loam everywhere. The main land-use type found was
characterised as crops and trees, although other re-
gions, in decreasing coverage, were classified as de-
ciduous trees, small trees with ground cover, mixed
trees and finally only ground cover. The surface rough-
ness length for momentum varied in the verification
area from 0.05 to 0.34 m. The stomatal resistance was
set to values appropriate for the land use applied. All
simulations were performed with each grid cell having
one primary land-use type and bare ground. The fluxes
are area weighted by the vegetation fraction. Multiple
sub-grid-scale land-use types were not considered.

The DARLAM model results corresponding to the
measurement sites were from the nearest model grid-
point value. In the vertical, atmospheric values (2 m
temperature and moisture values and 10 m wind val-
ues) were computed using the vertical profile as com-
puted by the models’ boundary layer scheme. Surface
pressure was reduced to sea level using the standard
lapse rate.

3.2. METRAS

The mesoscale transport and fluid model METRAS
can be used for simulation areas between 10 × 10 km2

(e.g. convection) and 500 × 500 km2 (e.g. coastal con-
vergence, pollution transport in the regional scale).
Within METRAS the gas-phase and aerosol chem-
istry is simultaneously solved with the wind, tem-
perature and humidity fields. Studies performed with
METRAS focused on mesoscale phenomena, on pol-
lution transport and the processes influencing depo-
sition (Schlünzen, 1990; Wu and Schlünzen, 1992;
Niemeier and Schlünzen, 1993; Schlünzen et al., 1997;

von Salzen and Schlünzen, 1999; Sheng et al., 2000).
The influence of various parameterisations on model
results has been studied (Schlünzen and Pahl, 1992;
Lüpkes and Schlünzen, 1996; von Salzen et al., 1996),
and the dependence of model results on boundary val-
ues has been investigated (Lenz et al., 2000). Model
results have been compared with measurements and
analytic solutions (Schlünzen, 1997).

3.2.1. Equations and parameterisations of
METRAS. METRAS is a non-hydrostatic, three-
dimensional mesoscale-β model, based on the fully
prognostic equations for wind, temperature and
humidity, cloud- and rainwater as well as pollutant
concentrations (Schlünzen, 1990; Schlünzen et al.,
1996). Pressure is calculated from the (diagnostic)
anelastic approximation. The exchange coefficients
are calculated with a mixing length approach for
stable stratification and with a countergradient scheme
for unstable stratification (Lüpkes and Schlünzen,
1996). The dry deposition of pollutants is calculated
from a resistance model and depends on pollution and
land-use characteristics (Schlünzen and Pahl, 1992).
Chemical transformations are included in different
complexity in the model (Niemeier, 1997; von Salzen
and Schlünzen, 1999).

The equations are solved on an Arakawa C-grid in
a boundary following

η = zt(z − zs)/(zt − zs)

coordinate system. METRAS may be nested in results
of a coarser resolution model (e.g. weather forecast
or regional climate model; Lenz et al., 2000), but the
present simulations were performed with open lateral
model boundaries to be as independent as possible
from results of other models. Thus, zero boundary
normal gradients are used for all variables except the
boundary normal wind components. These are calcu-
lated from the prognostic momentum equations, using
for avection upstream conditions at the downstream
and radiation conditions (Orlanski, 1976) at the up-
stream boundary (Lüpkes and Schlünzen, 1996). With
the employed grid staggering and numerical schemes
the selected boundary conditions result in variable
fluxes at the lateral boundaries. At the model top a rigid
lid is implemented using absorbing layers to avoid
reflection of vertically propagating waves. For this
purpose a linear diffusion term is employed in the
uppermost five layers, with the diffusion coefficient
increasing towards the model top. As a result of non-
linear interaction the influence of the absorbing layers
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Table 2. Parameters albedo, A, thermal diffusivity, κ , thermal conductivity, ν, soil/vegetation water availability,
α, saturation value for soil/vegetation water, W, and roughness length for momentum, z0, in the soil/vegetation
surface model of the METRAS model simulations

Land-use type A (%) κ (10−6 m2 s−1) ν [J (K m)−1] α (start value) (%) W (m) z0 (m)

Water a 0.15 100 49 100 b

Sand 20 0.57 1.05 5 0.026 0.0012
Mixed 20 0.52 1.33 10 0.138 0.04
Meadows 20 0.52 1.33 20 0.015 0.02
Heath 15 0.24 0.30 5 0.423 0.05
Bushes 20 0.52 1.33 15 0.081 0.10
Mixed forest 20 0.80 2.16 15 0.121 1.00
Coniferous forest 10 0.80 2.16 15 0.161 1.20
Urban/suburban 15 2.30 4.60 2.5 0.968 0.70

aDependent on zenith angle.
bCharnock (1995).

was found in the model results down to 10 layers below
the model top.

The surface energy and the surface humidity budget
are both solved by using the force-restore method of
Deardorff (1978). Prognostic equations are used for
both, surface temperature (Schlünzen, 1990) and soil
water availability, thereby including the effect of veg-
etation and soil in one layer. The surface characteris-
tics albedo, thermal diffusivity, thermal conductivity,
soil/vegetation water availability, saturation value for
soil/vegetation water and roughness length are consid-
ering the effect of both, the soil and the vegetation on
surface temperature and humidity changes.

In each grid cell, up to ten different land-use
types may be included. These are distinguished by
their albedo, thermal diffusivity, thermal conductiv-
ity, soil/vegetation water availability, saturation value
for soil/vegetation water, and roughness length z0 for
momentum (Table 2). The roughness length for wa-
ter vapour and temperature is calculated from z0 fol-
lowing Brutsaert (1975). Two alternative parameteri-
sations are available to account for the sub-grid-scale
land use: parameter averaging and flux aggregation.
For the parameter averaging method, the character-
istic parameters are averaged considering the frac-
tional sub-grid-scale land use. The surface fluxes of
heat and momentum are then calculated from the av-
erage parameters using surface-layer similarity the-
ory. More elaborate is the flux aggregation method,
where surface fluxes and the blending height are sepa-
rately calculated for each sub-grid-scale land use fol-
lowing Claussen (1991). From these sub-grid-scale
fluxes grid-averaged fluxes are derived by consider-

ing the fractional coverage. The grid-averaged fluxes
based on parameter averaging and on flux aggregation
can be quite different. In addition, the average heat
flux might even be against the heat fluxes calculated
from average temperature gradients (Schmidt’s para-
dox; Lettau, 1979). With flux aggregation the fluxes
are less resolution dependent if the turbulent fluxes in
the convective planetary boundary layer are reason-
ably well simulated (von Salzen et al., 1996).

3.2.2. Description of the METRAS model simula-
tions. Several model simulations were performed with
METRAS to study the effect of sub-grid-scale land-
use effects on the surface parameters (Table 1). The
simulations were performed with a horizontal reso-
lution of either 4 or 18 km. The vertical resolution
is 20 m close to the surface, with the lowest model
level in a height of 10 m above ground. The vertical
grid size is increasing with height (increasing factor
1.175) up to a maximum vertical grid size of 1000 m.
Nineteen grid levels are within the lowest 2000 m in
a height of about 10, 30, 50, 80, 110, 140, 190, 240,
300, 360, 440, 540, 650, 780, 850, 1100, 1330, 1580
and 1900 m. With the model top at 10 km and the used
vertical resolution the absorbing layers begin 5500 m
above ground. They influence the model results by
non-linear interaction down to about 4000 m.

The nine sub-grid-scale land-use types of the study
area were considered in the METRAS simulations
(Fig. 2a). Flux aggregation was applied in simula-
tions M1, M2, M7 and M8 to calculate the influence
of sub-grid-scale fluxes when multiple land-use types
were present per grid cell. In contrast, the simulations
M3 and M4 applied the parameter averaging method.
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Simulations M5 and M6 only used the main land-use
type per grid cell and neglected sub-grid-scale land-
use effects (Fig. 2b for M5).

The METRAS simulations were completed without
nesting, thus temporal and spatial changes in the large-
scale situation are not covered in the simulations. The
average large-scale situation was included in the sim-
ulations by using averaged rawinsonde data of Lin-
denberg station, taken at 1800 UTC, 21 July 1994,
and 1800 UTC, 22 July 1994 (Fig. 4). For all simula-
tions except M7 and M8 these profiles were input data
to the one-dimensional (1-D) version of METRAS,
which was integrated until stationarity. The balanced
1-D profiles were used as start values for the 3-D ME-
TRAS assuming horizontal homogeneity and using the
diastrophism method (Pielke, 1984). This is a form of
dynamic initialisation where the initially flat topogra-
phy is increased during the initialisation phase to its
final terrain height. During the initialisation all equa-
tions are solved on the boundary following grid, but
the large-scale values are recalculated to ensure their
horizontal homogeneity (Schlünzen et al., 1996). All
simulations were started for 1800 UTC, 21 July 1994.
For simulations M7 and M8 profiles were extracted for
the Lindenberg site from ECMWF analysis (average
values 1200 UTC 21 July 1994 and 0000 UTC 22 July
1994) and NCEP re-analysis (1800 UTC 21 July 1994;
Fig. 4). The profiles were again used to initialise ME-
TRAS via the 1-D METRAS pre-processor.

The deep soil temperature has been prescribed as
14 ◦C for Potsdam station (52◦23′N, 13◦04′E), which
is situated 41 m above sea level in the model. The
value is corrected in the 3-D model for the local orog-
raphy height, which can be either lower or higher than
the Potsdam station, by assuming a dry adiabatic lapse
rate. Water temperatures for all water surfaces in the
model area were prescribed to 24 ◦C. The value was
taken from the “Berliner Wetterkarte” (Freie Univer-
sität Berlin, 1994). The surface characteristics deter-
mined for north-west Europe are used in the simula-
tions (Schlünzen et al., 1996) with the soil/vegetation
water availability α reduced to the values in Table 2

Table 3. Accuracy, A, desired and accepted range of measurements

Temperature Dew point Wind speed Pressure
Variable (◦C) temperature (◦C) (m s−1) Wind direction (hPa)

Accuracy A desired ±2 ±2 ±1 ±30 ◦ ±1.7
Threshold values: 0 to 45 −10 to 45 1 to 8 0◦ to 360◦, Wind−1 990 to 1100

minimum to maximum speed above 1 m s−1

to take into account the dry period of the simulated
situation.

For comparing with routine surface measurements
the METRAS model results were interpolated to the
corresponding measurement site and height. In hori-
zontal direction the values were interpolated from the
four neighbouring model grid points by employing a
bi-linear interpolation. The resulting 10 m wind values
are directly taken for the evaluation. Temperature and
humidity are needed at 2 m. These values are computed
from the horizontally interpolated values at 10 m above
ground and of each of the sub-grid-scale land uses,
thereby considering the parameterisation applied. The
computing did not solely employ the values of the ac-
tual land use of the measurement site. Pressure was
recalculated to sea-level from the actual model grid
point height using a dry adiabatic lapse rate.

4. Evaluation method

In order to evaluate the model simulations by com-
paring with the observed data, both the accuracy as
well as how representative the measured data are has
to be considered. While information on the accuracy
is available, the representativeness is hardly known.
Therefore, the values we use for evaluation represent
a desired forecast accuracy A (Table 3). The values for
A are taken from Cox et al. (1998; their Table 5).

Wind measurements at wind speeds below 1 m s−1

were neglected in the evaluation since the measure-
ment uncertainty is too high. This was the case for
69 data points (wind speed zero or about 0.5 m s−1).
Analysis of the original data has shown that some un-
realistic values were included in the data set that were
outside the threshold values for wind direction and
pressure given in Table 3. The rejected data (152 for
wind direction, 13 for pressure) were not considered
in the evaluation.

For comparing the performance of different model
simulations, a hit rate H (in %) is calculated that con-
siders the desired model accuracy A:
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H = 100

m
×

m∑
i=1

ni,

with ni =




1 for | difference (measurement,

model result)| < A

0 for | difference (measurement,

model result)| ≥ A

,

where m is the number of comparison data (381 data
each for temperatures and dew point temperatures, 368
data for pressure, 312 data for wind speed, 229 data for
wind direction). For each of the five variables, a single
hit rate H is calculated ranging from 100% if all model
results are within A of the observations to 0% if none
are. A weighted hit rate Hw is calculated per model
sensitivity study by weighting the single hit rates with
the number of comparison data. Model results were
evaluated for a 24-h period, starting from midnight on
22 July 1994.

The hit rate is a reliable overall measure for describ-
ing model performance. It is able to consider the mea-
surement uncertainty, which is much more difficult to
consider in the bias, the correlation coefficient or the
root mean square error. While these assume Gaussian
error distributions, the hit rate is distribution indepen-
dent. However, the hit rate gives no insight into the
error distribution of a simulation, but it is sufficient

Table 4. Hit rates (H) for the variables T, Td, ff, dd, MSLP and average hit rate Hw for all sensitivity studies of
DARLAM and METRAS

Case Characteristics (for details see Table 1)
a b c T Td ff dd MSLP Hw

D1 18 E/E inc 64 40 34 63 99 61
D2 18 E/E N 48 14 28 59 100 50
D3 5 E/D1 inc 68 35 37 63 100 61
D4 18 N/N inc 62 27 51 63 96 60
D5 18 N/N N 56 6 41 64 99 52

M1 4 M F 73 79 58 63 94 75
M2 18 M F 75 79 56 64 95 75
M3 4 M P 63 57 52 61 94 66
M4 18 M P 37 29 51 60 96 54
M5 4 M – 67 69 58 64 94 71
M6 18 M – 67 57 55 63 95 68
M7 4 E F 27 78 58 62 63 57
M8 4 N F 29 48 54 43 70 49

aResolution in km.
bInitialisation/boundary conditions (E, ECMWF; N, NCEP; M, measured profile).
cFor D1–D5 soil moisture (inc, increased), for M1–M8 sub-grid-scale fluxes (F, flux aggregation; P, parameter averaging; –,
not relevant).

to decide on the overall model performance. In or-
der to test the reliability of the single numbers for the
hit rates, their sensitivity on the selected comparison
data set has been tested by evaluating model results
against reduced data sets (90% of the available obser-
vations). Six different test sets were compiled, with
the neglected 10% of the data arbitrarily chosen. The
resulting uncertainty of the hit rates is below 2% for
all variables. Hence, hit rates differing within 2% are
considered to be the same.

5. Model results

A summary of the validation using hit rates for all
five variables and all simulations is shown in Table 4. In
the discussion that follows, comparisons will be made
of the hit rates between selected simulations that indi-
cate certain sensitivities. In particular, the sensitivity
to horizontal resolution (4 or 5 km versus 18 km),
inclusion of sub-grid-scale land-use effects and ini-
tialisation are discussed. First, however, some general
statements on the performance of the models are made.

Inspecting the hit rates for the various variables
evaluated (temperature, T , dew point temperature, Td,
wind speed, ff , wind direction, dd, and mean sea-level
pressure, MSLP) shows that MSLP was the best simu-
lated, with hit rates near 100% for DARLAM and 95%
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Fig. 5. Values of observed (solid line) and simulated (D1, dashed line; M1, dashed-dotted line) temperatures and dew point
temperatures (top, left), mean sea-level pressure (top, right), wind speed (bottom, left) and wind direction (bottom, right) as
average data from the 18 comparison sites.

for most of the METRAS simulations. Since DAR-
LAM used the analysed data, which was created using
the observations although modified by both the anal-
ysis model used and the multiple interpolations of the
data to get them onto the model grid, it is not sur-
prising that it captures the observed MSLP very well.
The slightly lower values for the NCEP simulations
were due to slightly higher pressure values in those
analyses compared with the ECMWF and the obser-
vations. The METRAS model was initialised only with
one value of surface pressure and not nested in larger-
scale model results. Therefore METRAS could not
capture the horizontal pressure gradient and the large-
scale temporal change (Fig. 5). The fact that it does
well indicates the pressure was quite uniform in the
evaluation area, which was noted before and can be
seen in Fig. 3.

The second-best variable simulated was wind di-
rection, with hit rates on the order of 60%. With the
fairly uniform easterly flow over the region (Fig. 3),
this again could be expected. The fact that the hit rates
are lower than for MSLP indicates that local influ-
ences are slightly more important for wind direction,
primarily because the wind speed was quite low.

Temperature was also fairly well simulated, with an
average hit rate of 57%. The better simulations have
hit rates on the order of 75%. This is partly due to the

fact that the temperature was strongly controlled by
the solar heating during the daytime, which both mod-
els captured well (Fig. 5). In fact, most errors in the
temperature were at night, where local configuration
of orography and land use can cause significant differ-
ences in the development of the nocturnal boundary-
layer and minimum temperatures.

Wind speed was the most difficult variable to sim-
ulate, with hit rates below 50% for DARLAM and
slightly above 50% for METRAS. As with tempera-
tures, the light wind conditions allow local, potentially
unresolved, influences to be important. The simulated
wind speeds are controlled by the local roughness
length, which may not reflect the actual conditions
at each site even when considering sub-grid-scale ef-
fects as in the METRAS simulations. However, the
distribution of the differences has to be considered too.
With a slightly enlarged accuracy A to about 1.5 m s−1

the hit rates increase considerably (METRAS, >70%;
DARLAM, 50–70%). This increase seems plausible
since a measuring reliability of 1 m s−1 is very high.

Although this study is not a model intercompar-
ison, comments on the general performance of the
two models give insight into model areas that need
particular care. As noted above, in these simulations
DARLAM used analyses as initial and boundary con-
ditions while METRAS used a single profile, either
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an observed sounding or a sounding derived from the
analyses. The general uniformity of the synoptic sit-
uation and lack of significant orography, clouds and
rain allows both models to simulate the situation rea-
sonably well. The main difference in validation be-
tween the models is in dew point temperature, with
METRAS generally doing better. The dew point tem-
perature is influenced by the boundary-layer moisture
distribution, the soil moisture and land-use type. The
differences in the validation between the models indi-
cate that the complex interplay of the land-use type(s),
soil moisture and temperature, both the initial specifi-
cations as well as their evolution in time, can lead to
large differences in the dew point.

The model hit rates derived for DARLAM and ME-
TRAS compare well with hit rates based on the same
criteria derived for other models and/or other case
studies (Cox et al., 1998). For example, the average
hit rates of four models is 35% for surface measure-
ments in 12- to 36-h forecasts (Cox et al., 1998), with
the wind speed showing the lowest hit rate (30%). The
overall average of the single hit rates for the sim-
ulations D1–D5 and M1–M8 is 61% and for wind
speed 49%.

5.1. Influence of horizontal resolution

The influence of horizontal resolution was investi-
gated by comparing the model results for the higher-
resolution simulations (4 km for METRAS and 5 km
for DARLAM) with the corresponding lower resolu-
tion simulation (18 km). For DARLAM, the increase
in horizontal resolution has no significant impact on
wind and MSLP (cases D1 and D3), slightly increases
the hit rate for temperature, but slightly decreases the
hit rate for the dew point temperature. This suggests
that a more accurate depiction of the surface character-
isation at higher resolution leads to better simulation
of some variables. The positive effect on the tempera-
ture was primarily the result of the better prediction of
the nocturnal temperatures with higher resolution. All
the DARLAM simulations tended to have decreases in
dew point at night (Fig. 5), which were not observed.
Evidently, the scheme used in these simulations cre-
ated too much dew.

For METRAS, the simulations with the flux aggre-
gation approach show little change with resolution
(M1 and M2), all changes are below the 2% uncer-
tainty of the hit rate. These results indicate that ME-
TRAS with sub-grid-scale land use and the blending
height concept simulates the observed data equally

well at both 4 and 18 km. The changes are still
small, if only the main land-use type is considered
(M5 and M6). However, when applying the parame-
ter averaging to describe the sub-grid-scale land-use
effects (M3 and M4), the performance of the model
improves considerably when the resolution increases.
The average hit rate of 54% for the 18-km simula-
tion (M4) increases to 66% for the 4-km simulation
(M3). The improvement results mainly from the im-
proved forecast of the temperatures and dew point
temperatures.

5.2. Influence of sub-grid-scale land-use effects

The impact of resolution discussed in the last section
has shown an improvement for METRAS employing
parameter averaging and slight changes with increased
horizontal resolution for both models when they had
only one land-use type per grid cell. No impact ap-
peared for METRAS with aggregated sub-grid-scale
fluxes. This suggests that the inclusion of the sub-grid-
scale effects can ameliorate the degrading effects of de-
creased resolution. In this section results of METRAS
simulations with various sub-grid-scale parameterisa-
tions included are discussed. The results include the
previously discussed simulations that had sub-grid-
scale effects and flux aggregation (M1 and M2), to
sub-grid-scale land use but with parameter averaging
(M3 and M4), and finally to no sub-grid-scale effects
by allowing only one land-use per grid cell (M5 and
M6) as in DARLAM. These results are evaluated at
both the 4- and 18-km resolutions.

The 4-km METRAS simulation M3, which included
the sub-grid-scale land use (Fig. 2a) but used param-
eter averaging, shows a decrease in hit rate compared
with the simulation with the flux aggregation (M1).
The wind field and MSLP show little change, but the
temperatures and dew point temperatures show sig-
nificant decreases in accuracy. Evidently, there is a
greater impact of local land use on the surface fluxes
of heat and moisture than on momentum. This results
from the fact that surface drag is controlled by the
surface roughness to a large degree, which does not
depend on sub-grid-scale land use as strongly as the
heat and moisture fluxes. While averaging of the sur-
face roughness does not significantly impact the wind
simulation, the averaging of surface parameters before
computing surface fluxes of heat and moisture does
not give results that are consistent with the aggrega-
tion of the surface fluxes using the correct parameters
for each sub-grid-scale land use. In fact, these results
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indicate that averaging of parameters leads to less ac-
curate surface fluxes when compared with the aver-
age fluxes from the various sub-grid-scale land-use
areas.

These results can also be compared with the sim-
ulation using only the main land-use type for each
grid cell (M5; Fig. 2b). In this simulation, no sub-
grid-scale land-use effects are accounted for; each
grid cell is assumed to have only one land-use type,
like the DARLAM simulations. The results for these
simulations show improvements compared to the pa-
rameter averaging simulation (M3) for all variables,
apart from MSLP, which shows no change. However,
comparing the one land-use type (M5) with the sub-
grid-scale land use with flux aggregation (M1) shows
that the one land-use simulation is worse for temper-
atures and dew point temperatures. This again con-
firms the importance of including the sub-grid-scale
fluxes of heat and moisture properly. The wind fields
are again very similar, indicating the lack of influ-
ence of sub-grid-scale effects on momentum. These
results confirm the inappropriateness of parameter
averaging for the computation of surface heat and
moisture fluxes and the positive impact on tempera-
ture and moisture by including sub-grid-scale effects
properly.

The degrading of the results when using parameter
averaging is even more dramatic at the 18-km horizon-
tal resolution simulation (M2 and M4). All parameters
show a decrease in accuracy at this resolution when one
goes from the flux aggregation to the parameter aver-
aging. The strongest impact is again on temperatures
and dew point temperatures. Only MSLP shows little
change.

Comparing the results at 4- and 18-km horizontal
resolutions clearly indicates that as the horizontal reso-
lution decreases, the proper inclusion of sub-grid-scale
effects becomes more important, at least for tempera-
ture and moisture. These results also suggest that the
parameter averaging technique becomes less appro-
priate the larger the averaging area, and the greater
the sub-grid-scale heterogeneity. In other words, the
inclusion of sub-grid-scale heterogeneity by flux ag-
gregation is less important at 4 km than at 18 km, but
still has a positive impact.

5.3. Influence of initialisation on model results

Since all the simulations completed were for at most
36 h, the issue of the impact of initial conditions be-
comes relevant in discussing the results. To address

these concerns, several additional simulations were
completed in order to partly investigate the impact of
the initial conditions on the results. Since the main
emphasis of this study was on the impact of sub-
grid-scale land-use effects, this discussion will only
indicate the relative importance of the initial condi-
tions compared with the impact of sub-grid-scale ef-
fects, not a thorough evaluation of the impact of initial
conditions.

Two features of the initial conditions were investi-
gated in the DARLAM simulations: the analysis used
to initialise the model (either ECMWF standard anal-
ysis or NCEP re-analysis) and the initial soil moisture.
The impact of the initial analysis used shows differing
results depending upon the variable evaluated. In gen-
eral, the ECMWF simulation (D1) was slightly better
than the corresponding NCEP simulation (D4), except
for wind speed. The most positive influence of using
the ECMWF analyses was in the dew point temper-
ature and to a lesser degree temperature. The wind
speed in the simulation using ECMWF analyses was
generally stronger, and less accurate, than the simula-
tion using NCEP, partly because the pressure gradient
was stronger. The surface roughness was identical in
both simulations and so was not a factor.

Uncertainty in the initial soil moisture was also in-
vestigated. Although the NCEP re-analysis provided
soil moisture, this field is not observed and very depen-
dent upon the surface scheme and input specification
of vegetation and soil type used in the re-analysis and
on the accuracy of the rainfall data over the previous
few days. The initial simulations (D2 and D5) were
completed using the NCEP soil moisture, but it was
found that the diurnal air temperature signal was too
large and dew point temperatures were too low. Since
it is well known that the impact of soil moisture on at-
mospheric parameters can be considerably (Zhang and
Anthes, 1982; Klink and Willmott, 1994), its impact on
the DARLAM simulation results was tested by setting
the initial minimum soil moisture to 90% of the field
capacity for each soil type specified in DARLAM, cor-
responding to 0.28 m3 m−3. This effectively increased
the soil moisture in northern Germany and through-
out the evaluation area by about 10% above that in the
NCEP re-analyses. The positive impact of using this
‘corrected’ soil moisture can be seen in both temper-
atures. The impact on the temperature is an indirect
effect, since the amount of soil moisture will influence
the partitioning of the surface energy fluxes between
latent (which effects dew point temperature) and sensi-
ble (which effects temperature). Given that the amount
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of incoming energy (downward longwave and short-
wave radiation) was basically the same, the simulation
with larger soil moisture will cause increases in latent
heat fluxes and higher dew points and corresponding
decreases in sensible heat fluxes and lower daytime
temperatures. These changes make the simulation with
larger soil moistures more accurate. There was also a
positive impact on the wind fields. This was caused
by changes in the development of the boundary-layer
depth which resulted from the temperature changes
noted above. Note that the impact of changes in soil
moisture (D1 and D2) was larger than of the change in
resolution (D1 and D3), while the influence of the ini-
tial conditions (D1 and D4) was only slightly greater
than the influence of resolution.

In order to show the impact of initial conditions on
the METRAS simulation results, the model was ini-
tialised using an equivalent sounding extracted from
the analyses for a point nearest Lindenberg radiosonde
site. There was a marked negative impact on the tem-
peratures using these soundings; they were the least
accurate of all completed (M7 and M8). This is partly
a result of differences in the initial boundary-layer
temperatures, both of which were lower than when
using the observed sounding (Fig. 4). The impact on
the dew point was very small for the simulation us-
ing ECMWF data (M7), but again much worse when
using the NCEP sounding (M8). This is consistent
with the sensitivity in the DARLAM simulations to
initial analysis. The impact on the winds was small,
while there was a negative impact on the MSLP. Both
analyses had MSLPs 1 hPa, larger than the rawin-
sonde profile used in the other METRAS simula-
tions. This resulted in an average overestimation of
the surface pressure by 1 hPa which again resulted in
a degrading of the model hit rate (accepted accuracy
1.7 hPa).

For the METRAS simulations, the impact of the as-
sumed initial profile was generally larger than for the
various sub-grid-scale sensitivity simulations as long
as parameter averaging was avoided. The METRAS
simulation M8 initialised using the NCEP sounding
was worse than all other simulations. The simulation
M7 initialised with the ECMWF sounding was worse
for temperature, but the other variables were compa-
rable to the observed sounding simulations.

The conclusion from these simple sensitivity simu-
lations indicates that for these short-term forecasts,
the initial conditions can have a significant impact
on the resulting simulation results. The conclusions
on the influence of sub-grid-scale land-use have there-

fore to be based on model simulations using the same
initialisation.

6. Conclusions

This paper investigates the impact of various sub-
grid-scale land-use parameterisations for simulations
with different horizontal resolution. Two models were
evaluated for the same situation: DARLAM, a regional
model designed primarily for climate studies, and ME-
TRAS, a high-resolution, non-hydrostatic model de-
signed primarily for pollution studies. DARLAM does
not have a sub-grid-scale surface scheme, and there-
fore allows only one main land use and bare ground per
grid cell. METRAS has alternative schemes to account
for sub-grid-scale land-use effects (parameter averag-
ing or flux aggregation with blending height concept).
The use of these two models allowed the compari-
son of various strategies and model formulations and
their impact on the simulation of temperatures and dew
point temperatures, wind and mean sea-level pressure.

The models were compared with station observa-
tions in the area around Berlin, Germany, for a 24-h
period on 22 July 1994. Around this time, there was
nearly steady, weak easterly flow with relatively dry
air and few clouds over the region, so local land-
use effects would dominate large-scale advection. The
models were evaluated by comparing the surface sta-
tion observations to the corresponding model result
data (interpolated 2- or 10-m values). The observa-
tions were first evaluated to eliminate unrealistic val-
ues. An acceptable accuracy was then established for
temperatures and dew point temperatures, wind and
mean sea-level pressure in order to establish the ‘hit
rate’ of the models. This describes the percentage of
model results which were within the acceptable range
of the observations.

Both models generally show little changes with in-
creasing resolution (18 to 4 or 5 km), if only one main
vegetation type is considered. If sub-grid-scale land
characteristics are included, the type of inclusion is
significant: the METRAS simulations which used pa-
rameter averaging as a means to account for sub-grid-
scale effects show a positive impact of increasing res-
olution, but the results were in fact worse than the sim-
ulations where only the main land use was assigned to
each grid cell. When including sub-grid-scale land use
and using the flux aggregation, the METRAS model
also had no significant change in model performance
with resolution, but shows the highest hit rates and
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thus the best results. This indicates that including sub-
grid-scale land-use effects in models can produce a
more accurate simulation of especially temperatures
and dew point temperatures.

The impact of the initial state was also briefly in-
vestigated and did show significant impact for both
models. For DARLAM, the more significant impact
was related to the soil moisture. For METRAS, using
open lateral boundaries, the impact of the initial atmo-
spheric profile was very large. The conclusions drawn
on resolution and sub-grid-scale land-use effect pa-
rameterisations are therefore based on simulations of
same initial data.

The comparisons of the results with measurements
have shown that initial soil moisture and treatment
of sub-grid-scale land-use characteristics are both im-
portant for temperatures and dew point temperatures,
and less so for winds and mean sea-level pressure.
In summary, the following are the main conclusions
of this study: (1) Increasing resolution does not nec-
essarily improve model performance but might help,
if insufficient parameterisations (here: parameter aver-
aging) are applied. (2) Sub-grid-scale parameterisation
with flux aggregation and blending heights increases
model performance and helps for scale-independence
of model results. (3) Initialisation is important for these
short-term simulations.

While the performance of the two models changes
consistently for initial data, the reaction on increasing

resolution depends on the parameterisation applied for
sub-grid-scale land-use effects. METRAS seems to
perform well for the resolutions tested, and is reso-
lution independent with the flux aggregation scheme.
The differences in model performance will probably
decrease for more large-scale driven meteorological
situations (e.g. stronger winds), when local, sub-grid-
scale vertical transport might be less intense than the
horizontal advective transport.

The results suggest that a more complex calcula-
tion of the surface fluxes might also improve the DAR-
LAM results for the resolutions used. Future work will
thus investigate the resolution dependence of sub-grid-
scale fluxes and the impact of the sub-grid-scale flux
aggregation on the DARLAM simulations. Eventually,
the impact of the sub-grid-scale land-use effects on the
development of the boundary layer will be studied. In
addition, other cases will be investigated in order to
verify the generality of these results.
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hochauflösenden mesoskaligen Modell–Bestimmung
geeigneter Randwerte und Modellanwendungen -. Dis-
sertation, Fachbereich Geowissenschaften, Universität
Hamburg A28, 161 pp.

Niemeier, U. and Schlünzen, K. H. 1993. Modelling steep
terrain influences on flow patters at the Isle of Helgoland.
Beitr. Phys. Atmosph. 66, 45–62.

Orlanski, I. 1976. A simple boundary condition for un-
bounded hyperbolic flows. J. Comput. Phys. 21, 251–269.

Pielke, R. A. 1984. Mesoscale meteorological modeling. Aca-
demic Press, London, 612 pp.

Schlünzen, K. H. 1990. Numerical studies on the inland pen-
etration of sea breeze fronts at a coastline with tidally
flooded mudflats. Beitr. Phys. Atmosph. 63, 243–256.

Schlünzen, K. H. 1997. On the validation of high-resolution
atmospheric mesoscale models. J. Wind Eng. Ind. Aerody-
nam. 67&68, 479–492.

Schlünzen, K. H. and Pahl, S. 1992. Modification of dry depo-
sition in a developing sea-breeze circulation–a numerical
case study. Atmos. Environ. 26A, 51–61.

Schlünzen, K. H., Bigalke, K., Lüpkes, C., Niemeier, U. and
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