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Abstract.

A three-dimensional radar simulation model (RSM) using predicted fields of a

nonhydrostatic mesoscale weather forecast model, the Lokal-Modell (LM) with 2.8 km
resolution, has been developed. The LM output data include the fields of the simulated
hydrometeor types to study realistic cloud and precipitation fields, covering all stages of
precipitation development. The RSM is able to simulate radar reflectivity measurements
of any kind of radar situated within the model domain and hence allows a quick quality
control of the predicted hydrometeor components. We show comparisons of simulated
measurements with real measurements of a C-band radar and an X-band radar of a squall
line at midlatitudes. Another application of the RSM is analytical studies using realistic
physical structures of the atmosphere as given by the LM, e.g., the relation between three-
dimensional reflectivity fields and the surface rain rate. The RSM is a useful tool for (1)
the validation, and hence improvement, of mesoscale models and (2) the estimation of
some of the errors related to the determination of the surface rain rate.

1. Introduction

Precipitation is one of the fundamental processes within the
hydrological cycle. However, as a parameter highly variable in
space and time, an accurate forecast of the surface rain rate by
numerical weather prediction (NWP) models is extremely dif-
ficult. A reliable forecast is desirable for several applications
like evaporation studies, soil and agriculture studies, flood and
erosion forecasting, and climatological statistics. Weather ra-
dar networks are nowadays operated by several national
weather services and provide measurements of the radar re-
flectivity on regional scale and high time resolution [see, e.g.,
COST 75 Action, 1995; Crum et al., 1998. Relating the mea-
sured reflectivities of the radar sampling volume to the surface
rain rate can lead to substantial errors of the order of a factor
of 2 [Austin, 1987], especially at distances larger than 100 km.
In order to reduce this error, rain gauge networks are often
used to adjust the rain rate retrieved from radar measurements
[Collier, 1986]. Because of the stochastic nature of precipita-
tion, its unknown vertical structure, and the uncertain spatial
representativeness this approach can still lead to major uncer-
tainties. Nevertheless, the method has been used for a long
time because of the absence of any alternatives.

State of the art mesoscale weather forecast models have now
reached a horizontal resolution (=10 km) which resolves most
precipitation types, like convective and orographic rain, and
which has the same spatial scale as weather radar products. For
these types of models the treatment of clouds and precipitation
(convection schemes) has to be evaluated and optimized. Ef-
forts have already been made to improve mesoscale model
forecasts by assimilating rainfall fields obtained from a combi-
nation of radar and rain gauge measurements [Jones and
Macpherson, 1997]. This issue proves to be difficult because of
the strong nonlinear coupling with atmospheric dynamics and
is still subject of research.
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Since December 1, 1999, the German Weather Service
(DWD) has run its nonhydrostatic mesoscale model (Lokal-
Modell (LM)) operationally. The model, which has an almost
arbitrary horizontal resolution, is applicable for nowcasting,
i.e., predicting severe weather situations. Radar data are well
suited for the validation of high-resolution mesoscale model
precipitation prediction, because only radars provide high tem-
poral and spatial resolution over the whole model domain. To
assess the model’s accuracy with radar measurements, we try a
new approach. Instead of converting the radar reflectivities to
rain rates and comparing these with modeled precipitation
fields the measurements of a radar are simulated as the beam
propagates through the three-dimensional model space.

Standard radar products like plan position indicator (PPI)
and range-height indicator (RHI) can be simulated from the
forecast and directly compared to the radar measurement. The
major motivation for the study presented here is to create an
operational validation tool for quick comparisons of simulated
radar reflectivities to observations of the DWD radar network.
Especially in the preoperational phase of the LM, when model
parameterizations were still under development, these com-
parisons were used to check the mesoscale precipitation pat-
terns with radar observations on a day-to-day basis.

Radar simulation has been used in several studies to address
problems of radar meteorology. Chandrasekar and Bringi
[1987] studied the influence of varying rain drop size distribu-
tions (DSD) on the relation between radar reflectivity and the
surface rain rate. In later studies [Chandrasekar and Bringi,
1988a, 1988b; Chandrasekar et al., 1990] they extended their
work to multiparameter radar, namely the error structure of
differential reflectivity, X-band attenuation, and specific dif-
ferential phase. Fabry et al. [1992] investigated the error in
rainfall estimation due to changes of the measurement volume
with range by means of simulation. The simulation of radar
reflectivity for realistic rainfall events has been performed first
by Krajewski et al. [1993] and in a complex extension by Anag-
nostou and Krajewski [1997]. They also simulated three-
dimensional radar reflectivities using, however, a stochastic
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Figure 1. Location and topography of the LM domain as
used in this study. The measurement radius of the C-band
radar (Essen) is indicated by the 100 km circle, and that of the
X-band radar (Bonn) is indicated by the 50 km circle.

space-time model of rainfall events and a statistically gener-
ated DSD. The major difference to this work is the use of
mesoscale model output fields of all meteorological parame-
ters including the different types of hydrometeors. This allows
the simulation to cover a large spectrum of cloud and precip-
itation physics, thus attempting to be closer to reality.

The capabilities of the LM-radar simulation model (RSM)
in the simulation of the radar measurement process allow one
to study various sources of uncertainties in the quantitative
estimation of the surface rain rate. Therefore the purpose of
this paper is twofold: First, we show how the RSM can be used
for the evaluation of the weather forecast model LM. Second,
we use the LM-RSM chain to investigate the variability in the
relation between radar reflectivity factor Z and the surface rain
rate R.

The paper is organized as follows. Section 2 gives a brief
summary of the LM, which output is later on used as input for
the radar simulation model (RSM) described in section 3.
Simulation results of a case study for February 28, 1998, are
presented in section 4 and compared with the measurements of
the C-band radar in Essen (DWD) and the X-band radar of the
Meteorological Institute in Bonn. Section 5 comprises an anal-
ysis of the relation between the simulated radar reflectivities
and the LM surface rain rate.

2. Lokal-Modell

The nonhydrostatic mesoscale Lokal-Modell [Doms and
Schiittler, 1998; Saito et al., 1998], which is part of the new
numerical weather prediction concept of the DWD, starts rou-
tine operation with a horizontal resolution of 7 km on Decem-
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ber 1, 1999. Two years later the resolution will be increased to
2.8 km.

For the presented work the model was run with 2.8 km
horizontal resolution for a 400 km X 400 km area in the
western part of Germany (Figure 1). The model domain shows
moderate orographic structures on both sides of the river
Rhine. The initial and boundary fields for the model are pro-
vided by the Deutschlandmodell (DM), which is a hydrostatic
mesoscale model with 14 km grid size. The initialization is
performed using interpolated fields of a DM analysis while
boundary conditions are taken from a DM forecast run. The
LM has a generalized terrain-following vertical coordinate (¢),
which divides the model atmosphere into 35 layers from the
Earth’s surface up to 20 hPa. The vertical resolution is highest
close to the surface with <50 m vertical grid spacing and
increases with altitude. The prognostic model variables are the
wind vector, temperature, pressure perturbation, specific hu-
midity, and cloud liquid water, while the geopotential height
and rain and snow flux are diagnostic variables. The integration
time step is 30 s, and model output, e.g., the three-dimensional
fields of the variables mentioned above (on an Arakawa C-
grid), is stored every forecast hour. The model physics include
a level 2 turbulence parameterization, a delta-2-stream radia-
tion transfer scheme, and a two-layer soil model. Only fore-
casts for which the model run was started at least 5 hours
before are shown in this paper to avoid errors induced by
spin-up problems of the hydrological cycle.

The model includes a grid-scale cloud and precipitation
scheme as well as a parameterization of moist convection
(Tiedtke mass flux scheme [Tiedtke, 1989]). The LM distin-
guishes between water contained in clouds and precipitation.
To parameterize the conversion terms, cloud water is treated
as a bulk phase without spectral distribution, whereas size
distribution functions are specified for the precipitation phases
rain and snow. These functions have only one parameter. A
DSD according to Marshall and Palmer [1948] is assumed for
rain, and a DSD according to Gunn and Marshall [1958] is
assumed for snow. These DSDs might not be appropriate for
the scale of the mesoscale model; however, within the cloud
and precipitation scheme of the forecast model are many pa-
rameterizations which are on a best effort basis. The detailed
structure of a typical vertical hydrometeor profile as forecasted
by the LM is illustrated in Figure 2, together with the simulated
radar reflectivity, also showing a bright band.

3. Radar Simulation Model

The simulation of radar reflectivities involves two steps: (1)
simulation of the radar beam propagation including the effects
of the Earth’s curvature and atmospheric refraction and (2)
determination of radar reflectivity and attenuation.

3.1.

The RSM considers the curvature of the radar beam relative
to the Earth’s surface. Atmospheric refraction depending on
the vertical structure of temperature, humidity, and pressure is
commonly parameterized by an effective Earth radius R ¢ =
(4/3) Ry [Doviak and Zrni¢, 1993] with R, the true radius of
the Earth. Because of the high spatial and temporal variability
of humidity and temperature in the lower troposphere we
calculate the local refraction index at each grid point and then
use Snellius’ law for calculating the radar beam curvature. The
results are illustrated in Figure 3 for two different model runs,

Geometry of the Radar Beam



HAASE AND CREWELL: RADAR SIMULATION MODEL

L [&]
T T

Altitude (km)

N
T

0

L

0.0

0.1

0.2

0.3

Cloud LWC (g/m%)

0

1

2

3

4

5

0 2

4

6

8

0 10 20 30 40 50 60

Snow Rate (mm/h)

Rain Rate (mm/h)

Radar Reflectivity (dBZ)

2223

Figure 2. Vertical profiles of cloud liquid water content (LWC) and snow and rain rate as prognosticated by
the LM and simulated radar reflectivity for a point 16.8 km north of Bonn on February 28, 1998 (0700 UTC).

one for a convective summer case (July 4, 1994, 1200 UTC)
and one for a stratiform winter case (January 26, 1995, 1200
UTC). For two elevation angles typical for precipitation scans
(0 = 0.5°and 6 = 1.0°), the altitude above mean sea level (asl)
of the radar ray as a function of distance from the radar has
been calculated for azimuth scans (PPI) with a spacing of 1.0°
between the single radar rays. A high variability, especially for
the lower angle and the summer case, can be observed. At a
distance of 100 km from the radar the height of the beam can
vary between 1.3 and 1.7 km. Differences between the param-
eterization and the simulation are only significant for the lower
elevation angle. Here the parameterization always overesti-
mates the height for the summer case while in the winter case
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there is, at least for the more distant ranges, a systematic
underestimation of height. Obviously, the use of the parame-
terization can lead to substantial errors in the height estima-
tion of several hundred meters, which can be crucial, e.g., for
the position of the bright band. A rough estimate of the atmo-
spheric refraction can be obtained from a method proposed by
Fabry et al. [1997]. They used the changes in travel time of radar
waves between known ground targets (clutter) and a Doppler
radar to derive the field of the near-surface refraction index.

3.2. Electromagnetic Interactions

The RSM includes the most important atmospheric interac-
tions of an electromagnetic wave with hydrometeors, e.g.,
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Figure 3. Altitude of the radar beam for a convective summer case (July 4, 1994) and a stratiform winter
case (January 26, 1995). Two plan position indicator (PPI) scans with 1.0° resolution simulated by the RSM
are shown. The scans have an elevation angle of 0.5° (dark gray) and 1.0° (light gray), respectively. The
long-dashed line marks the parameterization by an effective Earth radius.
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Table 1. Hydrometeor Types Considered in the RSM
Hydrometeor Drop Size
Type Reference Distribution

Cloud water Chylek and Ramaswamy [1982]  modified gamma
(cumulus)

Cloud ice Ulaby et al. [1981] modified gamma
(cirrostratus)

Raindrops Marshall and Palmer [1948] exponential

Snow crystals Gunn and Marshall [1958] exponential

Hail Douglas [1964] exponential

backscattering and attenuation. The three-dimensional fields
of rain and snow flux as well as cloud liquid water predicted by
the LM are used for calculating the volume backscattering and
extinction cross sections of hydrometeors, «,,., and k,,,, re-
spectively, according to Mie [1908]. The application of the Mie
formulation instead of the commonly used Rayleigh approxi-
mation gives more accurate results, especially for high frequen-
cies and larger particles [Ulaby et al., 1981]. While rain and
snow are assumed to have an exponential DSD in the LM (see
section 2), a cloud DSD is not resolved. Therefore the DSD for
cloud liquid water has to be defined by the RSM. We take a
cumulus or a cirrostratus DSD from literature depending on a
temperature threshold of —18°C. All drop size distributions
used in the RSM are listed in Table 1.

The total extinction cross section k,,, i the sum of the
extinction cross sections of the single hydrometeor types plus
the extinction due to the absorption by the atmospheric gases,
e.g., molecular oxygen, water vapor, and nitrogen. The latter
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term is calculated using the millimeter-wave propagation
model from Liebe et al. [1993]. Although several detailed pa-
rameterizations [Ulaby et al., 1981; Doviak and Zrnié¢, 1993]
exist, most operational measurements assume a fixed value; for
example, 0.016 dB km™ ' is currently used for the C-band
DWD radar network. The error in the parameterization of the
gas attenuation (Figure 4), again shown for the convective
summer and the stratiform winter case, can approach 1 dB at
200 km distance compared to the fixed value for a homoge-
neous atmosphere. The gas absorption is systematically under-
estimated by the fixed value for ranges smaller than 100 km
while at longer distances the effect is overestimated. The high
variations, especially for the summer case, arise from the vary-
ing path lengths which the radar beam needs to pass through
the warmer and more humid boundary layer due to different
propagation paths (see Figure 3).

For an arbitrary radar the received power P, (W) due to
backscattering from volume-distributed incoherent scatterers
is given by

R

1
Pr = Crad F Vprack €Xp ( _Zf Kext dR/) 5 (1)
0

where C,,, (m?) is the radar constant, R (m) is the range to the
scattering volume, and V/,, (m?) is the pulse volume at a range
R. A relationship between the received power and the radar
reflectivity factor Z (mm®m™?), given by Z = 3+, d?, where
d; is the diameter of the ith particle in a unit volume v con-
taining N, particles, can be derived assuming only liquid par-

ticles (for snow we calculate an equivalent radius according to
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Figure 4. Gas absorption by atmospheric gases for a convective summer case (July 4, 1994) and a stratiform
winter case (January 26, 1995). Two C band PPI scans with 1.0° resolution simulated by the RSM are shown.
The scans have an elevation angle of 0.5° (dark gray) and 1.0° (light gray), respectively. A fixed value of 0.016

dB km™"! is indicated by the long-dashed line.
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Ulaby et al. [1981]), pure Rayleigh scattering, and no attenua-
tion by atmospheric gases and hydrometeors

1 -10 77'5 2
Pr: CradIFVplo P|K| Z’ (2)

where |[K|? = 0.93 is the dimensionless refraction constant for
water and A is the wavelength (cm). Inserting (1) in (2) and
solving for Z yields an equation for the simulated reflectivity
V4

4
Zgim = 1010);L Kpack €Xp | —2 ! dR’ 3)
sim ’ITS ‘K|2 back p Kext .
0

This is equivalent to the quantity which is shown on the
common radar images and which will be simulated by the RSM
along a single radar beam. Radar reflectivity is often expressed
in logarithmic terms with dBZ = 10 log,, (Z).

4. Case Study: February 28, 1998

As an example of weather forecast evaluation the simulated
radar reflectivities from the LM-RSM chain are compared to
real measurements of two different radar systems: a standard
C-band radar of the DWD radar network located in Essen and
an X-band radar operated by the Meteorological Institute in
Bonn [Breuer, 1975]. For the simulation the RSM needs the
frequency, the position (latitude, longitude, and altitude asl),

00 UTC +06 h 00 UTC + 07 h
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Table 2. Radar Parameters Used as Input for the RSM
and for the Comparisons Shown in Figures 5-8

Essen Bonn

C-Band X-Band
Frequency, GHz 5.64 9.32
Latitude, °N 6.97 7.04
Longitude, °E 51.41 50.44
Altitude asl, m 179.6 98.5

Elevation angle for PPI, deg 0.5 2.5
Horizontal resolution 4 km X 4 km 1° X 250 m
Reflectivity resolution 6 classes 0.5 dBZ

and the scan pattern of the radar (see Table 2). While the
X-band radar data were available in the original polar coordi-
nates (azimuth, elevation, and range), the DWD’s operational
PN product with 4 km X 4 km horizontal resolution was taken.
The PN is the national composite image mainly derived from
the local precipitation scans with 0.5° elevation angle from the
closest radar.

For the comparison, February 28, 1998, was chosen. On this
day a cold front with associated hail crossed western Germany
from NNW. The front passed Bonn at 0730 UTC, and the
temperature dropped by 6 K within 40 min. The DWD radar
measurement (Figure 5) at 0600 UTC shows a thin band ori-
ented from SW to NE across the Essen radar domain. The LM,
which was initialized at 0000 UTC, produces for this hour a

00 UTC + 08 h

00UTC +09h

1 10 20 30

T S,  <fiectivity [4BZ]

40 50

Figure 5. Comparison of radar reflectivities on February 28, 1998, at 0600, 0700, 0800, and 0900 UTC
computed by the RSM from LM predictions (LM) and values measured by the C-band radar Essen (DWD)
for a PPI scan with 6 = 0.5°. Circles indicate the radar ranges of Essen and Bonn (see Figure 2). The dotted

lines mark the boundary of the DWD radar network.
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Figure 6. Comparison of radar reflectivities on February 28, 1998, at 0700 UTC computed by the RSM from
LM predictions (LM) and values measured by the X-band radar Bonn (BN) for a PPI scan with 6 = 2.5°. The

50 km radar range is indicated.

more intense line a bit farther south oriented more zonally.
Additional band structures are predicted farther north. The
model successfully forecasts the dry areas in the NW and the
south. During the next forecast hour the system moves south-
ward with an intense line structure at 0700 UTC at ~50.8°N.
On its way south the system gets affected by topography, re-
sulting in weaker and smaller structures. Part of the temporal
variability in the intensity of precipitation structure is also
caused by bright band effects. The spatial structure and tem-
poral development of the model results agree qualitatively well
with the composite image from DWD although the measured
reflectivities tend to be lower. Unfortunately, the Essen radar
was malfunctioning at 0700 UTC, when the line was strongest.

For 0700 UTC the LM prediction was compared to the
measurements of the X-band radar in Bonn at 0708 UTC
(Figure 6). For this comparison the high-resolution X-band
radar data were degraded to the same 2.8 km resolution as the
LM-RSM data. The LM positions the highest intensities of the
line at almost the same position but can resolve the width of
the frontal line with only two grid points. While the position of
the front is forecasted well, the orientation differs by ~30°.
The model produces rain in the Rhine valley south of Bonn,
not observed by the radar, which seems to be a general prob-
lem of the model. The enhanced reflectivities in the inner ring
close to Bonn in the observation are artificial and due to
clutter. Here it should be noted that in Figures 5 and 6 the
RSM results for 0700 UTC are not identical because the re-
flectivities are calculated for different radar systems (see Table 2).

For the comparison of the vertical structure (Figure 7) the
X-band radar data were again degraded to the LM’s horizontal

resolution, and both data sets were interpolated to a vertical
resolution of 200 m. The RHI was simulated and measured for
an azimuth angle of ¢ = 330° almost perpendicular to the
frontal band. There is good agreement concerning the altitude
of the precipitation system covering only the lower 5 km of the
atmosphere. The frontal band is depicted by both, model and
measurement, with a horizontal extent of ~5 km (two grid
points). However, the band is slightly closer to the radar site
(~10 km) in the model than in the measurement. Additionally,
there is no further precipitation simulated in the back of the
system. The high reflectivities in the measurements close to the
radar and near the ground level are clutter effects caused by
the local industrial areas. Despite the rough vertical resolution
a bright band with maximum reflectivities located approxi-
mately 300 m below the 0°C isotherm (solid line in Figure 7) is
visible in both model and measurement.

For a more quantitative comparison between model and
measurements we focus on the DWD radar data because of the
better comparability of the spatial resolution. Within a radius
of 100 km around Essen the simulation data set is averaged to
4 km X 4 km resolution. Because the direct comparison of
radar reflectivities might be a too strong constraint, objective
skill scores for the presence of precipitation are used to assess
the quality of the model forecast. The occurrence of precipi-
tation is defined by reflectivities greater than a threshold value
of 1 dBZ (0.04 mm h ') as used by the DWD for winter cases.
The temporal evolution of the hit rate, the false alarm rate, the
tetrachoric correlation coefficient (TCC), and the area ratios
for rain and no rain are shown in Figure 8. The hit rate is
defined as the ratio between the number of 4 km X 4 km areas
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Figure 7. Comparison of radar reflectivities on February 28, 1998, at 0700 UTC computed by the RSM from
LM predictions (LM) and values measured by the X-band radar Bonn (BN) for a range-height indicator
(RHI) scan with ¢ = 330°. The solid line marks the 0°C isotherm.

(pixels) with rain in both, measurement and model, divided by
the total number of pixels with measured rain. The hit rate is
generally high with best values higher than 75% between 0300
and ~1000 UTC. However, the hit rate does not tell anything
if the false alarm rate (FAR) is not low at the same time. FAR
is defined as the number of grid points with rain in the model,
but not in the measurement, divided by the total number. This
rate is only lower than 50% between 0300 and 0900 UTC. The
low hit rate together with the high false alarm rate at the
beginning of the forecast (0100 and 0200 UTC) indicate that
the LM predicts the onset of precipitation too early and there-
fore overestimates precipitation at that time. This can be seen
from the areal distribution of rain and no rain (lower part of
Figure 8), where the area of rain simulated by the LM is much
too high by over 400%. In general, the LM overestimates the
area where precipitation ocurrs. Only at 0800 UTC is the
partitioning between rain and no rain areas forecasted well
with both values close to 100%. The TCC coefficient is a score
which combines the information of hit and false alarm rate. If
TCC = 1, radar and model are identical at each pixel, while
TCC = 1 means no agreement at all. Only in the earlier
forecast stage is TCC negative, which can possibly be attrib-
uted to spin-up effects of the hydrological cycle. The positive
values during the further forecast indicate good results.

5. Analysis of the Z-R Relation

The LM-RSM chain can also be used as a tool to investigate
radar meteorological problems. The most important aspect is
the relation between the radar reflectivity factor Z measured

by the radar for a pulse volume within the three-dimensional
space and the rain rate R at the ground. Because of the com-
plexity of the precipitation process this relation is nonunique
(see, for example, the more than 70 relations listed by Battan
[1973]). The LM-RSM combination is well suited to study
these effects because of the mesoscale model’s capability to
simulate a realistic temporal development of the three-
dimensional fields of hydrometeors. For a PPI scan at 6 = 0.5°
on February 28, 1998, 0700 UTC (see Figure 5), a scatterplot
of simulated radar reflectivities against surface rain rates >0.1
mm h~! is shown in Figure 9. Reflectivity values cover the
typical range from —20 to 50 dBZ while the surface rain rate
does not exceed 15 mm h™! in this case. The solid line marks
the least squares regression of the form Z = aR® for all
simulation points within a 100 km radius of the Essen radar.
The regression was performed using the logarithmic values of
Z and R. Additionally, the relation to the coefficients (a
206, b = 1.56), as implicitly used in the LM by its fixed
terminal velocity and form of the drop size distribution (see
section 2), is shown. These coefficients are close to the ones
(a = 200, b = 1.6) proposed by Marshall et al. [1955], which
is the most commonly used Z-R relation for midlatitude cold
frontal events. There is a pronounced deviation from a simple
Z-R relation due to attenuation effects and changes in the
hydrometeor distribution between the elevated scattering vol-
ume and the surface. While attenuation reduces the radar
reflectivity and therefore leads to a vertical downward shift of
the points in Figure 9, a variable rain rate profile results in a
horizontal shift.



2228

HAASE AND CREWELL: RADAR SIMULATION MODEL

100 Hit Ralte (HF}) IradarlEsseq (ranqe <100 km) 02|/28/98
€ 80 A”AM'
@ 60 -
T 407 -
o 20 3

0 1 T R AR T T I T T 1T L T
1 2 3 4 5 6 7 8 9 10 11 12
False Alarm Rate (FAR)

100 Il L L L L i 1 1 1 L 3
£ 80 3
S 60 3
5 407 3
a 20 ] 3

0 T T T b 1 LI I L T
1 2 3 4 5 6 7 8 9 10 11 12
Tetrachoric Correlation Coefficient (TCC)

05 | i 1 1 1 L A——A\L\;\‘

00 f === — — =& — — — — — — — — — — — — - — — — — -

'05 T T T ] 1 1 1 1 LI T T :

1 2 3 4 5 6 7 8 9 10 11 12
Area Ratio of Echoes

400 ] ] L 1 L L L L L L
< 300 - :
8207 r(/\AK,A
100+ ——— "= "= == = T - - — —=E - - - —— - 3

0 T T T 1T T T L T T T
1 2 3 4 5 6 7 8 9 10 11 12
Area Ratio of no Echoes

200 1 1 | 1 1 1 1 L L
€ 150 -
S100f o - - - oo L—\‘\Z‘\—A;,:A:d
S so A —A— :

0 3 T T T 1 T [ 1] I T
1 2 3 4 5 6 7 8 9 10 11 12
time [h]

Figure 8. Objective skill scores for the prediction quality of the LM during the 12 forecast hours on
February 28, 1998, derived by comparison to DWD radar measurements.

The amount of scatter in Figure 9 is comparable to the
model results shown in the study by Anagnostou and Krajewski
[1997] (hereinafter referred to as AK97; their Figure 8). How-
ever, real observations (see Figure 7 of AK97) show a signifi-
cantly higher amount of scatter, suggesting that both models
miss important sources of variability: (1) The variability in the
DSD is taken into account by AK97 using a statistically pa-
rameterized three-parameter gamma-type DSD [Krajewski et
al., 1993], while our model (LM-RSM) assumes an exponential
relation with the rain rate as the only free parameter, which
will lead to a smaller variability in our results. (2) The detailed
vertical structure of the hydrometeor profiles and their realistic
spatial and temporal evolution as simulated by the LM-RSM
combination will not be evident in AK97. (3) The subgrid
natural rainfall variability is depicted in the AK97 simulations,
since their stochastic model could generate rainfall fields with
high spatial resolution (100-300 m). The LM resolution of 2.8
km is too coarse for that. However, a high-resolution LM
version (~100 m) is under development and will be used in the

future to investigate this effect. For this purpose it is necessary
to include the antenna pattern into the RSM.

We further investigated the influence of the different hy-
drometeor classes, especially the occurrence of mixed phases
in one radar measurement (Figure 10). With low-level clouds,
the 0°C isotherm at ~1 km height, and snow reaching down to
~500 m asl the majority of backscattering volumes are mix-
tures of cloud water, rain, and snow (Figure 10a). There is a
high amount of scatter even if only points closer than 50 km to
the radar are regarded. This suggests a change in the hydro-
meteor profiles even in the lowest atmospheric levels (approx-
imately below 450 m), possibly caused by evaporation, diffu-
sional growth, or conversion to a different hydrometeor type.
Points with distances farther than 50 km from the radar have
an even higher variability with enhanced reflectivities due to
bright band effects and lower reflectivities resulting from a
pronounced decrease in rain rate with height (see Figure 2).
When only a combination of rain and snow is regarded (Figure
10b), about the same scatter as in Figure 10a can be observed
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Figure 9. Simulated radar reflectivity Z versus LM surface
precipitation rate R for the C-band radar located in Essen (PPI
scan with 0.5° elevation angle on February 28, 1998, 0700 UTC,
as in Figure 5). Only points within a 100 km range are consid-
ered. The solid line marks the least squares regression of the
form Z = aR”. The dashed line is based on the coefficients
(a = 206, b = 1.56) implicitly used in the LM.

because of the low radar reflectivity and attenuation of cloud
liquid water. In general, the reflectivities are higher when snow
is present compared to cases with rain only (Figure 10c) and
rain and cloud water (Figure 10d) because of the enhancement
resulting from a bright band.
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If only rain is considered, a surprising two-line structure with
an offset of ~4 dBZ is evident (Figure 10c). This is caused by
the occurrence of two rain areas: one close to the radar (~15
km), which appears as a nearly straight line, and a second one
more distant from the radar (~90 km). Attenuation at the
C-band frequency due to rain does not exceed 1 dBZ in this
case (low rain rates) and hence cannot explain the downward
shift of the Z-R relation for the second rain area. Indeed, this
is a horizontal shift due to the change of rain rate with height,
which affects the second area more strongly where the radar
observations are at higher altitudes. Additionally, the second
area is in the back of the strong frontal zone and belongs to
another air mass which is characterized by higher clouds, no
snow, and a different rain profile. It should be noted that the
straight line structure results from the assumption of a fixed
DSD for rain.

The interpretation of Figure 10 has revealed a high variabil-
ity due to spatial variations. We also investigated the temporal
variations during the passage of the frontal band over the area
50 km around Bonn (Figure 11) for the 12 hour forecast run.
During this time the system completely passes the area, show-
ing the maximum in the mean area precipitation between 0600
and 0800 UTC. To calculate the surface precipitation field
which would be derived from radar measurement, we applied
the fixed Z-R relation for rain to the simulated azimuth scan
(see Figure 6 for 0700 UTC). Then we compared the surface
precipitation forecasted by the LM and the hypothetical radar
precipitation calculated this way for each time step (one hour).
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Figure 10. Same as Figure 9, except that simulation results are shown for scattering volumes consisting of
(a) rain, snow, and cloud water, (b) rain and snow, (c) rain, and (d) rain and cloud water. Two range intervals
are shown: 0-50 km (dark gray) and 50-100 km (light gray).
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Figure 11. Temporal development of the area mean difference between R; /., and Rggy 0n February 28,
1998. R as sury 18 the surface precipitation rate as forecasted by the LM, and Rygy, is derived by converting
the reflectivities simulated for the X-band radar Bonn (Figure 6) to rain rates according to Marshall and
Palmer [1948]. The area mean precipitation is shown by the dashed line.

During the whole run the precipitation is overestimated by the
hypothetical radar. This is even the case for the first time step,
when the LM has no surface precipitation yet. The reason for
that is the occurrence of strongly scattering hydrometeors at
higher levels of the atmosphere, which are seen by the radar.
Here it should be noted that the first time steps are still in the
spin-up phase of the mesoscale model. The strongest disagree-
ment is evident at 0700 UTC due to the presence of a strong
bright band (see Figure 7).

6. Conclusion

A radar simulation model (RSM) has been developed to
calculate radar reflectivities from the output of a mesocale
weather forecast model, the Lokal-Modell (LM), with a hori-
zontal resolution of 2.8 km. Reflectivities, which would be
observed by two radar systems differing in frequency, position,
and scan pattern, were calculated. Basically, the model is ca-
pable of simulating any kind of radar. The horizontal resolu-
tion is sufficient for comparison with the radar products de-
rived from standard radar networks. However, for a
quantitative comparison with high-resolution radar data, LM
model runs with a higher resolution are desirable.

The comparison of radar reflectivities predicted by the LM-
RSM combination with measured reflectivities is acceptable
for the case investigated in this study. The direct comparison of
radar reflectivities, measured and forecasted, reduces some of
the uncertainties pertinent to the comparison of modeled with

radar-derived precipitation. When the radar measurement is
converted into a rain rate, conventionally, by a simple Z-R
relation, the propagation of the radar beam in the three-
dimensional space as well as the effects of attenuation by
hydrometeors and atmospheric gases are neglected. Compar-
ing forecast and measurement by means of objective skill
scores offers the opportunity to easily assess the quality of the
weather forecast model. The comparison (see Figure 8) shows
the example of a good forecast of the distribution of rain and
no rain within the model domain, which is of high importance
for nowcasting applications. This was not the case for earlier
model versions of the LM, when, for example, no convection
scheme was implemented. Since December 1, 1999, the LM
with a resolution of 7 km is operationally run by the German
Weather Service (DWD), and the RSM will be used in parallel
for the ongoing validation. The LM with a 2.8 km resolution
(as used in this study) is scheduled to go into operational mode
approximately in 2001. The ongoing development of this model
version will involve the RSM.

The LM-RSM’s quality to simulate realistic weather devel-
opments, e.g., the temporal development of the three-
dimensional fields of hydrometeor types, can be used to study
various aspects of radar meteorology, the most fundamental
one being the relation between the radar reflectivity and the
surface rain rate. The scatter in the Z-R relation for the case
presented here, a typical cold front passage at midlatitudes, is
high and mostly caused by changes in the profiles of rain and
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snow. However, the scatter is not as high as shown in real
observations and is probably due to the fixed form of the drop
size distributions (DSD) and the missing subgrid variability in
the LM. The assumption of fixed DSDs is part of the LM’s
cloud and precipitation scheme as developed by the DWD. In
principle the output of any spectrally resolved model could be
used for the RSM.

In comparison to a radar simulation study [Anagnostou and
Krajewski, 1997], which includes variations of the DSD and
subgrid variability, we still get about the same scatter. This is
due to detailed vertical variability provided by the mesoscale
model and emphasizes the importance of including this effect
in radar simulation studies, especially when midlatitude frontal
systems are concerned. The issue of subgrid variability is not so
important for the case of a frontal band, presented in this
study. This can be seen from high-resolution X-band radar
measurements, but it could be quite significant for convective
situations.

Another limitation of the RSM is the approximation of the
radar beam as a pencil beam. We are currently integrating the
antenna pattern into the model, which will also help to address
clutter-related problems.

The LM in its current version does not resolve the particle
spectrum and has only a crude parameterization of the ice
phase. Further model improvements can easily be incorpo-
rated into the RSM.
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