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Abstract. In order to specify an observation operator for
radar reflectivities for the next numerical weather prediction
model of Mét́eo-France, a radar simulator was implemented
in the research model Meso-NH. This tool was made up of
building blocks that each describe a particular physical pro-
cess (scattering, beam bending, etc.). Sensitivity experiments
were carried out using different configurations for the mod-
ules. They allowed to specify an observation operator as a
compromise between accuracy and computing constraints.

1 Introduction

Currently, operational Numerical Weather Prediction (NWP)
systems consist of global atmospheric models which run typ-
ically at horizontal resolution ranging from 20 to 50 km
and of mesoscale limited area models with about 10-km
grid meshes. An important evolution in NWP systems is
planned for the end of the decade: It is envisaged to replace
or complement the current operational models by a new at-
mospheric model generation, which will be non-hydrostatic
with horizontal resolution of 1 to 3 km. Almost all Eumetnet
Short Range Numerical Weather Prediction (SRNWP) con-
sortia (HIRLAM, COSMO, ALADIN, ALADIN-LACE, and
UKMO) envisage such developments.

For the next generation of high-resolution models, a sig-
nificant improvement of the representation of clouds and pre-
cipitation is expected, both by explicit treatment of moist
convection and advanced parameterization of microphysical
processes. Such improvements have already been demon-
strated on some case studies, with non-hydrostatic research
models like Meso-NH or MM5. These studies have also
shown the necessity to improve data assimilation systems,
focusing on the use of higher resolution observations, such as
mesonet in situ observations or high-resolution remote sens-
ing information like METEOSAT Second Generation (MSG)

Correspondence to:O. Caumont
(olivier.caumont@meteo.fr)

radiances or radar data. For example, the European COST-
717 action aims at promoting the use of radar data in NWP
and hydrological models (Alberoni et al., 2003). Indeed,
ground-based radar data have the considerable advantage of
having a high spatial and temporal resolution, covering large
areas at different heights, and being already produced on a
routine basis with increasing quality in many countries.

Mét́eo-France, within the ALADIN consortium, has
started to develop a high-resolution model, called AROME,
foreseen to become operational by 2008. AROME will be
designed to run at a resolution of only a few kilometers. It
is planned to assimilate radar data in AROME. The French
continental operational radar network, called ARAMIS, pro-
vides a good coverage with 18 C- or S-band radars, and is
planned to be extended to 24 by 2006.

Since the AROME model is currently under development,
it has been chosen to develop an observation operator for the
research anelastic non-hydrostatic high-resolution Meso-NH
model (Lafore et al., 1998), and afterwards to transfer it to the
AROME software. Meso-NH allows to run simultaneously
several nested grids in a two way fashion (Clark and Far-
ley, 1984; Stein et al., 2000). A bulk microphysical scheme
(Caniaux et al., 1994; Pinty and Jabouille, 1998) governs the
equations of six water species: water vapour, cloud water,
rainwater, primary ice, graupel, and snow. This scheme,
which is representative of those that will be used for future
high-resolution operational models, is going to be included
in AROME.

Many radar simulators are available in the literature, but
they often focus on a few specific points. Some of them
concentrate on microphysics and aim at establishing rela-
tionships with their associated errors between radar mea-
surements and the hydrometeor content of the sounded at-
mosphere (e.g. Vivekanandan et al., 1993). Others favor hy-
drological aspects (e.g. Giuli et al., 1994; Anagnostou and
Krajewski, 1997; Capsoni et al., 2001; Pellarin et al., 2002;
Boudevillain and Andrieu, 2003). Some attempts were made
to assimilate reflectivities in high-resolution models (Wu
et al., 2000), but they often included Doppler velocities only
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(Xiao et al., 2003; Lindskog et al., 2004). Moreover the geo-
metrical part of the observation operators for radar Doppler
velocities and reflectivities is often rough: for instance Lind-
skog et al. (2004) do not take beam broadening into ac-
count. It is worth being noted that Haase and Crewell (2000)
have developed a complete radar reflectivity simulator named
RSM (radar simulation model) that uses predicted fields of
the nonhydrostatic mesoscale Lokal-Modell (LM). However,
we found that some aspects deserved more attention, as their
sensitivity study only examined beam bending and attenua-
tion by air. Moreover, beam broadening was also not taken
into account in RSM.

The main objective of this work is to specify an observa-
tion operator for radar reflectivities in AROME. The method
consists in building a modular radar simulator in Meso-NH
and carry out sensitivity tests so as to find a compromise be-
tween numerical accuracy and efficiency for the radar opera-
tor.

First, in Sect. 2, the radar simulator is described. Sect. 3
describes the Meso-NH simulation of an extreme flash-flood
event that occurred on 8–9 September 2002. This case study
serves as a basis for simulations of radar reflectivities and
allows comparisons to observations. Last, sensitivity exper-
iments performed on this case study provide the opportunity
to specify the observation operator (Sect. 4).

2 Radar simulator

The radar simulator model is made of relatively independent
modules, each one describing a particular physical process.
The following subsections describe module configurations
that were developed and tested in the radar simulator.

2.1 Beam shape

In order to correctly simulate the data retrieval, one has to
know which volume contributes to the returned signal. This
radar resolution volume is radially determined by the sam-
pling process, and orthoradially defined by the antenna’s ra-
diation pattern.

Radar measurements consist in sampling return echoes at
regular times. The power measured for each sample is used
to compute corresponding reflectivities by means of the so-
called radar equation, and the time delay between the emis-
sion of the pulse and the current sampling gives the range to
the target. By setting the gate length to a sufficiently small
value compared to the horizontal model resolution, it is not
expected that the effects related to the finite receiver band-
width (Doviak and Zrníc, 1993) will lead to significant er-
rors. Therefore, the gate length is set tocτ/2 (c is the celerity
of light in vacuum, andτ is the pulse time width), and we as-
sume that all scatterers located in this gate equally contribute
to the received signal.

The easiest way to model the antenna’s radiation pattern
is to represent the transmitted wave as isotropically spherical
within a well-determined solid angle. But this approxima-

tion gives unsatisfactory results. Probert-Jones (1962) mod-
eled the antenna’s directivity pattern as a Gaussian function.
Assuming that the cone of resolution is sufficiently small so
that hydrometeor properties can be kept constant within it, he
derived a formula for reflectivities close to the isotropic case,
but only multiplied by a corrective factor. One can further
refine this approach by considering changes in hydrometeor
properties within the resolution cone. In our simulator, this
is numerically done by means of Gauss-Hermite or Gauss-
Legendre quadrature. It is to be noted that using one point
in Gauss-Hermite quadrature yields the same results as ini-
tially proposed by Probert-Jones (1962): a constant direc-
tivity function within a cone of revolution, multiplied by a
corrective factor. With this method, it is unrealistic to take
more than about three points because the integration interval
spans over a too wide range. Therefore the Gauss-Hermite
quadrature cannot match the model resolution in the lower
atmosphere. With the Gauss-Legendre quadrature, the inte-
gration interval is fixed — we set it to the−3 dB level angle.
All points used by this quadrature method lie within this in-
terval, and increasing their number results in increasing the
resolution of the quadrature method. One can therefore adapt
the number of points so as to match the model resolution.
However, with this method, it is necessary to use at least sev-
eral points to obtain accurate results. This method is conse-
quently ill-adapted for low resolution integrations.

2.2 Beam bending

As it travels through the atmosphere, the radar beam encoun-
ters different refractive indices. This variation is responsi-
ble for the bending of the electromagnetic beam according
to Snell’s law. At radio frequencies, the refractive indexn is
mainly influenced by water vapor partial pressure, total pres-
sure, and temperature. From experimental datasets, Smith
and Weintraub (1953) drew the following relationship:

N =
77.6

T

(
p + 4810

e

T

)
, (1)

whereN = (n − 1) × 106 is the refractivity,p is the total
pressure (hPa),e is the water vapor partial pressure (hPa),
andT is the temperature (K). It is thence possible to com-
pute the path of the radar ray. However this method is com-
putationally expensive and requires a good knowledge of the
atmosphere state especially at low levels. For most situa-
tions, however, it is satisfactory to use an effective Earth’s
radius (Schelleng et al., 1933). Assuming an Earth slightly
larger than the real one, the propagation path would be a
straight line. This actually corresponds to an idealized at-
mosphere, which enables straightforward analytical compu-
tation of each radar gate height. This idealized atmosphere
model simply states that the refractive index vertical gradi-
ent is equal to−1/(4a), wherea is the Earth’s radius. In this
case, the effective Earth’s radius is 4/3 larger than the real
one. In a few situations, the actual refractive index vertical
gradient will substantially differ from−1/(4a). The issue is
critical when the vertical gradient is lower than the adopted
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value, for low elevations, because this can result in the beam
hitting the ground.

2.3 Scattering processes

Equivalent reflectivity factors (ze, in m3) are computed by
evaluating the following equation

ze(r) =
λ4l2(r)
π5|Kw|2

∑
j∈type

∫
∞

0
σj (D)Nj (D, r) dD , (2)

wherer denotes the vector the origin of which is the radar
antenna that designates the current gate,λ (in m) is the wave-
length of the radar pulse,Kw is the dielectric factor of wa-
ter (usually 0.93), thej subscript refers to each hydrometeor
type,σ (in m2) is the backscattering cross-section of a parti-
cle of diameterD (in m), Nj (in m−4) is the size distribution
of thej th type of hydrometeor, andl2(r) is the total two-path
attenuation which can be written as

l2(r) = exp

(
−2

∫ r

0

∑
j∈type

∫
∞

0
Cej (D)Nj (D, r) dD dr

)
,(3)

whereCej (in m2) is the extinction cross-section correspond-
ing to thej th hydrometeor type. Size distributions are al-
ready available from Meso-NH: they are expressed as gener-
alized gamma distributions, and depend onD and hydrome-
teor mass contents.

To compute backscattering and extinction cross-sections,
a number of methods is available from literature. They range
from the simplest one (e.g. Rayleigh) to very accurate meth-
ods that take into account the shape, size distribution of the
scatterers (e.g. volumic methods). The Rayleigh approxima-
tion is valid when the size parameter (subsequently denoted
by x) of the scatterers is well beyond unity. At C band the ap-
proximation is not well fulfilled and it is useful to compare
results with more accurate methods. The Mie (or Lorenz-
Mie) method consists in explicitely solving Maxwell’s equa-
tions for an isotropic, homogeneous sphere. This method
is therefore valid for any size parameter. However, it does
not take the shape of scatterers into account. The Rayleigh-
Gans approximation, which should not be confused with
the Rayleigh-Debye approximation, consists in applying the
Rayleigh approximation to spheroids, which are modeled as
anisotropic spheres. Raindrops are modeled as spheroids the
axis ratios of which are expressed as linear functions (e.g.
Pruppacher and Beard, 1970) or more accurate polynomials
(e.g. Andsager et al., 1999) of the equivolumic drop diameter.
The T-matrix method can be viewed as a further refinement
of the previous method which is valid for any body shape.
However it is easier to implement for bodies of revolution
(e.g. spheroids). It is then possible to study the influence of
oblateness, size parameter, and canting on simulated reflec-
tivities. The implementation of the Mie method resorts to
the algorithm of Bohren and Huffman (1983) while the T-
matrix one is based on the code developed by Mishchenko
and Travis (1998).

Fig. 1. (a) Observed from radar, and (b) simulated precipitations (in
mm) between 12 and 22 UTC on 8 September 2002.

Scattering methods need a dielectric function, also called
permittivity, to characterize the scatterers. For pure water
particles, the dielectric function is taken from Liebe et al.
(1991), while the model of Hufford (1991) is taken for pure
ice. Melting graupeln are considered as randomly oriented
ice spheroids embedded in a water matrix. The correspond-
ing dielectric function is then computed following Bohren
and Battan (1982).

Attenuation can be directly computed along with backscat-
tering. Though attenuation may be neglected at S band, it can
attain significant values at C band.

3 Case study

On 8–9 September 2002, a quasi-stationary mesoscale con-
vective system has been standing over the same area in south-
eastern France for more than 16 hours. This led to an extreme
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Fig. 2. Simulated reflectivities (E0 at 1.2◦) in dBZ at 21 UTC 8
September 2002. Pixels outside domain, underground, or out of
radar range are black.

flash-flood which entailed more than 20 casualties and a 1.2
billion euro economic damage. In 24 hours, the total precip-
itation amount has reached 691 mm. A detailed description
of the meteorological situation is provided by Delrieu et al.
(2004).

In order to image the results of the radar simulator, a simu-
lation has been conducted with the anelastic non-hydrostatic
Meso-NH model on this case. It has been run over two nested
grids with horizontal resolutions of 9.5 km and 2.4 km re-
spectively. The initial state is provided by the mesoscale
initialization of Ducrocq et al. (2000) which is applied to a
background large scale ARPEGE analysis valid for 12 UTC
8 September 2002. This fine scale initialization is composed
of two steps: the first one consists of a mesoscale surface ob-
servation analysis. The second step of the fine scale initial-
ization procedure consists of an ajustment of humidity and
hydrometeors based on a pre-analysis of the cloudy and rainy
areas associated with the developing storm of 8 September
at 12 UTC. This pre-analysis is derived from radar reflectiv-
ities and from the IR METEOSAT brightness temperature.
Ducrocq et al. (2002) have applied such a fine scale initial-
ization to four convective cases that were characterized by
weak synoptic forcing. They showed that the fine scale ini-
tialization procedure improved significantly the Quantitative
Precipitation Forecast (QPF). This is also the case for the 8–9
September flash-flood (Ducrocq et al., 2004, and Fig. 1).

The Meso-NH model succeeds in simulating a quasi-
stationary convective system, with both a convective and a
stratiform part. That allows the radar simulator to sample
different distributions of hydrometeors that are representa-
tive of deep convection situations.
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Fig. 3. Evolution of maximum reflectivities due to each hydrome-
teor type (in dBZ) between 16 UTC 8 September 2002 and 6 UTC
9 September 2002 (experiment E0).

Table 1. Experiments used to specify the observation operator.

Experiment beam bending scattering model atten-
uation

E0 4a/3 Rayleigh no
E1 local dn/dz Rayleigh no
E2 4a/3 Mie (C-band) no
E3 4a/3 T-matrix (C-band) no

4 Specifications of the observation operator

The strategy for specifying the observation operator mainly
consists in assessing contributions of the different simulator
modules to the overall synthetic reflectivity error. This being
done, we are able to choose a particular implementation for
each physical process, which is the result of a compromise
between numerical accuracy, calculation cost, and feasibil-
ity. The accuracy of measured reflectivities is not expected
to be below 1 dB. The sum of the errors associated to each
simulator module should therefore be of the same order. In
practise, much of these errors are independent, just as mod-
ules are independent, and we will only make sure that maxi-
mum errors in each module do not exceed a few dB and that
the average error is sufficiently small. When these conditions
are not met, a pre-processing scheme has to be found to flag
gates that are prone to large errors.

A particular configuration, named E0, is being used as
a reference. E0 uses an effective Earths’s radius bending,
Rayleigh scattering, neglects attenuation and no angular dis-
cretization is considered (each gate reflectivity is evaluated at
only one point: the middle of the gate). Sensitivity tests are
carried out by running other configurations that differ from
the reference by only one module implementation (Table 1).
Results are then compared to the reference in order to assess
the effects of this change.
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A sample of simulation E0 is given in Fig. 2.
In experiment E0, equivalent reflectivity factors rise up to

56 dBZ (Fig. 3). This value is mainly due to rain, and cor-
responds to a water content of 6.2 g m−3. Reflectivities due
to graupel attain 42 dBZ, which corresponds to a content of
5.1 g m−3. Maximum reflectivities due to pure ice hydrome-
teors do not attain such values: snow can lead to associated
reflectivities of 30 dBZ (ρdrs = 1.6 g m−3), while pristine
ice can be responsible for reflectivities of 22 dBZ, which cor-
responds toρdri = 0.63 g m−3.

4.1 Beam shape

Taking into account the horizontal resolution of AROME,
which will be of about 2 km, it does not seem necessary to
use any quadrature technique to model the beam shape hori-
zontally. However, vertically, the AROME resolution will be
of the order of some 100 meters for lower levels, which will
require an angular discretization of the beam if one wants to
account for vertical heterogeneities in model fields. Some
experiments have been carried out to determine the optimal
number of points for the quadrature.

4.2 Beam bending

Experiment E1 does not differ very much from E0. A density
current increases bending; it only widens ground echo areas
at low elevations.

4.3 Scattering

Fig. 4a and b depict differences of equivalent reflectivity fac-
tors versus water content between some scattering theories
and the approximation of Rayleigh for small spheres. In-
creasing the water content results in shifting the maximum of
the raindrop size distribution towards large diameters, which
increases the contribution of larger raindrops to the overall
reflectivity. Approximations used in the different scattering
methods depart from each other mainly for large raindrops
(i.e., for large size parameters). This feature can be quantita-
tively assessed on Fig. 4a and b.

Differences in reflectivities due to rain between E2 and E0
do not exceed about 1 dB for water contents equal to about
6 g m−3. Concerning raindrop oblateness, our results show
that differences in rain-induced reflectivities between E3 and
E0 can attain about 2.5 dB for water contents of 6 g m−3.
These results are corroborated by Figs. 4a and b.

Attenuation is caused by both air and hydrometeors. Air is
usually said to occasion a two-way specific attenuationA of
about 0.016 dB km−1 at C band, and about 0.004 dB km−1

at S band (e.g. Bean and Dutton, 1968).
It is well-known that discrepancies between Rayleigh

and Mie calculations for attenuation efficiencies are worse
than for backscattering efficiencies (see e.g. Gunn and East,
1954). It is still interesting to assess the effect of the Rayleigh
approximation when accounting for size distributions. In
Eq. (3), the extinction cross-section can be expressed as a se-
ries of powers ofx. Usually, this series is only expanded
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Fig. 4. Deviations from Rayleigh scattering by raindrops in terms
of equivalent reflectivity factors as functions of water content: (a)
λ = 5 cm and (b)λ = 10 cm, and two-way specific attenua-
tions by rain as functions of water content: (c)λ = 5 cm and
(d) λ = 10 cm, at 15◦C. Rayleigh and Mie solutions concern
spheres whereas Rayleigh-Gans and T-matrix ones are computed for
spheroids with axis ratios that follow Pruppacher and Beard (1970).
Note thatA scales differ in (c) and (d).
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up to the term inx3. Fig. 4c and d show specific attenuation
due to rain for different scattering models. It is clear on this
figure that truncating the expression of specific attenuation
under the Rayleigh approximation to order 3 inx is not satis-
factory. This effect is due to the particular dielectric function
of water. Indeed, the truncation to order 3 is only valid if

x �

(
3=(Kw)

2<(K2
w)

) 1
3

. (4)

where< and= denote the real and imaginary parts of their
argument, respectively. At 15◦C andλ = 5 cm, it means that
D should be well beyond 4.4 mm, which is clearly not the
case for higher water contents. The Rayleigh-Gans approach
also provides an expression ofA that is limited to the 3rd
order, which explains why its curve is not far away from the
3rd order Rayleigh one. If the Rayleigh approximation up to
6th order approaches the Mie solution, atλ = 5 cm it is still
far from the Mie reference. As for reflectivities, raindrop
oblateness enhances horizontal specific attenuation. It can
be quantified by comparing the T-matrix solution to the Mie
one on Fig. 4c and d. Our results at C- and S-bands on the 8
September 2002-case show that the Rayleigh approximation
cannot be used to compute attenuations because it leads to
large errors.

Eq. (2) involves two improper integrals overD. These in-
tegrations are carried out within one single loop by means
of a Gauss-Laguerre quadrature. For Rayleigh scattering,
Gauss-Laguerre quadrature gives exact results if the num-
ber of points is at least 4. It means that we have to take at
least 4 points for other methods. Sensitivity experiments of
Mie computations involving our case study show that taking
5 points leads to an average error of 0.03 dB, and that all er-
rors remain below 1 dB.

5 Conclusions

A modular simulator for radar reflectivities was developed in
the diagnostic part of Meso-NH. Each module, which rep-
resents a particular physical process, received a number of
different implementations. These implementations differ in
their complexity, accuracy and CPU time consumption. It
allowed us to find an optimal combination for an observa-
tion operator that fulfills the following conditions: the for-
ward operator gives sufficiently accurate results compared to
measurement errors, its implementation in a parallel code is
feasible, and it does not require too much computer time and
memory. For instance, the need for a parallel code makes it
difficult to use gate-by-gate computations that are necessary
for beam bending computations that use local air refractive
index gradients, or for attenuation because it needs all re-
flectivities previously computed on the beam. Therefore, the
effective Earth’s radius model will be used for beam bending
computations. Abnormal propagation situations will there-
fore have to be handled before inclusion of the data in the
assimilation scheme. Quality control checks during data ac-
quisition are expected to be able to detect most of the radars

that undergo subrefractions. Just as for beam bending, we
cannot afford attenuation computations in a parallel code.
This issue has therefore to be treated before the use of radar
data by the assimilation process. In consequence, regions be-
yond high reflectivity cores on radar images will be flagged.
However, attenuation will be anyway implemented for mon-
itoring purposes. Concerning beam ray discretization, one
angle horizontally and 3 angles vertically should meet the
requirements. Rayleigh scattering is sufficient to simulate
reflectivities. Other solutions are too expensive (T-matrix),
or do not yield consequent improvements (Mie). However, if
one wants to compute attenuation, it will be necessary to use
at least Mie theory.

As a by-product, this radar simulator enables comparisons
of model outputs to radar observations. It is also a good ba-
sis for easily implementing polarimetric products or Doppler
radial winds.
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