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1. INTRODUCTION

In operational forecast and climate models, the
life cycle of a cloud is strongly linked to its inter-
nal dynamics (sedimentation of cloud particles), to
the environmental air dynamics (wind) and to the
feedbacks between dynamics and microphysics. In
a model, this essentially translates into two dy-
namic parameters that must be accurately repre-
sented: the terminal fall speed of the cloud parti-
cles, and the vertical air velocity. Vertically-pointing
cloud radars measure the sum of these two quan-
tities. As will be shown in what follows, these two
components can be separated using simple statis-
tical considerations. Such a method is applied in
the present paper to continuous vertically-pointing
Doppler cloud radar observations collected from the
ground since October 2002 at three instrumented
sites over Europe in the framework of the Cloud-
NET European project (the SIRTA site in France,
the Chilbolton Observatory in England, and the
Cabauw site in the Netherlands). The vertical pro-
�les of four operational forecast models (ECMWF,
and the operational models from the meteorologi-
cal of�ces of France, England and Netherlands) are
also recorded over these three sites, which offers
an unique opportunity to evaluate these models us-
ing active remote sensors. This paper reports the
results for the vertical air velocity magnitude and
statistical distribution in terms of probability density
functions. It is clearly seen that the broad structures
of vertical air velocity are generally well captured
by the models. However the statistical distribution
of vertical velocity is much narrower in the models
than in the radar velocities computed at the model
resolution.

2. RETRIEVAL OF THE DYNAMIC PARAMETERS

The method to recover the dynamic properties
of clouds makes use of both the re�ectivity fac-
tor Z and Doppler measurement VD of a 95 GHz
vertically-pointing cloud radar. The Doppler mea-
surement is the sum (Vt + w) of terminal fall speed

� Corresponding author address: Alain Protat, CETP/CNRS,
10/12 avenue de l'Europe, 78140 Vélizy, France; e-mail:
alain.protat@cetp.ipsl.fr

of the hydrometeors and vertical air velocity. In or-
der to estimate the terminal fall velocity, a statistical
approach has been proposed in the case of frontal
cyclones and weakly-precipitating ice clouds (Pro-
tat et al., 2002, Protat et al., 2003). It consists in
developing statistical relationships between termi-
nal fall speed and radar re�ectivity . Terminal fall ve-
locity and re�ectivity are integral parameters of the
particle size distribution (PSD). Ulbrich (1983) for a
Gamma-type PSD, and Testud et al. (2001) for a
normalized PSD, established that the relationships
between integral parameters were represented by
power-law relationships, which, in the case of the
Vt-Z relationship, can be written as Vt = aZb, where
Z is expressed in mm6m� 3, and Vt in ms� 1. Within
weakly-precipitating clouds, the vertical air motions
are generally small, even at small scales of motion,
as opposed to the case of convective systems. In
any case, however, the vertical air motions are not
negligible with respect to the terminal fall speed. For
a long time span however (a few hours), the mean
vertical air motions should vanish with respect to the
mean terminal fall speed, which is much less �uctu-
ating. A statistical power-law relationship between
the terminal fall speed and radar re�ectivity may
therefore be derived from this statistical approach.
This hypothesis has been recently validated in the
case of frontal cyclones sampled during FASTEX
(Protat et al. 2003). A more thorough validation
of this assumption will be performed in a near fu-
ture using high-resolution numerical simulations of
cirrus clouds. Once the Vt = aZb statistical relation-
ship is obtained the radar re�ectivity is easily trans-
lated into terminal fall velocity at each radar gate.
Finally, this terminal fall velocity is subtracted from
the Doppler velocity in order to access the vertical
air velocity.

An illustration of this method is given in Fig. 1,
which shows a plot of VD = (Vt + w) as a function
of Z for 3 hours of cloud radar data collected in an
ice cloud over the SIRTA. On this scatterplot a clear
trend for an increase of negative Doppler velocity
with re�ectivity is obtained, which likely re�ects the
increase of terminal fall velocity and re�ectivity with
cloud particle diameter. A least-squares �tting has
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been carried out in order to derive the Vt = aZb sta-
tistical relationship. At this step the hypothesis that
the mean vertical air velocity is negligible with re-
spect to the mean terminal fall velocity is applied.
Most of the scatter around the �tted curve (order of
magnitude of 20 cms� 1) is most likely attributable
to the individual vertical air velocity contributions. It
could also be argued that some of this scatter might
be due to changes in the cloud microphysics but this
cannot be checked out in the present case. The re-
spective orders of magnitude of changes in cloud
microphysics versus the vertical air velocity contri-
butions will be evaluated in a near future using high-
resolution numerical simulations of cirrus clouds.

FIGURE 1: Statistical relationship (Vt + w) = aZb obtained in an
ice cloud sampled on 27 March 2003 from 0830 UTC to 1130
UTC over the SIRTA by the RASTA 95 GHz radar in a vertically-
pointing con�gur ation

FIGURE 2: Time-height cross-sections of (a) radar re�ectivity
(dBZ), (b) terminal fall velocity (ms� 1), and (c) vertical air velocity
(ms� 1) in the same ice cloud as that of Fig. 1.

This statistical relationship is then used to trans-
late the time-height cross-sections of re�ectivity into
terminal fall velocity. This process is illustrated in
Fig. 2. Fig. 2a shows the radar re�ectivity , which
is translated into terminal fall velocity (Fig. 2b) us-

ing the statistical relationship of Fig. 1. Terminal fall
velocity values ranging from -0.8 to -0.4 ms� 1 are
obtained within this ice cloud, with the highest neg-
ative Vt values clearly correlated with the core of
highest re�ectivities in Fig. 2a. The last step of this
retrieval of the dynamic properties consists in sub-
tracting the terminal fall velocities from the Doppler
velocity measurements, in order to access the time-
height cross-section of vertical air velocity. This w
cross-section is given in Fig. 2c, which shows the
spatial distribution of updraft and downdraft within
the ice cloud.

FIGURE 3: Statistical Vt = aZb relationships for (a) thin cirrus
clouds and (b) thick cirrus clouds sampled over the SIRTA with
the RASTA 95 GHz cloud radar.

This method has been applied to one year of cir-
rus clouds in the CloudNET/SIRTA database. The
obtained Vt � Z relationships have been all dis-
played together in Fig. 3 for the thin cirrus cases
and the thick cirrus cases (thin cirrus clouds are de-
�ned as having a cloud base upper than 8 km and
a depth less than 2 km, thick cirrus are below 8 km
altitude and deeper than 2 km). It is observed that
the relationships for both the thin and thick cirrus
categories are not very different from one case to



another, with differences in Vt less than +-5 cms� 1

for the thin cirrus clouds, +-15 cms� 1 for the thick
cirrus clouds, in the [-40,0] dBZ re�ectivity range.
However, it is clearly observed that the change in Vt

as a function of re�ectivity is clearly not the same
for these two categories, with a faster increase in
Vt as a function of re�ectivity within the thick cir-
rus clouds. This likely re�ects the fact that crystal
densities/shapes are not the same in both types of
clouds. In a near future, this method will be sys-
tematically applied to the databases from the three
CloudNET sites, which will allow new parameteriza-
tions of the sedimentation of ice crystals to be devel-
oped. These new parameterizations derived from
active remote sensing observations will help vali-
date/improve the existing parameterizations within
GCMs that were essentially derived from in-situ mi-
crophysical sensors (e. g., Heyms�eld and Iaquinta,
2000).

3. CASE STUDY ANALYSIS OF THE ACCURACY OF

VERTICAL AIR VELOCITY IN NWP MODELS

In this section the time-height cross-section of
vertical air velocity w retrieved using the method
described in Section 2 is compared with those
diagnosed by three operational forecast models.
The analyses from these three models are in-
deed recorded hourly over the three CloudNET
sites, which allow straight comparisons between the
radar-derived and model estimates of w. Only one
case will be shown for illustration in what follows, but
the conclusions drawn from this case holds for most
of the ice cloud cases that have been investigated
in this study. The time-height cross-section of cloud
radar re�ectivities is shown in Fig. 4.

FIGURE 4: Time-height cross-section of radar re�ectivity (dBZ)
in a frontal passage over SIRTA on 1 April 2003. This case has
been objectively selected for its scienti�c interest, although it also
corresponds to the day the daughter of the �rst author is born.

This case corresponds to a typical prefrontal sit-
uation with high-altitude cirrus clouds passing �rst
above the SIRTA, followed by a front with ice clouds
progressively subsiding and ultimately producing
precipitation at ground. This feature is a particularly

FIGURE 5: Time-height cross-section of vertical air velocity from
(a) the cloud radar retrieval, w is averaged at the scale of the
UKMO model, (b) ECMWF, (c) ARPEGE, and (d) UKMO. The
case under study is that described in Fig. 4.

common situation in France and UK. A straight com-
parison of the performances of the three models as
compared to the cloud radar retrieval (Fig. 5) high-
lights the importance of horizontal grid resolution in
the representation of cloud dynamics. Indeed, it ap-
pears clearly in Fig. 5 that only the UKMO model is
able to reproduce the updraft/downdraft structures
within the clouds at its scale, and it is the model
that has the highest horizontal resolution (UKMO
grid is 12 km, while ECMWF and ARPEGE grids
are 40 and 20km, respectively). It is noteworthy
that in Fig. 5 the radar-derived w has been aver-
aged at the UKMO scale, which may explain the dif-
ferences between the other models and the radar-
derived w. However, when averaging at the scale of
the ECMWF model (40 km), the same conclusion
still holds (not shown). Histograms of w values av-
eraged at the scale of each model have been com-
puted from the cloud radar retrieval of w. These dis-
tributions are displayed in Fig. 6, together with the
histograms of w from the model outputs. This �g-
ure clearly indicates that the ECMWF and ARPEGE
models do not fully represent the variability of ver-
tical air velocity at their scale, while the UKMO has
a broader distribution, in better agreement with the
radar-derived distribution. This narrower distribu-
tion of vertical air motions in models may have a
strong impact on the life cycle of the cloud. An in-



FIGURE 6: Histograms of vertical air velocity from the cloud
radar, averaged at the scale of the three models (left) and the
same histograms from the model outputs.

spection of the precipitation forecast by the ECMWF
and UKMO models over the Cabauw site indicates
that precipitation at ground, which occurred at 1330
UTC, was forecast at 1400 UTC by the UKMO
model and 1800UTC by the ECMWF model. This
large difference in timing of the frontal passage
could be explained by the representation of verti-
cal air velocity in the model, although other reasons
could be invoked (the sedimentation parameteriza-
tion, for instance, which has not been compared yet
with the radar retrieval, but will be in a near future).
It has to be mentioned that more generally the com-
parisons for other cases always indicate this be-
haviour of the ECMWF and ARPEGE models, and
sometimes indicate that even the UKMO model fails
to reproduce the radar observations. A more thor-
ough statistics is under construction, but this pre-
liminary study seems to indicate that the horizontal
grid resolution has to be increased if the cloud life
cycle is to be fairly reproduced by NWP models.

4. CONCLUSIONS AND OUTLOOK

In this paper, we propose and apply a method to

separate the vertical air motion and terminal fall ve-
locity contributions from vertically-pointing Doppler
cloud radar measurements. This method has been
applied to one year of cirrus clouds sampled over
the SIRTA. Statistical relationships between termi-
nal fall velocity and radar re�ectivity are found to be
fairly comparable for 'thick' and 'thin' cirrus clouds
categories, but the 'thick' cirrus relationship is char-
acterised by a sharper increase of terminal fall ve-
locity as a function of re�ectivity . The radar-derived
vertical air motion has then been compared with the
vertical air motion �eld of three operational forecast
models. It is found that the model which has the
highest horizontal grid resolution is the only model
that broadly represent the natural variability of w at
its own scale. It is therefore stressed that an inac-
curate representation of w will impact the simulation
of the cloud life cycle. It is therefore suggested that
this problem be addressed by NWP modellers.
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