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[1] The ability to collect radial velocity measurements at
long range resulting from the deployment of innovative
Doppler schemes within operational radar networks brings
new perspectives in terms of exploitation of operational
Doppler data, including the ability to routinely retrieve
meso-b three-dimensional (3-D) multiple-Doppler wind
fields over extensive areas. In this paper, we evaluate the
potential of this new capability in terms of operational
applications using radar data collected by the French radar
network ARAMIS. The retrieved 3-D wind fields are shown
to provide reliable and continuous mapping of the kinematic
structure of rain events and appear particularly suitable for
both short term forecasting and model verification purposes.
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1. Introduction

[2] Although three-dimensional (3-D) dual- and multiple-
Doppler winds inferred from conventional Doppler radar
networks have been used for more than 25 years in research
mode [e.g., Wakimoto and Srivastava, 2003], current oper-
ational applications of Doppler radar measurements remain
surprisingly limited to single-Doppler analyses such as
Velocity Azimuth Display analysis (VAD) [Browning and
Wexler, 1968], or automated short range detection of wind
shifts and microburst in the vicinity of major airports [e.g.,
Wilson et al., 1984]. The main explanation for this lack of
advanced operational Doppler use is related to the ‘‘Doppler
dilemma’’ ensuing from the inverse relationship between
the unambiguous range and the unambiguous velocity
[Doviak and Zrnic, 1993], which constrains most national
weather services to restrict their Doppler measurements to
short range (�100 km) in order to mitigate velocity ambi-
guities resulting from the aliasing of radial velocities outside
of the Nyquist interval. Because the structure of most
operational radar networks is characterized by extensive
(>200 km) radar separation distance, this acts to dramati-
cally restrict the overlapping areas where airflow can be
successfully reconstructed, and does not allow for adequate
dual- or multiple-Doppler wind synthesis. For this reason
reconstruction of 3-D wind fields from operational Doppler
radar networks has never been carried out consistently
except for short periods of time during which extra research
Doppler radars were added in the context of field experi-
ments [e.g., Chong et al., 2000].

[3] Thanks to the advent of innovative Doppler schemes
such as Multiple-PRT (pulse repetition time) schemes,
which have been recently tested in operational radar sys-
tems [Torres et al., 2004; Tabary et al., 2006], it has
however become possible to defeat this long lasting ‘Dopp-
ler dilemma’ and achieve extensive Doppler coverage while
keeping velocity aliasing at a marginal rate. Together with
improvements in radar data analysis allowing to eliminate
areas of ill-conditioned analysis resulting from geometrical
limitations in dual-Doppler configuration [Bousquet and
Chong, 1998; Chong and Bousquet, 2001], these achieve-
ments open new perspectives in terms of exploitation of
the Doppler information including, for the first time, the
ability to routinely perform multiple-Doppler analysis
within precipitating regions from operational weather radar
systems. The benefit of such capability, which has long
been a recurring demand of weather forecasters, is to ease
the interpretation of raw radar measurements by providing
an immediate and synthetic view of the mesoscale wind
structure that even a non radar specialist can easily
understand.
[4] In this perspective, an experiment has been started in

France in November 2006 to produce real time multiple
Doppler wind fields in an operational framework. This
experiment has been made possible by the operational
deployment of a novel ‘staggered triple-PRT’ Doppler
scheme and the subsequent availability of Doppler measure-
ments up to long range (250 km). The aim of this study is to
illustrate the potential of this new product with a particular
emphasis on short term forecasting and numerical weather
prediction (NWP) model verification applications. The
paper is organized as follow: The French radar network,
experimental setup and analysis techniques relied upon to
produce 3-D wind fields are briefly described in section 2.
Examples of reconstructed wind fields inferred from obser-
vations collected during a long lasting frontal precipitation
event are shown in section 3 and compared against numer-
ical outputs of the French, new-generation, mesoscale
model AROME (Applications of Research to Operations
at MesoscalE). Finally, section 4 concludes with a short
discussion on the generalization of this development to a
nationwide radar network.

2. Experimental Setup

2.1. Radar Network and Experiment Design

[5] The French operational radar network, named
ARAMIS, was built in the early 90’s for rain detection
purposes and was originally composed of 14 conventional
(non Doppler) radars. In 2002, a 6-year duration upgrade
program [Parent du Châtelet et al., 2003] was initiated to
fill some gaps within the radar coverage and introduce
Doppler capabilities. As of today, 8 new Doppler radars
have been installed, a numerical receiver has been devel-
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oped to Dopplerize the original radars and the ‘‘staggered
triple PRT’’ Doppler scheme proposed by Tabary et al.
[2006] was operationally deployed within the entire radar
network to address the mitigation of range and velocity
ambiguities [Zrnic and Mahapatra, 1985]. With that
scheme, Doppler velocities are available simultaneously
with reflectivity up to 250 km and with no ambiguity (the
Nyquist velocity is equal to 60 m s�1). The average deal-
iasing success rate achieved from the triple-PRT scheme is
90% (the reader is referred to Tabary et al. [2006] for a
thorough assessment of the quality of the radial velocities in
various weather conditions).
[6] By late 2007, ARAMIS will comprise 24 Doppler

radars (Figure 1a) covering most of the French territory,
with radar baselines ranging from �200 km in the northern
part of the country down to less than 70 km in the southern
part. The ability of Doppler measurements up to 250 km
will then allow multiple-Doppler wind retrievals over
�50% of the French territory at low (�1 km MSL) and
high (>10 km MSL) levels, up to �90% between 2 km and
7 km MSL (Figure 1a). As of today, the Dopplerization of
the network is about half completed, which already allows
for significant Doppler radar overlapping, especially in the
northern part of the country (Figure 1b), where the test area
for the experimental 3-D product has been set. This exper-
imental domain measures 320 � 320 � 12 km3 and is
centered on Trappes C-band polarimetric Doppler radar that
is located �30 km to the southwest of Paris. It is also
covered by 4 additional C-band operational Doppler radars
respectively located at Arcis, Falaise, Abbeville, and
Avesnes (Figure 1b). All radars perform a complete volume
scan in 15 minutes according to the volume coverage
pattern (VCP) demonstrated in Table 1. The scanning
strategies are radar specific and consist in three 50 cycles
that are repeated every 150. Except for Trappes and Arcis

radars all other radars are characterized by limited scan
modes that consist in 2 to 3 distinct elevation angles
repeated every 50 (Table 1). The vertical and horizontal
resolutions of the domain are set to 500 m and 2.5 km to be
consistent with unavoidable smoothing inherent to radar
beam widths of �1�. Due to the principle of ground-based
radar measurements, the multiple-Doppler radar sampling
within this domain is heterogeneous, which influences the
quality of the retrieved wind fields (the more independent
measurements at a given point, the better the quality of the
retrieved wind field). The multiple-Doppler radar coverage
is thus somewhat restricted in the lowest (�1 km MSL) and
highest (>10 km MSL) layers due to lengthy radar separa-
tion distances and limited scanning strategies, but is much
more significant between 2.5 km and 7 km MSL, where
multiple-Doppler measurements (3 or more independent
radar observations) are available within �100% of the
domain (see Figure S11).

2.2. Data and Analysis Issues

[7] Observations from the 5 radars are centralized and
processed in a fully automated way every 150. Data consist
in operational Plan Position Indicators (PPI) of Doppler
velocity and reflectivity projected on a 1 km2 Cartesian grid.
The data pre-processing includes the removal of non mete-
orological echoes (e.g. ground clutter) and the application of
a 5 � 5 km2 median filter on Doppler velocity to filter out
potential dealiasing failures [Tabary et al., 2006]. In order to
account for the non-simultaneity of the measurements, data
are synchronized with respect to the ending time of the
current 150 cycle using a 32-km resolution advection vector

Figure 1. Map of the ARAMIS network superimposed on Doppler radar overlapping (color coded) at 2 km MSL:
(a) anticipated Doppler radars and overlapping in 2008 and (b) actual Doppler radars and overlapping as of January 2007.
The 100 km ranges of measurement associated with each radar are indicated by black circles. In Figure 1b the red dots show
the location of the 5 radars used to reconstruct the 3-D airflow within the 320 � 320 � 12 km3 experimental domain
(square).

1Auxiliary materials are available in the HTML. doi:10.1029/
2007GL030464.
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field obtained by cross-correlating successive 50 pseudo-
CAPPI reflectivity images. It is radar specific and is
computed every 50. Radar elevation angles considered in
this analysis are shown in Table 1.
[8] Once pre-processed, data are interpolated into the

Cartesian grid and ingested in the multiple-Doppler synthe-
sis and continuity adjustment technique (MUSCAT) initially
proposed by Bousquet and Chong [1998]. MUSCAT
embodies a fully variational approach that permits a simul-
taneous and computationally-efficient solution of the three
Cartesian wind components even along the baseline con-
necting a pair of ground-based radars where ill-conditioned
analysis traditionally occurs [Chong and Bousquet, 2001].
Because the three-dimensional wind field reconstructed by
MUSCAT represents a least squares fit to the available
observations and does not perfectly satisfy the mass conti-
nuity equation, an a posteriori upward integration is per-
formed following O’Brien [1970]. Overall, decoding,
interpolating and resolving the 3-D wind field on a domain
of 375,000 grid points (320 � 320 � 12 km3) requires
between 90 and 120 seconds of computation time on a
1.8 GHz dual-processor LINUX server.

3. Examples of Reconstructed Wind Fields and
Potential Applications

3.1. Observation of a Long Lasting Frontal
Precipitation Event

[9] The operational potential of this product is evaluated
through analysis of observations collected during a long
lasting frontal precipitation event that crossed the French
territory on 13–14 February 2007. This system, which
produced continuous rainfall over Northern France for
about 24 hours, has been consistently sampled by the
5 radars covering the greater Paris area. Reflectivity and
wind direction at 2 km MSL, as inferred from the analysis
of radar observations collected at 06:00, 12:00, 14:00, and
16:00 UTC on 14 February, are shown in Figure 2. During
the first 12 hours of observation the situation remained
stable and was characterized by weak to moderate precip-
itation and uniform SW’ly flow over the experimental area
(Figure 2a and Animation S1). Around 12:00 UTC
(Figure 2b), a distinct flow regime began to emerge in the
northwestern part of the domain as winds rapidly turned to
NW’ly. This sudden change corresponds to the arrival of a
cold front within the domain. The kinematical boundaries of
the front, which can be unambiguously identified from a
wind shift-based criterion, seem in good agreement with
those derived from surface observations at this time. The
wind transition at the front was rather sharp, with weak

NW’ly winds (�5–10 m.s�1) before and stronger south-
westerly flow (20–25 m.s�1) after (Figure 3b). The occur-
rence of large scale subsidence is suggested by the
systematic observation of strong reflectivity values ahead
of the wind shift. Notice that, at this height, the domain is
fully covered by at least 2 radars such that echo free regions
in the reflectivity field denote the absence of rain. By
14:00 UTC (Figure 2c), the front has progressed eastward,
resulting in the expansion of NW’ly winds over half of the
experimental area. NW’ly flow then gradually expanded
into the rest of the domain (Figure 2d). Although detailed
observations of the kinematic structure and evolution of
fronts by the means of research radars have already been
performed in the context of field experiments [Roux et al.,
1993; Stonitsch and Markowski, 2007], this is, to the best of
our knowledge, the first time that similar observations are
performed in a fully operational framework.
[10] Even though these retrieved wind fields seem qual-

itatively reliable, it is important to evaluate these products
from a more quantitative perspective. Such task, however, is
not trivial as there are currently no other observation means
that can provide wind measurements at the space-time
resolution achieved by Doppler radars. Figure S2 presents
an illustration of ongoing efforts to assess quantitatively the
final 3-D product. It shows a comparison between the
retrieved 3-D wind field and data from an operational wind
profiler located at La Ferté-Vidame (Figure 2a) during this
event. Overall there is a good agreement between the two
datasets although one can note significant differences be-
tween 12 UTC and 15 UTC. Observed differences during
this time period, which approximately corresponds to the
passage of the front above the profiler site, are due to
differences in the temporal resolution of the two datasets
(wind profiler data are averaged over a 1-h period). When
significant and sudden changes occur in the wind structure
the lower temporal resolution of the wind profiler does not
allow for an objective comparison against the multiple-
Doppler winds. If we exclude data collected during this
period, the mean difference between the two datasets
average around 1 m.s�1 (wind speed) and 5� (wind direc-
tion) with a RMS error of 2 m.s�1 and 7�, respectively. Such
comparisons have also been carried out on several other
situations (not shown here due to lack of space). Overall, the
error figures obtained for the 14 February 2007 are quite
representative of the typical 3-D wind fields–wind profiler
differences.

3.2. Potential Applications

[11] The unique information on the kinematic structure of
precipitating systems that can be inferred from the opera-

Table 1. Elevation Angles Corresponding to the Scanning Strategy of the 5 Doppler Radars Covering the Greater Paris Areaa

Tilt

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Trappes 90 7.5 0.8 1.5 4.5 0.4 9.5 6.5 0.8 1.5 3.6 0.4 8.5 5.5 0.8 1.5 2.5 0.4
Arcis 4.0 1.1 0.4 - - - 3.0 1.1 0.4 - - - 2.0 1.1 0.4 - - -
Falaise 1.6 1.1 0.4 - - - 1.6 1.1 0.4 - - - 1.6 1.1 0.4 - - -
Abbeville 0.4 1.1 0.4 - - - 0.4 1.1 0.4 - - - 0.4 1.1 0.4 - - -
Avesnes 1.6 1.0 0.4 - - - 1.6 1.0 0.4 - - - 1.6 1.0 0.4 - - -

aA super cycle (18 tilts) is composed of three 5’ cycles (6 tilts). Bold values indicate tilts that are used to retrieve the 3-D airflow. Elevation angles are in
degrees.
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tional retrieval of 3-D multiple-Doppler winds is potentially
valuable for many applications. Researchwise, such infor-
mation could be archived to build a weather database that
would be used for statistical analysis purposes, or more
traditional case studies. From an operational standpoint,
these wind fields could also be used for model validation,
model time lag delay correction or to assist weather now-
cast. Figure 2 and Animation S1 evidently demonstrate the
value of these reconstructed winds in order to identify and
monitor key airflow features, such as significant conver-
gence/divergence area or, as in the present case, wind shifts
associated with the presence of fronts. As of today, predict-
ing the position of fronts associated with midlatitude bar-
oclinic waves is usually accomplished through combining
low resolution operational surface analyses extrapolated a
few hours ahead and numerical model forecast outputs. In
this respect, the added value resulting from the broad picture
afforded by the multiple-Doppler winds is potentially con-
siderable, as it would undoubtedly lead to more accurate

forecasts of kinematical frontal boundaries at different
height levels.
[12] The recent advent of new, high resolution, limited

area NWP systems, such as AROME, HIRLAM, or WRF
models that require lots of mesoscale data for validation
represents yet another potential operational application for
this product. Indeed, unlike traditional wind verification
datasets, such as operational analyses or synoptic scale
spacing network data in which non linear features have
been smoothed away, radar-derived velocity data still con-
tain detailed information on the mesoscale structure of the
airflow. For this reason, radar operators that mimic the
behavior of real radar systems have been recently proposed
to perform direct model validation from radial wind data
[e.g., Caumont et al., 2006]. As the native resolution of
radial winds is still much higher than that of these models, it
is however necessary to re-scale the radar data (to mitigate
representativeness errors) through spatially averaging obser-
vations from different azimuth directions prior to compar-

Figure 2. Wind direction (vectors) superimposed on radar reflectivity (dBZ, color coded) at 2.0 km MSL within the
experimental domain shown in Figure 1b, as derived from multiple-Doppler analysis of radar data at (a) 06:00 UTC,
(b) 12:00 UTC, (c) 14:00 UTC, and (d) 16:00 UTC on 14 February 2007. One every fourth vector is plotted. The location
of the cold front as derived from an operational surface analysis at 12:00 UTC is indicated in Figure 2b. In Figure 2a the red
triangle indicates the location of the wind profiler at La Ferté Vidame.
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ison. A problem with this upscaling process, however, is
that it can ultimately cancel biases in wind speed and
direction even in the presence of systematic differences
between observed and modeled winds [Salonen et al.,

2007]. Because, u, v and w are model state variables, using
complete wind fields instead of radial winds may thus allow
bypassing radar simulators to perform direct, unbiased
model verification.

Figure 3. Side by side comparison of (left) radar-derived and (right) AROME wind speed (m.s�1, color coded) and
direction (vectors) at 1500 m MSL at (a) and (e) 06:00 UTC, (b) and (f) 12:00 UTC, (c) and (g) 14:00 UTC, and (d) and (h)
16:00 UTC on 14 February 2007, within the experimental domain shown in Figure 1b. One every fourth vector is plotted.
The location of the cold front as derived from an operational surface analysis at 12:00 UTC is indicated in Figures 3b and 3f.
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[13] To illustrate this capability, Figure 3 presents a
side by side comparison of radar- vs. model-derived
winds at 1.5 km MSL valid at 06:00, 12:00, 14:00, and
16:00 UTC, on 14 February 2007. The model winds
presented in this study are derived from a 24-hour
forecast (60 s time-step) starting at 00 UTC of a
prototype version of Météo France’s next generation
NWP system AROME, whose operational introduction
is anticipated in 2008 over mainland France. This version,
which runs once a day on a 600 � 600 km2 domain
centered on Paris city, features a 2.5 km horizontal grid
mesh size and 41 vertical levels. Overall, the similarity
between the radar and model winds shown in Figure 3
indicates that the level of detail achieved in the retrieved
winds is evidently compatible with that required for high
resolution NWP model verification, despite the large radar
separation distances in the greater Paris area. From a
qualitative standpoint, the model performs remarkably
well, although one can note a slight misplacement of
the kinematical front with respect to both radar-derived
and operational surface observations (Figures 3b–3f).
Because knowledge of these model mistakes is key to
better understanding and improving their behavior, infor-
mation afforded from operationally reconstructed winds
may thus represent a valuable tool for model wind
verification.

4. Conclusions and Future Developments

[14] Thanks to the recent deployment of a new triple-
PRT scheme within the French radar network, it has
become possible to defeat the long lasting ‘Doppler
dilemma’ and to achieve extensive Doppler coverage
while keeping Doppler velocity aliasing at a marginal
rate. The availability of Doppler measurements up to long
range brings new perspectives in terms of exploitation of
operational Doppler measurement, including the ability to
routinely retrieve 3-D airflow in cloud systems in a fully
operational framework. In this context, an experiment has
been set up to derive real-time multiple-Doppler winds
over Northern France in a totally automated way. The
potential of these operationally-synthesized wind fields
has been evaluated in terms of operational and research
applications using data collected during a long lasting
frontal precipitation event observed on 13–14 February
2007. We showed that information inferred from these
wind fields can definitely be relied upon to achieve
consistent mapping of the dynamic structure of rain
events at multiple scales, as well as to easily spot key
flow features, such as convergence or wind shift, whose
detection present a strong interest for short term forecast-
ing and model verification.
[15] Even though radial velocities, which are the main

ingredients of the 3-D wind fields, have already been
quantitatively assessed [Tabary et al., 2006], there is still
some work ahead to validate quantitatively the 3-D
operational multiple-Doppler wind fields. Radiosonde,
wind profiler, AMDAR (aircraft meteorological data re-
lay) data and numerical simulations will be used for that
purpose. In particular, it is essential to test this approach
on different meteorological situations, such as convective
events and rapidly evolving systems, as well as to better

estimate expected errors in reconstructed wind fields
based on uncertainties in raw measurements and associ-
ated geometric principles inherent to the wind synthesis
technique. The qualitative results obtained on numerous
2007 events have, however, already been considered
valuable enough to justify the operational implementation,
by 2009, of an operational nationwide 3-D wind and
reflectivity mosaic at Météo France.
[16] Overall, the wind synthesis procedure is very

flexible and the addition of new radars in the processing
chain is a simple and fast process that requires very little
modifications. As newly Dopplerized radars are becoming
regularly available in the course of the ongoing upgrade
program, we thus look forward to progressively enlarging
the domain of restitution to achieve a nationwide cover-
age by mid 2008. Since the characteristics of ARAMIS
are generally either comparable (baselines, radar density)
or less sophisticated (scanning strategies) than those of
many operational radar networks operated around the
world, this development should easily be transposable
elsewhere, provided that Doppler velocities are available
up to long range (250 km). This is now operationally
possible with the deployment of innovative Doppler
schemes such as multiple-PRT. For this reason, we
believe that these findings have the potential to change
the way operational Doppler radar measurements are used
for both operational and research purposes.
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