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ABSTRACT

The recent deployment of an innovative triple pulse rise time (PRT) scheme within the French opera-
tional radar network allows for the simultaneous collection of reflectivity and radial velocity measurements
up to a range of 250 km with no ambiguity. This achievement brings new perspectives in terms of opera-
tional exploitation of Doppler measurements including the capability to consistently perform multiple-
Doppler wind synthesis in a fully operational framework. Using real and simulated Doppler observations,
the authors show that the 3D wind fields retrieved in that framework can definitely be relied upon to
achieve a consistent and detailed mapping of the airflow structure in various precipitation regimes despite
radar baselines averaging ~180 km and very limited scanning strategies. This achievement could be easily
transposed to other operational networks and represents a remarkable opportunity to add further value to

operational Doppler velocity measurements.

1. Introduction

Because knowledge of the three-dimensional meso-
scale airflow structure presents a significant interest for
operational purposes, the ability to perform real-time
wind retrieval from operational weather radar has long
been a key objective of national weather services op-
erating Doppler radar networks. However, although
dual- and multiple-Doppler wind retrieval in precipitat-
ing systems has been performed for more than 25 years
in research (e.g., Wakimoto and Srivastava 2003), the
operational exploitation of Doppler measurements re-
mains generally restricted to single-Doppler analyses,
such as Velocity Azimuth Display analysis (VAD;
Browning and Wexler 1968), automated short-range
detection of wind shifts and microburst in the vicinity of
major airports (e.g., Wilson et al. 1984), or ground clut-
ter filtering. The difficulties in achieving operational
3D wind retrieval are primarily related to the “Doppler
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dilemma” ensuing from the inverse relationship be-
tween the unambiguous range and the unambiguous
velocity. This dilemma constrains most operational
weather services to restrict their measurements to short
range to mitigate velocity ambiguities resulting from
the aliasing of radial velocities outside of the Nyquist
interval (Doviak and Zrnic 1993). The structure of
nearly all operational radar networks being character-
ized by extensive (~200 km or more) radar baselines,
this range limitation negatively impacts the size of the
domain where airflow can be successfully recon-
structed. Velocity aliasing, which can still significantly
impact data quality despite measurement range limita-
tions, slow data transfer, and limited scanning strategies
are other important issues that can potentially restrict
the operational exploitation of Doppler measurements.
For these reasons, real-time (operational) 3D wind
synthesis from dual- or multiple-Doppler measure-
ments has never been carried out consistently and has
always been limited to field phases during which ad-
ditional research radars were coupled with operational
radars for short periods of time. The first experimen-
tation of this kind was described by Chong et al. (2000),
who performed (quasi) real-time dual-Doppler analysis
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of data collected by the French research radar
“RONSARD” and Meteo Swiss’s Monte Lema opera-
tional radar during the 2-month field phase of the Me-
soscale Alpine Programme (MAP). The radar baseline
was ~70 km long and the method used for synthesizing
radial velocities was based on the multiple-Doppler
synthesis and continuity adjustment technique (MUS-
CAT) proposed by Bousquet and Chong (1998). The
3D wind and reflectivity fields reconstructed in this
framework were proven quite useful to guide research
aircraft in the field, understand the dynamics of the
sampled atmospheric systems, or verify numerical
model simulations (e.g., Rotunno and Ferretti 2003).
More recently, Dolan and Rutledge (2007) also pro-
posed a method to produce real-time dual-Doppler
winds as part of a new software suite aiming to assist
scientists and forecasters in real-time interpretation and
analysis of radar data. The method, which was tested
during the summers of 2004 and 2005, was developed
for a network of four Doppler radars [two operational
Weather Surveillance Radar-1988 Doppler (WSR-88D)
and Colorado State University’s (CSU) University of
Chicago-Illinois State Water Survey (CHILL) and
Pawnee research radars]. Despite the availability of up
to four radars simultaneously, it was nevertheless lim-
ited to dual-Doppler analysis (with radar baselines
ranging from 32 to 80 km), and the operational dual-
Doppler pair composed by the two Next Generation
Weather Radar (NEXRAD) radars (180-km baseline)
was excluded from the analysis.

Thanks to the recent deployment of multiple pulse
rise time (PRT) schemes in operational radar systems
(Zrnic 1977; Torres et al. 2004; Tabary et al. 2005,
2006), it has become possible to mitigate the long-
lasting Doppler dilemma and to achieve extensive
Doppler coverage while keeping velocity aliasing at a
marginal rate. Together with the ongoing densification
of operational radar networks taking place in Europe
and the United States (Parent-du-Chatelet et al. 2003;
Alberoni et al. 2002; McLaughlin et al. 2005), these
achievements open new perspectives in terms of exploi-
tation of operational Doppler velocity measurements,
including the ability to routinely perform multiple-
Doppler analysis over vast areas from operational
weather radar systems. In France, a fully automated
analysis was, for instance, recently implemented to
achieve three-dimensional wind field retrieval from op-
erational multiple-Doppler observations collected in
the greater Paris area. The value of these wind fields in
terms of model verification and nowcasting applications
has been investigated in Bousquet et al. (2007, 2008),
using Doppler data collected during the passage of a
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long-lasting frontal precipitation event in northern
France.

Although real-time multiple-Doppler analyses shown
in Bousquet et al. (2007) were proven quite reliable,
authors estimated that further work was needed to as-
sess the performance of the wind retrieval in more com-
plex meteorological situations, as well as to better esti-
mate uncertainties in reconstructed wind fields. The
aim of the present paper is thus to complement the
analysis of Bousquet et al. (2007) so as to critically
evaluate the reliability of these wind fields in other pre-
cipitation regimes—including convection—as well as to
examine more precisely the difficulties arising from the
use of operational radars for multiple-Doppler re-
trieval. The paper is organized as follows: a brief de-
scription of the French operational radar network is
given in section 2. The motivations for this work are
further described in section 3 together with a descrip-
tion of the experimental setup and data analysis tech-
niques relied upon to produce 3D wind fields in the
framework of the French operational radar network. A
qualitative evaluation of wind fields retrieved in this
framework is performed in section 4 from real-time
multiple-Doppler analyses of data collected within a
low-level cyclone and a severe squall line. Simulated
radar datasets are then relied upon in section 5 to per-
form a more objective evaluation of retrieved wind
fields. The sensitivity of the retrieval to radar density—
the baselines of the French radar network average
around 180 km—and to typical operational scanning
strategies is also investigated so as to determine more
precisely the origin of uncertainties in retrieved winds.

2. The French operational radar network

The French operational radar network, Application
Radar a la Météorologie InfraSynoptique (ARAMIS),
was composed in 2002 of 18 conventional, non-
Doppler, weather radars used for rain detection and
hydrological purposes. Doppler capabilities have been
introduced in 2002 following the beginning of a 6-yr-
duration upgrade program called Projet ARAMIS
Nouvelles Technologies en Hydrométéorologie Exten-
sion et Renouvellement (PANTHERE), whose objec-
tives are to modernize the network (through imple-
menting Doppler and polarimetric capabilities) and to
fill some gaps in the radar coverage (Parent-du-
Chatelet et al. 2003). As of today, ARAMIS comprises
24 radars (Fig. 1), among which are 3 dual-polarimetric
radars (Gourley et al. 2006) and 12 Doppler radars that
are all equipped with the triple PRT Doppler scheme
proposed by Tabary et al. (2006). Although the full
Dopplerization of the network is not expected until late
2008, the deployment of this innovative Doppler
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Fi1G. 1. Map of the French operational radar network ARAMIS. The 100-km ranges of
measurement associated with each radar are shown by circles. Doppler radars (as of July 2007)
are indicated by red and black dots. Colors indicate regions of single- (gray), dual- (yellow),
and multiple-Doppler (orange) coverage at 2500 m MSL. The red (black) square indicates the
location of the 320 X 320 km? (160 X 160 km?) experimental domain used for operational
wind retrieval (simulation purposes) using the five radars shown by red dots. The Corsica

radar located at Aléria is not shown.

scheme, which yields an extended Nyquist velocity of
+60 ms~! up to a range of 250 km, already allows for
significant dual- and multiple-Doppler coverage within
large portions of the country, especially in northern
France and the greater Paris area.

3. Operational 3D wind synthesis

a. Motivations

A very common way to display radar data is the plan
position indicator (PPI) display, which provides a 2D
map-like picture of the area covered by the radar beam
in which measured heights increase with distance to the
radar. Although interpreting PPI displays of scalar
fields such as reflectivity is rather intuitive, the physical
interpretation of radial velocity PPIs is a time consum-
ing and far more complicated task that requires signif-
icant experience and training in radar meteorology.
This is illustrated in Fig. 2, which presents low-elevation
angle (0.4°) PPIs of reflectivity (Fig. 2a) and radial ve-
locity (Fig. 2b) collected by Trappes, France, C-band
polarimetric Doppler radar (Fig. 1) during a severe

hailstorm storm that hit Paris on 23 June 2005. At the
time of observations (1630 UTC), reflectivity measure-
ments show several spots of intense convective activity
resulting from the development of numerous, more or
less organized, storm cells up to 60 dBZ within a 100-
km range of the radar (Fig. 2a). According to Doppler
velocity data (Fig. 2b), the associated airflow was from
the east below 0.5 km MSL (that is close to the radar)
and from the west above (positive values indicate winds
away from the radar), resulting in a vertical wind shear
of at least 1072 s~! within the 0-1-km layer. Radial
velocity measurements also displayed significant spatial
variability above 1 km MSL, which suggests that the
airflow was fully three-dimensional. Further interpreta-
tion of these data is, however, complicated as Doppler
velocities only represent a part of the actual wind (i.e.,
the radial component). These difficulties of interpreta-
tion make Doppler radar radial velocity data of little
value for the layman. This is particularly true in France
where forecasters do not undergo radar training as op-
posed to, for instance, American or Australian forecast-
ers.
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(a) Reflectivity Trappes 20050623 1630 UTC (b) Radial velocity Trappes 20050623 1630 UTC
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FIG. 2. Radar observations at 1630 UTC 23 Jun 2005. Cartesian, 1-km? resolution PPI of (a) reflectivity (dBZ)
and (b) radial velocity (m s~'; negative values indicate winds toward the radar) collected by Trappes radar at an
elevation of 0.4°. Multiple-Doppler analysis of airflow (vectors) and radar reflectivity (d{BZ) within a domain of 160
X 160 X 15 km?® [shown by red squares in (a) and (b)] centered on Trappes radar with horizontal and vertical
resolutions of 2.5 and 0.5 km, respectively. (c) Horizontal cross section at 1.5 km MSL. (d) Vertical cross section
along longitude 2.75°E. In (a) and (b), circles indicate the radar range of measurement every 20 km. The height

corresponding to each circle is also indicated.

With this background, the main objective of mul-
tiple-Doppler analyses, which combine observations
collected by several neighboring Doppler radars to re-
construct the 3D wind field within precipitating regions,
is to ease the interpretation of airflow and to provide
detailed information on the kinematics of observed
storms that even a nonradar specialist can easily under-
stand. This capability is illustrated in Figs. 2c,d, which
show horizontal wind and reflectivity fields at 1.5 km
MSL, as inferred from the synthesis of Trappes, Ab-
beville, and Arcis radar data (Fig. 1) at the time shown
in Figs. 2a,b (the description of the procedures relied
upon to produce such 3D wind fields in the framework
of the French operational radar network will be pro-
vided in the next sections). With respect to the manual
analysis of radial velocity data (Fig. 2b), knowledge of
the complete wind field evidently allows for a faster and

more comprehensive understanding of the storm kine-
matical structure. It also provides interesting insights
on the storm dynamics through revealing mesoscale
wind features that were initially concealed in the radial
velocity field, such as a well-defined closed cyclonic
circulation at the northern edge of the cloud cluster at
x = 50 km and y = 50 km (Fig. 2c).

Another unique benefit of dual- or multiple-Doppler
wind synthesis is to provide information on the struc-
ture of the vertical motion field. This capability is illus-
trated in Fig. 2d, which shows a meridional cross section
of the airflow and reflectivity field through a deep cell
that was observed in the vicinity of the aforementioned
mesovortex, ahead of a developing region of stratiform
precipitation (see exact location in Fig. 2c¢). This cell,
which exhibited reflectivity values greater than 30 dBZ
up to 12-km altitude, was associated with leading up-
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TABLE 1. Elevation angles (°) used in the scanning strategy of the radars covering the greater Paris area. Boldface values
correspond to elevations that are used for multiple-Doppler wind retrieval.

Radar/tilt No. 1 2 3 4 5 6 7 8
Trappes 90 75 08 15 45 04 95 6.5
Arcis 40 11 04 — — 3.0 1.1
Falaise 16 11 04 — — —
Abbeville 04 11 04 — — —
Avesnes 16 10 04 — — —

Previous cycle repeated
Previous cycle repeated
Previous cycle repeated

9 10 11 12 13 14 15 16 17 18
0.8 1.5 3.6 0.4 8.5 5.5 0.8 1.5 2.5 0.4
04 — — — 2.0 11 04 — — —

Previous cycle repeated
Previous cycle repeated
Previous cycle repeated

drafts—on the order of 5-6 m s~ '—that detrained both
southward and northward at top levels to form the
cloud anvil. Although the magnitude of these updrafts
is likely underestimated with respect to both the verti-
cal extension and the intensity of this particular cell, the
retrieved airflow structure seems realistic and is quali-
tatively consistent with that often observed in multicel-
lular hailstorms from high-resolution research Doppler
data (Browning et al. 1976; Houze 1993; Holler et al.
1994). What makes this analysis unique, however, is
that it was carried out through synthesizing observa-
tions collected by operational radars separated from
about 180 km (Fig. 1). Although this work was origi-
nally motivated by research purposes in cloud dynam-
ics, the apparent ability to retrieve realistic 3D wind
fields from its operational radar network has convinced
Meétéo France to envision the implementation of mul-
tiple-Doppler wind retrieval on an operational basis. A
prototype allowing real-time synthesis of radial velocity
data collected by three radars within a domain of 160 X
160 X 12 km? (centered on Paris city) was built in June
2006 and later extended to five radars and a domain of
320 X 320 X 12 km® in November 2006. The procedures
used to operationally produce multiple-Doppler analy-
ses from the French radar network are given in the
following subsections.

b. Experimental area

The main characteristics of the experimental domain
are given hereafter, but the reader is referred to
Bousquet et al. (2007) for more details about the ex-
perimental setup. The current domain of experiment is
covered by five C-band Doppler radars located, respec-
tively, at Arcis, Abbeville, and Avesnes, Falaise, and
Trappes (Fig. 1). It is centered on Trappes (48.77°N,
2°E, ~30 km southwest of Paris) and measures 320 km
X 320 km X 12 km, with horizontal and vertical reso-
lutions of 2.5 and 0.5 km, respectively. All radars per-
form a complete volume scan in 15 min (supercycle)
according to the volume coverage pattern (VCP) dem-
onstrated in Table 1. The scanning strategies are radar
specific and have been designed specifically for hydro-
logical purposes. They generally consist of a few low-

elevation scans repeated every 5. The combination of
these limited VCPs with extensive radar baselines (Fig.
1) results in relatively poor radar overlapping in the
lowest (=1 km) and highest (>10 km) layers. The cov-
erage, however, quickly increases with height to reach
~100% of the domain between 2.5 and 7.5 km. The
reader is referred to Bousquet et al. (2007, their Fig. S1)
for more details about the radar overlapping within this
experimental domain.

c. Data processing

Reflectivity and radial velocity observations from the
five aforementioned radars are concentrated at the Na-
tional Center in Toulouse and automatically processed
every 15’ (radar scans used in the wind synthesis are
shown in Table 1). Data consist of Cartesian, 512 km X
512 km, 1 km? in resolution PPIs that are already used
for other current operational applications such as VAD
analysis, quantitative precipitation estimates, or data
assimilation. Spurious reflectivity echoes are eliminated
using a threshold on the pulse-to-pulse fluctuation of
the reflectivity (following Sugier et al. 2002), and a 5 X
5 km? median filter is applied to radial velocity mea-
surements to filter out potential dealiasing failures
(Tabary et al. 2006). Data are then synchronized with
respect to the ending time of the 15’ period to account
for the nonsimultaneity of the measurements. This ad-
vection correction is performed through advecting in-
dividual bins (pixels) to that common time using a 32-
km-resolution, two-dimensional, advection vector field
obtained in real time every 5’ by cross correlating suc-
cessive 5’ pseudo-constant altitude plan position indi-
cator (pseudo-CAPPI) reflectivity images (as in Tuttle
and Foote 1990). Preprocessed data are then interpo-
lated into the Cartesian grid following Cressman (1959)
before being ingested in a slightly modified version of
the MUSCAT analysis (Bousquet and Chong 1998)
that will be presented hereafter. Retrieved wind fields
are usually available between 5’ and 6’ after the
completion of a given 15’ supercycle: it takes between
3’ and 4’ to centralize all PPIs in Toulouse (where the
main meteorological center is located), about 1 min to
preprocess the data, and between 90 and 120 s to syn-
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thesize the wind field. As for now, all computations are
done on a 1.8-GHz dual-processor Linux server.

d. The operational version of the MUSCAT
formalism

MUSCAT is a variational algorithm allowing for a
simultaneous and computationally efficient solution of
the three Cartesian wind components (i, v, w) that has
been used for more than 10 yr for research applications
(e.g., Bousquet and Chong 2000; Pradier et al. 2002;
Bousquet and Smull 2006; among others). It was ini-
tially proposed by Bousquet and Chong (1998) to elimi-
nate the main drawbacks of iterative techniques com-
monly employed in dual-Doppler analysis of airborne
radar observations before being later extended to
ground-based radar measurements (Chong et al. 2000;
Chong and Bousquet 2001). Overall, MUSCAT con-
sists of a global minimization, in a least squares sense,
of the function F:

F(u,v,w)= f [A(u, v, w) + B(u, v, w)
s

+ C(u, v, w)] dx dy, 1)

such that
oF 0 oF 0 d oF 0 )
u ov o A 5T @

where A represents the optimal least squares fit of the
observed radial Doppler velocities to the derived wind
component. It includes a Cressman distance-dependent
weighting function to account for noncollocated data
and gridpoint values, allowing the interpolation of the
radar data onto the Cartesian grid of interest, in the
data fit. In the current framework, the interpolation is
performed using a fixed horizontal influence radius of
the Cressman weighting function R; of 3 km and a
variable vertical radius of influence R, equal to 1°
(beamwidth of the ARAMIS radars). In this configu-
ration, R, varies as a function of range so that the
search for data points extends farther out at long range
compared to short range. This also allows one to indi-
rectly take into account the loss of resolution resulting
from beam broadening at long range.

Here, B is the least squares adjustment with respect
to mass continuity. This cost function is formulated for
each individual grid box in terms of mass flux through-
out the faces of the considered box, which allows one to
solve the wind field over both flat and complex terrains
(Chong and Cosma 2000). In this formulation the esti-
mated wind components at the previously investigated
plane are used as input values to solve for the wind at
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the current level. To initialize the wind synthesis, hori-
zontal components are assumed constant between the
surface and the first plane for which the solution for the
wind components is searched.

Additionally, C is a constraint allowing one to mini-
mize small-scale wind variations; it is realized through
the minimization of the second- and third-order deriva-
tives, which act as low-pass filters. It is controlled by a
weighting factor, which is a function of the cutoff wave-
length of the filter. In addition to providing more regu-
lar fields, this term is also essential to obtaining an
objective solution in regions of ill-conditioned analysis
through realizing a regular extrapolation in these re-
gions from surrounding properly conditioned areas.

According to previous studies (Lhermitte and Miller
1970; Davies-Jones 1979), the error variances of the
horizontal velocity components o2 and o? inferred from
a dual-Doppler radar analysis are related to the Dopp-
ler mean velocity variance o2 following

PR o
sin“(,,

where f3,, defines the angle between the horizontal pro-
jection of the two radar beam axes. From Eg. (3), one
can define the dual-Doppler coverage area as the locus
of points between beam angles f3,,,, and = — B,,,5, where
B,.o is chosen depending on the maximum tolerated
error variance [experimenters usually tolerate an error
variance of 3 m s~ ! in the horizontal wind field, which
corresponds to an intersecting angle limit ranging be-
tween 20° and 160° (Friedrich and Hagen 2004)]. Con-
versely, all points falling outside this interval define the
region of ill-conditioned analysis that is the area where
the precision of the reconstructed wind field is prob-
lematic. These problems are particularly severe close to
the radar baseline (when (3, approaches 0 or ) and
concern more particularly the component of the wind
that is normal to this baseline (Miller and Strauch
1974). Although the constraint on second- and third-
order derivatives of MUSCAT was initially designed to
solve this problem, we found that this low-pass filter
could sometimes fail in an operational framework such
as ARAMIS, which is characterized by radar separa-
tion distances of ~180 km (when more than two radars
are considered, the actual regions of ill-conditioned
analysis fluctuate with height and are functions of radar
separation distances and scanning strategies). To miti-
gate potential errors on cross-baseline wind compo-
nents in regions of dual-Doppler coverage, a modifica-
tion of the initial MUSCAT formalism was needed to
apply this algorithm in an operational framework with-
out data loss. This change consists of the addition of a
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new constraint that allows minimizing the variation of
the cross-baseline component of the wind. It is similar
to that proposed by Chong and Bousquet (2001) for a
dual-Doppler radar network, but is now generalized to
a larger number of radars. This term, which only applies
in regions covered by two radars, is defined as

' \?
p-uf3). @

where v’ represents the component of the wind along
direction y’ in a Cartesian coordinate system (x', y’, z)
where x’ coincides with the radar baseline. The weight
W is given by

w = cos*B,,. ®)

The effect of the constraint is thus maximally close to
the radar baseline and weak in properly conditioned
areas.

In the original Cartesian coordinate system (x, y, z),
the operational version of MUSCAT in a generalized
form can thus be rewritten as

Fu,v,w)= f [A(u,v,w) + B(u, v, w) + C(u, v, w)
s
+ D(u,v)] dx dy (6)
with

a(u sin’a; — vsina; cosa)”
0x

D(u,v) = p,[

a(—u sina; cose; + v cos’a;) |? ;
> .o

where «; is the angle between a given radar baseline
and x axis at grid point i.

Finally, as the three-dimensional wind field recon-
structed by MUSCAT represents a least squares fit to
the available observations and does not perfectly satisfy
the mass continuity equation, an a posteriori upward
integration is needed to refine the first estimation of the
vertical velocity. In a research mode this integration is
generally performed following the variational ap-
proaches proposed by Georgis et al. (2000) or Chong
and Testud (1983), which are particularly efficient.
These algorithms are nevertheless time consuming and,
as such, not really suitable for real-time operational
purposes. For this particular application, we thus chose
to follow a much simpler adjustment approach, which
consists of adjusting the vertical velocity by forcing w to
be zero at the bottom and top of any column before
linearly distributing the error at the top throughout the
column (O’Brien 1970). Although relatively crude with
respect to aforementioned adjustment techniques, this
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method is fast and robust enough to achieve qualitative
information on the vertical velocity field. This choice is
moreover justified by the fact that this product is pri-
marily destined for forecasters (for nowcasting) and
modelers (for model verification), who most exclusively
work with divergence fields. Note, however, that more
efficient schemes may be used in the future depending
on available computing resources.

4. Examples of operational wind reconstruction

An evaluation of multiple-Doppler winds recon-
structed in this operational framework is provided
through analysis of observations collected during rain
events that crossed the domain of analysis in 2007. A
first example can be found in Bousquet et al. (2007)
who investigated the structure of airflow during a long-
lasting precipitation event and compared the retrieved
winds against wind profiler observations. The aim of
this section is to complement the aforementioned study
through evaluating the reliability of the retrieved wind
fields in weather situations characterized by more com-
plex airflow structures.

a. Example 1: Surface occluded cyclone

The first event consists of a surface occluded cyclone,
initially centered over the United Kingdom, that
crossed the French territory on 27-28 May 2007. This
cyclonic circulation was the center of a large-scale low
pressure system that affected western Europe for a pe-
riod of 1-2 days. Figure 3 depicts the surface evolution
of the cyclone between 0000 and 1200 UTC 28 May
2007, which approximately corresponds to the period of
available radar observations. At 0000 UTC (Fig. 3a) the
cyclone was located over northern France with a central
pressure of ~995 hPa. The corresponding frontal analy-
sis shows a cold (warm) frontal zone east (north) of the
cyclone center and an occluded front wrapping around
the low. At 1200 UTC (Fig. 3b), the low has consider-
ably weakened and the occluded front associated with
this system has extended southward to reach the
Pyrenees Mountains. The corresponding precipitation
and airflow structures at 1500 m MSL deduced from the
analysis of radar data collected between 0130 and 1230
UTC are shown in Fig. 4. It shows a well-organized
cyclone slowly moving eastward at a speed of ~5 m s~
accompanied with weak to moderate stratiform precipi-
tation. The strongest winds (~10 ms™') were initially
observed within an asymmetric ring collocated with the
cyclone center (Figs. 4a,b). Around 0830 UTC (not
shown), a well-defined rainband oriented south-to-
north entered the domain of analysis. The retrieved
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(b)

=l r

FiG. 3. Operational analyses of surface pressure and fronts on 28 May 2007 at (a) 0000 and (b) 1200 UTC. The
black square indicates the location of the domain where operational wind retrieval is performed.

winds within this band were significantly stronger and
could reach up to 20 ms™' (Figs. 4c,d). Its location,
about 140 km to the west of the cyclone center, coin-
cides with that of the occluded front (Fig. 3b). To the
best of our knowledge, this is the first time that such a
phenomenon is continuously sampled by operational
radars in a dual- or multiple-Doppler configuration.
Exploitation of such data may be particularly interest-
ing in terms of short-term forecasting, as it allows track-
ing of low pressure centers at high spatiotemporal reso-
lution and nowcasting more accurately their future po-
sition. Such datasets could also be used in research to
better understand the structure and evolution of oc-
cluded cyclones, which is still an open subject (Schultz
and Mass 1993).

b. Example 2: Squall line

To assess the quality of the wind retrieval in a more
convective precipitation regime we now turn to a par-
ticularly intense and quite unusual weather phenom-
enon that was observed on 25 May 2007. On this day a
severe squall line brought torrential rainfall in the
greater Paris area and disrupted air traffic for several
hours at all Paris airports. This storm initially displayed
multicellular behavior, with a somewhat unorganized
distribution of the cells, before evolving into a quasi-
linear convective system moving northeastward toward
Paris at a a speed of ~15m s~ (i.e.,, 9ms~ ' to the east
and 12 ms™ ! to the north). The evolution of this con-
vective system between 1430 and 1830 UTC is shown in
Fig. 5. At 1430 UTC (Fig. 5a), the main feature in the
radar domain was a northwest-southeast-oriented line

of thunderstorms characterized by reflectivity values of
up to 60 dBZ. New convective cells also formed in the
wake of the leading line and tried to organize into a
secondary line oriented at an angle of about 60° with
respect to the primary line. This secondary line, how-
ever, quickly dissipated as cells were advected over the
stable cold pool produced by the leading convection.
The flow at 1500 m, which was initially from the south
(Fig. 5a), progressively turned to southwesterly (Fig.
5b) as the squall line progressed in the radar domain.
Starting at 1530 UTC (not shown), a local wind maxi-
mum began to form in the stratiform region of the sys-
tem. This maximum progressively increased to 25 m s~
at 1830 UTC (Fig. 5¢) from 15 m s~ ! at 1630 UTC (Fig.
5b) and was located within a section of the squall line
that ultimately evolved in a bow-shaped segment (Figs.
Sb,c). Figure 6, which presents storm-relative horizon-
tal winds valid at 1730 UTC and 1.5 km MSL, shows
that this wind jet was the signature of a well-defined
rear-to-front (RTF) inflow extending from the back of
the stratiform region to the leading convective edge of
the system. This inflow was restricted to the stratiform
region at the rear of the bowing segment and was ori-
ented northward (i.e., in a direction perpendicular to
the apex of the bow). According to Fig. 7, which shows
vertical profiles of storm-relative mean wind compo-
nents within the RTF flow region, the maximum of
rear inflow was observed near 1.5 km MSL with a rela-
tive peak value of ~7 ms™'. It was extending up to
about 4 km MSL and was associated with subsiding
motions. These results are in good agreement with con-
ceptual models of bow-shaped convective systems (e.g.,
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F1G. 4. Multiple-Doppler analysis of wind (vectors, key at right) at 1.5 km MSL superimposed on radar reflec-
tivity (shaded, key at bottom) within the 320 X 320 km? experimental domain shown in Fig. 1, valid at (a) 0130,
(b) 0330, (c) 0930, and (d) 1230 UTC 28 May 2007. The red star indicates the approximate location of the cyclone
center. In (a), label P shows Paris. One of every two vectors is plotted.

Fujita 1978; Weisman 1993; among others) as well as
more recent studies inferred from radar observations
collected during the Bow Echo and Mesoscale Convec-
tive Vortex Experiment (BAMEX; Davis et al. 2004).
According to these studies, bow-shaped segments of
convective cells generally develop 3—4 hours into the
lifetime of a convective system and are always associ-
ated with a strong, generally subsiding, rear-inflow jet
penetrating the leading edge of the bow. This rear-
inflow jet can sometimes reach down to the surface and
merge with convective outflows that develop at the rear
of the convective line, resulting in substantial wind
damage. In this particular case, however, it is not pos-
sible to determine if the RTF flow reached the ground
because of the lack of radar overlapping below 1 km
MSL.

The retrieved vertical velocity field and horizontal
airflow at a height of 5 km MSL (height of the vertical
velocity maximum) are shown in Figs. 5d-f. Overall
there is a remarkable agreement between the retrieved
vertical velocities and the structure of the reflectivity
field. Maximum upward motions appear well correlated
with the highest reflectivities at the system leading
edge. In particular, one can note that the upward ver-
tical velocity pattern in the convective region (including
the bow-shaped segment region) almost perfectly
matches that of the reflectivity cores (Fig. 5e¢). The
strongest updrafts were observed at 1430 UTC (Fig.
5d). At 1630 UTC (Fig. 5e), updrafts start to gradually
weaken at the leading edge of the line, which is in good
agreement with the apparent decrease of the convective
activity deduced from both reflectivity measurements
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Fi1G. 5. Multiple-Doppler analysis of radar data at (a), (d) 1430, (b), (e) 1630, and (c), (f) 1830 UTC 25 May 2007
within the 320 X 320 km? experimental domain shown in Fig. 1. (a)-(c) Wind (vectors) superimposed on radar
reflectivity (dBZ) at 1.5 km MSL (every third vector is plotted). (d)—(f) Vertical velocity (ms~') at 5 km MSL.
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FIG. 6. Zoomed view of radar reflectivity and system relative
winds for 1730 UTC 25 May 2007 at 1.5 km MSL (every third
vector is plotted). The box indicates the domain where mean
vertical profiles of wind components shown in Fig. 7 are com-
puted.

and from the observation of a descending rear inflow
that is often associated with decaying systems. Overall,
these results suggest that retrieved vertical velocities
should be exploitable from a qualitative standpoint in
regions of significant vertical motions. The limitations
resulting from the coarse resolution of the data, missing
low-level information, and boundary conditions, how-
ever, proscribe any quantitative analysis of vertical ve-
locity estimations.

The agreement between these results and those in-
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F1G. 7. Mean vertical profiles of system relative u and v wind

components (m s~ ') and vertical velocity w (m s~ ') at 1730 UTC
25 May 2007, within the box shown in Fig. 6.
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ferred from the analysis of high-resolution research
data collected in recent field experiments (Wakimoto et
al. 2006; Davis et al. 2004) attests to the apparent reli-
ability of multiple-Doppler winds retrieved in the
framework of the French operational radar network.
Further validation is nevertheless required to routinely
use this product for operational purposes such as now-
casting or model verification applications (Bousquet et
al. 2008). A first assessment of this product can be
found in Bousquet et al. (2007) who compared mul-
tiple-Doppler winds retrieved during a frontal precipi-
tation event against operational wind profiler measure-
ments over a 15-h period. This comparison was, how-
ever, only valid at the profiler site and as such, not
really representative of the overall reliability of the
wind retrieval. This point is of particular importance as
the accuracy of retrieved winds strongly depends on
geometrical considerations ensuing from the heteroge-
neity of the radar sampling in the domain of analysis
(the profiler was, e.g., located in a region of dual- and
triple-Doppler coverage where retrieved winds are the-
oretically less accurate than those synthesized in re-
gions covered by four or five radars). Although the
agreement between the two datasets was quite satisfac-
tory, the authors noticed that this comparison was
strongly biased when the front passed above the pro-
filer site. This bias, which is a consequence of the
poorer temporal resolution of the profiler data, illus-
trates quite well the challenges in validating these mul-
tiple-Doppler winds; in fact—and this is what drives the
uniqueness of this product—there is currently no ob-
servation means able to provide wind measurements at
the space-time resolution achieved by Doppler radars.
Since the exact solution of the wind retrieval performed
from real data cannot be observed in nature, the vali-
dation of these winds is thus extremely difficult. An
alternative to this issue, which is often used by experi-
menters, consists of using simulated radar observations
to evaluate more objectively the consistency of the re-
trieved winds. In such experiments, a reference airflow
that is derived from either an analytical wind field or
cloud model outputs is sampled to generate sets of
simulated radar observations.

5. Tests with simulated radar data

a. Simulation procedure

In the following, numerically simulated Doppler ob-
servations are used to quantitatively assess the consis-
tency of the reconstructed wind fields inferred from the
five-radar network covering the greater Paris area. The
objective of this test is not to validate the MUSCAT
analysis, which has already been proven very robust,
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FiG. 8. Horizontal cross sections of the reference wind field at time (a), (b) T1 and (c), (d) T2. Airflow at (a),
(c) 2.5 km MSL superimposed on reflectivity (dBZ) and (b), (d) 6 km MSL superimposed on vertical velocity

(ms™h).

but to verify that assumptions regarding the geometry
and errors made in this operational framework are ac-
ceptable. The simulated radar data are generated from
a high-resolution numerical simulation of a severe
storm that is used as the “true” atmosphere. This nu-
merical simulation was performed using a nested ver-
sion of the Méso-NH system, which is the nonhydro-
static mesoscale atmospheric model of the French re-
search community (Lafore et al. 1998). The model
domain used to create the simulated radar dataset is
centered over Paris and measures 160 X 160 X 12 km®
with a grid spacing of 2.5 km in the horizontal and 300
m in the vertical (over 41 levels). Simulated radar data
are generated at two distinct model output times, re-
spectively referred to as T1 and T2 (Fig. 8). Time T1
(Figs. 8a,b) corresponds to the mature stage of the
simulated system and is dominated by convective rain-
fall, whereas time T2 (Figs. 8c,d) corresponds to the
decaying stage of the storm and is dominated by strati-

form precipitation. The detailed description of this ex-
periment is given hereafter:

(i) Simulated 1-km? Cartesian PPIs of reflectivity and
radial velocity are constructed by sampling Méso-
NH reflectivity and wind components u, v, and w in
a manner consistent with the scanning sequence of
the five Doppler radars demonstrated in Table 1. A
bilinear interpolation of the model grid values sur-
rounding each observation point is used to simulate
the radar sampling, and random errors with an rms
value of 1 ms™! are added to the simulated radial
velocities to account for radar statistical error. Data
associated with negative reflectivity values are also
flagged out to indirectly simulate the exclusion of
low signal-to-noise-ratio data. Note that potential
uncertainties such as those related to velocity alias-
ing, beam filtering, or storm advection are not taken
into account in these simulations.
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F1G. 9. As in Fig. 8, but for retrieved winds.

(ii) The simulated PPIs are ingested in the radar pro-
cessing chain presented in section 3d. The process-
ing of simulated radar datasets is identical to that of
real data (with a nil advection vector field).

(iii) Multiple-Doppler wind fields synthesized from
simulated radar datasets at times T1 and T2 (la-
beled RETRIEVED) are compared against origi-
nal model outputs (labeled REFERENCE). The
MUSCAT low-pass filter (see section 3d) being set
such that the cutoff wavelength is 4 times the grid
resolution (~10 km), model outputs are filtered at
the same scale before performing any comparison
with the reconstructed fields. This allows one to
restrict the evaluation to only those scales that can
be reproduced by the retrieval method and to miti-
gate scale-related representativeness errors.

b. Results

Retrieved winds at 2.5- and 6-km altitude corre-
sponding to times T1 and T2 are shown in Fig. 9. With

respect to horizontal wind components, the difference
between the reconstructed and the true airflow (Fig. 8)
is almost imperceptible at both heights. Regions of sub-
siding and ascending motions also appear well posi-
tioned with respect to the reference (Fig. 8), although
updrafts are generally underestimated (overestimated)
in convective (stratiform) regions. Such errors are not
surprising considering both the crude method used to
integrate the continuity equation and missing low-level
convergence ensuing from the lack of radar overlapping
below 1 km MSL. The correct positioning of convective
updrafts and downdrafts at time T1 (Fig. 9b), however,
suggests that retrieved vertical velocities could indeed
be exploitable from a qualitative standpoint in strongly
convective situations. As for stratiform regions (Fig.
9d), or cases characterized by weak-to-moderate small-
scale convergence, retrieved vertical velocities must be
considered with caution, although the imposition of
horizontal averaging could be used for extracting some
information and mitigating errors resulting from
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Fi1G. 10. Height profiles of the (a)-(c) mean and (d)—(f) standard deviation of the differences
between synthesized and reference u, v, and w components for different radar configurations

(see text).

boundary conditions (Fig. 7). The vertical structure of
error statistics (black curves) evaluated from the differ-
ence between retrieved and reference wind compo-
nents at time T1 is shown in Fig. 10. Errors in the hori-
zontal wind components are maximized at low levels
with a bias of 3 ms™! at 1.5 km MSL and standard
deviations up to 4 ms™! at 1 km MSL. These errors
then decrease with increasing height to stabilize at

midlevels. Between 2.5 and 11 km MSL, the bias error
remains below 0.2 m s~ ' with a standard deviation less
than 1.5 ms~'. Error profiles at time T2 (not shown)
are similar to those obtained at time T1 and also
show a pronounced maximum at low levels. These error
figures show that uncertainties in retrieved wind com-
ponents ensuing from the limitations inherent to this
particular framework, such as missing low-level in-
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FI1G. 11. Horizontal cross sections of airflow (vectors) superimposed on reflectivity (dBZ) at time T1 and 0.5 km
MSL, as deduced from (a) reference and (b) V6 analysis (see text). The red triangle shows the location of the
additional, virtual radar used in experiment V6. The Trappes radar is shown by a red circle.

formation or poor vertical sampling, are quite reason-
able.

This simulation framework can also be used to evalu-
ate the sensitivity of the retrieval to various parameters,
as well as to test new sampling strategies or define qual-
ity indexes. With this respect, Fig. 10 also presents re-
sults of a couple of sensitivity experiments aiming to
roughly evaluate the sensitivity of the retrieval to both
radar density and vertical sampling so as to determine
more precisely the origin of uncertainties in retrieved
winds. In the first test, referred to as V5, the “volumic”
scanning strategy of the Trappes radar (Table 1) is vir-
tually applied to all other radars to achieve a denser
vertical sampling of the atmosphere through scanning
at higher elevations. According to associated error sta-
tistics (blue curves), the increased sampling density has
little impact on the retrieval, which suggests that cur-
rent radar VCPs, although quite limited, are likely suf-
ficient to achieve a good estimation of the wind at the
considered spatiotemporal resolution. In the second
test, referred to as V6, the volumic scanning strategy
used in experiment V5 is also applied to all radars, but
an extra radar is simulated near Trappes to increase the
dual-Doppler coverage near the ground. A quick evalu-
ation of the wind retrieval in this configuration is pro-
vided in Fig. 11, which shows a side-by-side comparison
of the reference and retrieved airflow at 500 m MSL. Of
particular interest is the reliability of dual-Doppler
winds along the radar baseline, which confirms the
good performance of the retrieval method in regions of
ill-conditioned analysis. The overall impact of this extra
radar on the retrieval can be assessed from Fig. 10 (red
curves), which shows a decrease of up to 50% in the

bias and rms errors on horizontal wind components at
low levels. These results suggest that uncertainties seen
immediately above the surface in the real five-radar
configuration (Fig. 10, black curves) are likely a conse-
quence of assumptions on surface winds required to
initialize the wind synthesis (see section 3d). This im-
provement is not surprising as vertical gaps in sampled
divergence (especially near the surface) are a known
limitation of virtually all Doppler-derived winds. Note
that the better sampling of the low-level divergence
achieved through the utilization of a sixth radar also
evidently improves the quality of the retrieved vertical
component of the wind at all heights. This improve-
ment is, however, relative to the five-radar configura-
tion and is not representative of the absolute uncer-
tainty on w.

6. Conclusions and perspectives

The ability to collect Doppler measurements up to
long range resulting from the recent deployment of a
new triple PRT scheme within the French radar net-
work allows one to achieve extensive Doppler coverage
while keeping Doppler velocity aliasing at a marginal
rate. This achievement brings new perspectives in terms
of exploitation of operational Doppler measurements
such as the ability to routinely perform multiple-
Doppler wind synthesis in a fully operational frame-
work. In this context, an experiment has been set to
produce multiple-Doppler wind fields in real time from
a network of five operational radars covering the
greater Paris area. This experimental setup, which has
been in place since November 2006, allows producing

Unauthenticated | Downloaded 06/10/21 04:24 PM UTC



2944

multiple-Doppler winds within a 320 X 320 X 12 km?
domain with a time resolution of 15 min and spatial
resolutions of 2.5 km (horizontal) and 0.5 km (vertical).

A first evaluation of multiple-Doppler winds fields
synthesized in this framework was carried out from
data collected during a couple of weather situations
characterized by fundamentally different airflow and
precipitation regimes, that is, a surface occluded cy-
clone associated with moderate precipitation, and a
particularly intense squall line that ultimately devel-
oped a pronounced bow-echo segment and a well-
defined RTF inflow. Airflows retrieved in this opera-
tional framework are highly consistent with those docu-
mented earlier from high-resolution research radar
data, which suggests that multiple-Doppler winds re-
trieved in this operational framework are quite reliable.

Numerically simulated Doppler radar observations
have also then been relied upon to achieve a more
quantitative evaluation of the retrieved airflow and to
further investigate the impact of radar density and scan-
ning strategy on the quality of reconstructed 3D winds.
Results of these tests have shown that it was possible to
achieve a consistent and accurate mapping of the kine-
matic structure of rain events despite the extensive ra-
dar baselines (~180 km) and limited scanning strategies
that characterize the French radar network in the ex-
perimental domain. The poor radar overlapping near
the surface, which prevents the capture of the full low-
level convergence/divergence, was nevertheless found
to impact the accuracy of the retrieved horizontal cir-
culation at the lowest levels where mean bias and rms
errors could reach up to 3 and 4 ms™!, respectively.
These errors, however, quickly decrease with increasing
height to stabilize, respectively, near 0.2 and 1.5 ms™*
between 2.5 and 11 km MSL, which is a remarkable
result.

Although operational multiple-Doppler retrieval is
currently restricted to northern France, the ongoing
Dopplerization of the remaining non-Doppler ARAMIS
radars should allow for the quick extension of this
analysis to other parts of the French territory. With
respect to this, the operational implementation, by
2010, of a nationwide, three-dimensional, wind and re-
flectivity composite has already been planned at Météo
France and is currently under way. This product will be
delivered to forecasters (mainly for visualization), to
modelers for high-resolution model verification, but
also to atmospheric researchers who will then benefit
from unprecedented datasets for statistical or more tra-
ditional case studies. Because the typical spacing and
scanning strategies of the French radars are generally
comparable to those of many operational radar net-
works operated around the world, this achievement
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could be transposed elsewhere easily and, as such, rep-
resents a remarkable opportunity to further valorize
operational Doppler velocity data whose exploitation is
generally limited to VAD analysis and ground filtering.
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