
1Laboratoire d'AeÂrologie (CNRS-UPS), Toulouse, France
2National Center for Atmospheric Research� Boulder, Co, USA

Observation of Precipitating Systems over Complex Orography
with Meteorological Doppler Radars: A Feasibility Study

J. F. Georgis1, F. Roux1, and P. H. Hildebrand2

With 5 Figures

Received March 22, 1999
Revised June 1, 1999

Summary

This paper concerns the use of airborne or ground-based
Doppler radars to observe precipitating systems over
complex orography. As nearly all of the previous experi-
ments involving Doppler radars were conducted over flat
surfaces over the continents or the oceans, new techniques
are needed firstly to separate ground clutter from
meteorological signal and, in the case of airborne Doppler
observations, to deduce navigational errors. Secondly, it is
necessary to take the atmospheric circulation induced by
orography into account in the three-dimensional wind field
analysis. Variational techniques are presented to solve these
problems.

The proposed methods are tested with simulated ground-
based and airborne Doppler radar observations for analytic
flows over analytic terrains and for numerically simulated
wind and reflectivity fields for the Brig event (22
September 1993) of heavy precipitation over the southern
flank of the Alps (Cosma and Richard, 1998), and with
actual airborne Doppler data relative to weak snow showers
over the Rocky Mountains on 12 March 1995.

1. Introduction

A large variety of instruments are used to observe
and describe the internal structure of clouds. But
only Doppler radars can provide simultaneous
information on the wind and precipitation ®elds
with mesoscale coverage and convective-scale

resolution. Since about twenty years, these
instruments have contributed to better understand
the kinematic, microphysical and even thermo-
dynamic processes leading to the formation,
maintenance and evolution of precipitating
systems. Until now however, Doppler radars
have been used mainly over oceans and ¯at
terrains. To our knowledge, only two meteor-
ological experiments over rugged terrains relied
on dual- or multiple-Doppler radar observations
and, consequently, were likely to provide infor-
mation about the relationship between orography
and three-dimensional wind ®eld. These are the
multiple-Doppler radar observations of cumulo-
nimbus clouds over the Rocky Mountains by
Cotton et al. (1983), and the investigation of
precipitating clouds by airborne Doppler radar
upstream of a mountain range near the Oregon
coastline during the COAST campaign (Bond et
al., 1997; Braun et al., 1997). But the ®rst study
focused only on the evolution of the re¯ectivity
pattern, and the analysis of the radar-derived
kinematic ®elds for the second one was hampered
by large uncertainties in the velocity components,
resulting probably from the approximations made
for the calculation of the vertical wind.

The forthcoming Mesoscale Alpine Pro-
gramme [MAP, Binder et al., 1995] will see a
large deployment of airborne and ground-based
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Doppler radars over the Alps, so as to deduce the
structure and evolution of the wind and re¯ectiv-
ity ®elds associated with orographic precipitating
systems. Beforehand, it is necessary to verify that
the dif®culties encountered during previous
studies are overcome and that reliable informa-
tion will be deduced from radar observations. To
this goal, new techniques have been developed
which explicitely take the orographic effects into
account.

A ®rst aspect concerns a reliable identi®cation
of the ground clutter for two purposes. Firstly,
such signals must be removed from the raw radar
data, so as to retain only meteorological
measurements. Secondly, comparisons between
a radar-derived cartography of the ground and a
digital terrain map (DTM) can be used to deduce
information on possible position, navigation
and/or attitude errors. Although this last aspect
is more crucial for airborne radars, it may also be
of some importance for ground-based ones.

The second aspect to deal with concerns the
retrieval of balanced wind ®elds over complex
terrains. It is well known that only the horizontal
components of the wind can be directly deter-
mined from Doppler data with suf®cient accu-
racy (see, e.g., Matejka and Barnes, 1998, for a
review). The vertical component has to be
deduced from the integration of the air mass
continuity equation with adequate boundary
conditions. But this calculation is not trivial
because a direct upward integration leads
inevitably to errors which amplify exponentially
with height, whereas downward integration
starting from a hypothetic tropopause level may
lead to non-negligible biases. Only a variational
approach permits to overcome these dif®culties:
Ray et al. (1980), Chong and Testud (1983) have
shown that three-dimensional wind ®eld can
ef®ciently be calculated from multiple Doppler
observations over a ¯at surface.

The calculation of the vertical component of
the wind is far more dif®cult over complex
orography, especially because of the in¯uence of
slope winds. Hence, the boundary conditions
which must be speci®ed before integrating the air
mass continuity equation have to be carefully
rede®ned. In particular, the vertical wind com-
ponent at the ground level is no longer zero but,
as a ®rst approximation, is supposed equal to the
product of the horizontal surface wind by the

gradient of the terrain elevation. Additional
classical constraints are added in the variational
formulation, so as to minimize the vertical
velocity at the top of the radar echoes and its
horizontal gradient throughout the considered
domain.

Section 2 concerns the objective identi®cation
of the ground clutter. Its use to deduce navigation
errors is discussed in section 3. The details of the
variational technique which permits to retrieve
balanced three-dimensional wind ®elds over
complex terrain are given in section 4. The
results of tests with simulated data from
analytical winds and orographies, and from
numerical model outputs are discussed in section
5. Section 6 concerns an application to actual
data collected during a test-¯ight over the Rocky
Mountains in Colorado (USA) on 12 March 1995
with the French-American ELDORA-ASTRAIA
(Electra Doppler radar ± Analyse SteÂreÂoscopique
par un Radar aÁ Impulsions AeÂroporteÂ, Hildebrand
et al., 1994) airborne Doppler radar.

2. Identi®cation of Surface Echoes

Useful information can be obtained from Dop-
pler radar observations over complex orography
only if surface echoes and meteorological signals
are correctly identi®ed and separated. As dis-
cussed in, e.g. Testud et al. (1995) or Delrieu et
al. (1995), the contribution of surface echo in the
return signal for the different radar range gates
depends on three factors:

(i) the portion of the footprint (i.e. the projec-
tion of the beam ± usually de®ned as the
one-way 3-dB main lobe ± over the earth
surface) it intersects,

(ii) the orientation of the surface with respect to
that of the radar beam,

(iii) the effective radar backscattering cross-
section of the considered surface.

Over mountainous regions, because of strong
dependence of the returned echo power on
incident angle and terrain type, as well as soil,
vegetation, humidity and wind on the ground,
these three effects can be of similar importance
and lead to large variations of the ground signal
intensity. However, when the angle between the
radar beam and the intersecting surface is close
to prependicular, the power of the signal returned
from the ground is generally higher than that
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from meteorological targets and can be unam-
biguously identi®ed within a small number of
range gates.

Here, the location of the surface echo within
the series of range gates for a given radar beam
direction is determined with two simultaneous
criteria. The equivalent re¯ectivity value and its
gradient between the considered gate and the
previous one must both be above some thresh-
olds. In the case of airborne radar observations
discussed below, these thresholds, 40 dBZ for
re¯ectivity and 100 dBZ � kmÿ1 for its gradient,
are multiplied by jsin�j0.7, where � is the
elevation with respect to the horizontal, so as to
account for the overall decrease of the intensity
of the surface signal for non-vertical radar
beams. Exponent 0.7 was determined empirically
from available airborne Doppler data from
previous experiments over oceanic regions in
the tropics and the mid-latitudes. For radar
beams at, e.g., 10� below the horizontal, the
re¯ectivity and gradient thresholds are 12 dBZ
and 29 dBZ � kmÿ1, respectively. Such a smooth
decrease of the surface signal is observed only
when an airborne radar is operated over a ¯at
surface. Over complex terrains, and lake, sea or
ocean surfaces with high winds, swells and
waves, relatively strong surface clutters can be
observed even at grazing incidence. However,
only the beams at more than 10� below the
horizontal are considered, because surface signal
cannot be unambiguously detected for near-
grazing rays. Hence, the identi®cation of surface
echoes is possible only at horizontal distances
less than ��zAC ÿ h�/tan10�], where �ZAC ÿ h� is
the aircraft altitude above surface level at the
considered point.

Once a point has been recognized as a ground
echo, its cartesian coordinates and a weight
proportional to the equivalent re¯ectivity value
and gradient are stored. Afterwards, these points
are interpolated toward a cartesian grid, taking
their relative weight into account and using a
Cressman (1959) ®ltering function. As an
example, Fig. 1a and b shows a comparison
between digital terrain and radar-derived maps,
for a 15-min ¯ight interval with the ELDORA-
ASTRAIA radar aboard the NCAR Electra
aircraft over the San Juan mountains near
Denver, Colorado, on 12 March 1995 between
0335 and 0350 (all times are UTC). As it will be

shown below, weak snow showers were observed
at this time with the radar. As the aircraft was
¯ying about 3 km above ground level, surface
altitude can be retrieved with the technique
described above only within an approximately
35-km wide band centered on the aircraft track.
Good correlation is found between the topo-
graphic features revealed by the two terrain
maps, showing that, wherever this is geometri-
cally possible, the ground echo can be unam-
biguously identi®ed. The mean and rms (root
mean square) differences between the raw radar-
and interpolated DTM-derived surface altitudes
are �125 and 240 m, respectively. We show
below that these values can be substantially
reduced.

3. Correction for Navigation Errors

As outlined by Testud et al. (1995), correct
navigation of airborne meteorological radar data
with respect to the earth is essential to meet the
scienti®c requirements concerning data location
and velocity accuracy. For this purpose, they
have developed a technique using the location
and the Doppler velocity of the radar echo
returned from the earth's surface to determine
corrections of navigation errors resulting from
either antenna mounting or Inertial Navigation
System (INS) drift or bias. However, this method
can only be applied for radar data collected over
sea or ¯at land surface. Below, an improved
version of this technique is described, with three
major characteristics:

(i) the surface altitude h�x; y� is no longer
supposed to be constant;

(ii) a comparison between the ¯ight level wind
measurements and the Doppler velocity
values at low elevation (less than �5�) and
close radial distance (less than 3 km) is also
taken into account;

(iii) errors on aircraft location are also consid-
ered.

The problem is expressed as the minimization of
a cost-function resulting from the normalized
sum of three contributions J1, J2 and J3, with
respect to the unknown errors in aircraft or radar
attitude (roll �R, heading �H, pitch �P),
horizontal aircraft speed �V , aircraft location
(eastward �x, northward �y, upward �z), and
radar ranging (�df and �da for the fore and aft
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radars, respectively, for ELDORA-ASTRAIA).
J1 is a cost-function quantifying the difference
between the NSURF radar-derived surface alti-
tudes zRAD(n) and those interpolated from the
DTM at the same horizontal locations
hDTM[xRAD(n),yRAD(n)], after adding the varia-
tions of zRAD and hDTM due to navigation errors:

where the values of the partial derivatives of
xRAD, yRAD and zRAD with respect to aircraft roll,
pitch, drift and radar range for each point (n) are
obtained from simple geometry (see Appendix),
�fa is equal to 1 (0) for the fore (aft) radar
beams, pSURF is a weight proportional to the

surface re¯ectivity and gradient. The second
cost-function J2 deals with the NSURF Doppler
velocity values VSURF associated with the surface
echoes, which should be equal to zero if there
was no error. Likewise, J2 includes variations due
to the aircraft attitude and horizontal speed
errors:

where the values of the partial derivatives of
VSURF with respect to aircraft roll, pitch, drift and
horizontal speed for each point (n) are deduced
from geometry (App. A). The third cost-function
J3 concerns the NNEAR differences between the
Doppler velocity values VNEAR at low elevation
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(<�5�) and close horizontal distance (<3 km)
from the aircraft, and the projection VINSITU of
the in-situ wind components on the direction
toward which the radar beam is pointing, after
adding the variations due to the aircraft attitude
and speed errors:

where pNEAR(n) is a weight inversely propor-
tional to the distance between the considered
point and the aircraft. A solution for the
navigational corrections is obtained through the
minimization of the normalized sum J of J1, J2,
J3:

J � J1XNSURF

n�1

pSURF�n�kzRAD�n� ÿ hDTM�xRAD�n�; yRAD�n��k

� J2XNSURF

n�1
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� J3XNNEAR

n�1

pNEAR�n�kVNEAR�n� ÿ VINSITU�n�k
(4a)

where symbol kk indicates a positive value. J is
minimized with respect to the errors in roll,
pitch, heading, aircraft horizontal position and
altitude, radar range delays and horizontal
groundspeed, as:

@J

@��R;�P;�H;�x;�y;�z;�df ;�da;�V� � 0

�4b�
Such a derivation gives a system of 9 linear
equations, which can easily be solved through
the inversion of a 9� 9 matrix.

Though written differently, this formulation is
equivalent to that used by Testud et al. (1995)

when hDTM is constant so its derivatives with
respect to xRAD and yRAD cancel, and J3, �x and
�y are not considered in (4a and b). It can be
noted that it is only for a rolling orography that
errors ��x;�y� on the horizontal position of the
aircraft can be deduced and error �H on the

heading angle H has an in¯uence on the
difference between the radar- and DTM-derived
surface altitudes since, otherwise, terms
�@hDTM=@xRAD� and �@hDTM=@yRAD� in (1)
cancel (see Appendix).

A series of tests (not shown) with simulated
data and orographies with added realistic errors
(less than �2� for the angles, less than �1 km for
aircraft horizontal location, less than �500 m for
aircraft altitude and range delay, less than
�3 msÿ1 for aircraft horizontal speed) and
gaussian white noises on surface identi®cation
(100 m rms) and Doppler velocities (2 msÿ1 rms)
has revealed that this method allows to deduce
errors on angles, altitude and range delay,
horizontal speed to within about 0.2�, 20 m and
0.5 msÿ1, respectively. These values are slightly
larger than those obtained by Testud et al. (1995)
(0.1�, 10 m, 0.1 msÿ1, as deduced from their
Table 3), probably because of the more dif®cult
identi®cation of the surface over complex
orography. It is also to be mentioned that, when
errors �x and �y in aircraft location are large
(>1 km) and the surface altitude is highly
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series of less than ®ve analyses (4a and b) can
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After the obtained corrections are applied to the
simulated data, the mean and rms differences for
surface altitude, surface Doppler velocity and
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Doppler velocity at low elevation and close range
reduce signi®cantly. However it must be outlined
that, although this method can help to signi®-
cantly reduce biases resulting from navigation
errors, it cannot make the random error or
independent instrumental bias vanish.

Concerning the previously discussed
ELDORA-ASTRAIA data set at 0335±0350 on
12 March 1995, the obtained corrections are
ÿ0.15� for roll, ÿ1.45� for pitch, �0.20� for
drift, �90 m and �75 m for the range delays of
the fore and aft radars, �950 m for aircraft zonal
position, ÿ600 m for its meridional position,
ÿ55 m for aircraft altitude, ÿ1.1 msÿ1 for
horizontal aircraft speed, respectively. Using
these corrections, the mean and rms differences
for surface altitude at 0335±0350 reduce from
�125 and 240 m to <1 and 170 m, respectively;
those on surface Doppler velocity from �3.0 and
3.4 msÿ1 to �0.2 and 1.1 msÿ1; those on Doppler
velocity at low elevation and close range from
ÿ0.4 and 5.6 msÿ1 to ÿ0.2 and 5.3 msÿ1. This
relatively small reduction of the rms difference
for this last quantity, as compared to the surface
Doppler velocity, could result from the largest
retrieved error in the pitch angle (�P�ÿ1.45�),
which has a very small in¯uence on the
horizontal wind component, while the error in
the more in¯uential drift angle is relatively small
�H � �0:20�) since, as it can be deduced from
the Appendix, k@VINSITU=@Pk is signi®cantly
smaller than k@VINSITU=@Hk. Since the mean
difference between the Doppler and ¯ight-level
winds is however small, this could also reveal
uncorrelated random variations for both mea-
surements. The radar-derived surface terrain map
obtained after these corrections have been
applied (Fig. 1c) compares signi®cantly better
than the uncorrected map (Fig. 1b) with the
DTM-derived one (Fig. 1a).

4. Retrieval of Balanced Three-Dimensional
Wind Fields over Complex Orography

To isolate meteorological data from ground-
based or airborne Doppler radar observations

Fig. 1. Electra trajectory (solid line) and terrain elevation
map (in m, starting from 2100 m, contours every 300 m) for
the derived from (a) a digital terrain map, (b) uncorrected
ELDORA-ASTRAIA radar data, (c) radar data corrected
for navigational errors
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over complex orography, the surface echoes are
eliminated using both the objective identi®cation
technique described in Section 2 and the DTM in
such a way that any range gate that could be even
partially contaminated by surface echo, and those
beyond, are eliminated. Then, different methods
can be used to calculate three-dimensional wind
®elds from the Doppler velocities (see Matejka
and Bartels, 1998, for a review). Two steps are
considered here:
(i) horizontal wind components are calculated

at grid points of a three-dimensional carte-
sian domain,

(ii) then the anelastic airmass continuity equa-
tion is integrated upwards while a minimum
correction is applied to the three-dimen-
sional wind so as to satisfy lower and upper
boundary conditions as well as regularity of
the vertical velocity ®eld throughout the
considered domain.

4.1 The Horizontal Wind Components

The radial velocity V measured with a ground-
based or an airborne meteorological Doppler

radar is the projection of the sum of the
downward precipitation fallspeed VP (positive
downwards) relative to the air and the three-
dimensional air speed onto the direction toward
which the radar is pointing, as:

V �ÿ u cos�cos� ÿ v sin� cos�

ÿ �wÿ VP� sin �
�5�

where � and � are the azimuth with respect to
east (north is 90�, west 180�, . . .) and the
elevation with respect to the horizontal (zenith
is �90�, nadir is ÿ90�), respectively; u; v and w
the cartesian wind components, positive east-
wards, northwards and upwards, respectively.

The fallspeed VP is estimated from the radar
re¯ectivity values. Concerning the ELDORA-
ASTRAIA data on 12 March 1995, we used the
same relation as that for iced hydrometeors in
Roux et al. (1993). As a ®rst approximation, only
the Doppler velocity data with j�j < 30� are
considered, so the contribution of the unknown
vertical velocity component w in (5) can be
neglected (but, in an iterative process, it can also
be deduced from a previous analysis as ~w, see
Section 4b). A « corrected » Doppler velocity V�
is obtained as:

V� � V ÿ VP sin ���~w sin ��
� ÿu cos� cos� ÿ v sin� cos �

�6�

Following Roux and Sun (1990), the horizontal
velocity components uijk and vijk are obtained at
each grid point [ijk] of a cartesian domain de-
®ned by �xi � x0 � �iÿ 1� ��x for 1 � i � Nx;
yj � y0 � � jÿ 1� ��Y for 1 � j � NY ; Zk �
Z0 � �k ÿ 1� ��Z and 1 � k � NZ �, through
the minimization of a series of NX � NY � NZ

cost-functions Juv�ijk� de®ned as:

where xn; yn; zn are the cartesian coordinates of
the nth observed point in the vicinity of grid point
xi; yj; zk. Provided that there are enough measure-
ments with different azimuths �n (the standard
deviation of the �'s must be larger than 30�), the
wind components uijk and vijk are obtained
through:

@Juv�ijk�
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� 0 and
@Juv�ijk�
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� 0 �7b�

which can easily be solved through the inversion
of a 2�2 matrix for each [ijk] where the
conditions above are satis®ed. These values uijk
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with pn � �3ÿ D2
n=�3� D2

n� if D2
n �
�xn ÿ xi�2

�2
x

� �yn ÿ yj�2
�2

Y

� �zn ÿ zk�2
�2

Z

< 3

pn � 0 if D2
n � 3
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and vijk at each grid point are then checked for
consistency with their neighbours, i.e. they are
forced to be within the limits:

hui ÿ �u � uijk � hui � �u

hvi ÿ �v � vijk � hvi � �v

�8�

where symbols h i and � denote mean value and
standard deviation for the �26 grid points at
�i� 1; j� 1; k � 1�, excluding [ijk].

4.2 The Vertical Wind Component

The radar-derived wind ®eld is supposed to obey
the anelastic approximation of the air mass
continuity equation:

@u
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� @v

@y
� @w

@z
ÿ w

H0

� 0 �9�

where H0 is the density scale height, determined
by ��z� � �0 � exp�z=H0�, where ��z� and �0 are
the air density at altitude z and mean sea level,
respectively. The vertical velocity component
wijk can be deduced as:

wijk � ÿexp
zk

H0

� �
�
�zk

h�xi;yj�
exp ÿ ��

H0

� �
@uijk

@x
� @vij�

@y

� �
d��

� exp
zÿ h�xi; yi�
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where h�xi; yj� is the surface altitude derived
from a DTM and wSURF�ij� is the vertical
component of the wind at surface level below
the considered grid point (ij). The latter con-
tribution, which is zero in the case of a ¯at
earth's surface, can be very important over steep
terrain. As no information is generally available,
we will suppose that wsurf results only from the
¯ow following the terrain h�x; y�, as:

wSURF�ij� � u�ij; h�xi; yj�� @h�xi; yj�
@x

� v�ij; h�xi; yj�� @h�xi; yJ�
@y

�11�

with

u�ij; h�xi; yj�� � u�ij; kmin�ij��

� �h�xi; yj� ÿ zmin�ij�� @u
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� �
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and �12�
v�ij; h�xi; yj�� � v�ij; kmin�ij��

� �h�xi; yj� ÿ zmin�ij�� @v

@z

� �
kmin

where u�xi; yj; h�xi; yj�� and v�xi; yj; h�xi; yj�� are
the horizontal wind components at surface,
extrapolated from the values at the lowest level
kmin(ij) or altitude zmin(ij) where horizontal wind
components are available, and the components
h@u=@zikmin and h@v=@zikmin of the mean vertical
wind shear determined from the wind compo-
nents at the ®rst three levels.

It is well known that calculation of the vertical
velocity component through (10) is unstable with
respect to errors in the horizontal wind compo-
nent and divergence, which can lead to quite
unrealistic values aloft (e.g., Matejka and
Bartels, 1998). In order to correct for this effect
and to insure mass balance within the considered
domain, a method derived from that used by
Roux and Viltard (1995) to analyze airborne
Doppler data collected within Hurricane Claud-
ette (1991) has been developed. The horizontal
wind components are corrected by adding a term,
constant with altitude, which derives from a
scalar velocity potential ��ij�, as:

u��ijk� � u�ijk� � @��ij�
@x

and

v��ijk� � v�ijk� � @��ij�
@y

�13�

Such a constant correction for each column
�ij; k � 1;NZ � is minimum and insures that only
the divergent part of the horizontal wind ®eld is
modi®ed while its rotational part remains
unchanged (Bijlsma et al., 1986). The corrected
vertical wind component w� is given by:

w��ijk� � w�ijk� � A�ijk� @��ij�
@x

� B�ijk� @��ij�
@y

� C�ijk� @
2��ij�
@x2

� @
2��ij�
@y2

� � �14�
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with:

A�ijk� � exp
zk ÿ h�xi; yj�

H0

� �
@h�xi; yj�

@x
;

B�ijk� � exp
zk ÿ h�xi; yj�

H0

� �
@h�xi; yj�

@y

c�ijk� � ÿexp
zk

H0

� ��zk

h�xi;yj�
exp ÿ �

H0

� �
d�

� H0 1ÿ exp
zk ÿ h�xi; yj�

H0

� �� �
�15�

Corrections ��ij� are determined through mini-
mization of cost-function J�, the normalized sum
of mean vertical velocity at the upper boundary
of the considered domain [part (a) of (16)] and
mean horizontal gradient of vertical velocity
within the domain [part (b)]:

J� �

XNTOP

ij

��ijk TOP��w��ijk TOP��2
n o
XNTOP

ij
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@x��ijk�
@x

h i2
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� @w�ijk�
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� �
|�������������������������{z�������������������������}

b

�16�

where ND is the number of radar-derived wind
components within the three-dimensional
domain, NTOP the number of points on its upper
surface kTOP(ij). So as to take possible uncom-
plete radar sampling aloft into account, con-

J� � 1XNTOP
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straint (a) is more (resp. less) stricty applied
when the observed radar re¯ectivity is relatively
low (resp. high): ��ijkTOP� is set to 1 when radar
re¯ectivity ��ijkTOP� is 0 dBZ or less, to 0.5 for
the maximum of the re¯ectivity values on the
upper surface kTOP(ij), with a smooth interpola-
tion between these two limits.

Expressing (16) in terms of ��ij� gives Eq. 17a
(see previous page).

Note that J� becomes much simpler when the
earth's surface above which radar observations
are collected is ¯at [i.e. h�x; y� � h0 in (15)],
since terms A and B vanish, and C is then a
function of altitude z only. In any case, a solution
for ��ij� is obtained through the minimization of
J� as:

@J�

@��ij� � 0 for 1 � i � Nx and 1 � j � NY

�17b�
After linearization of (17a) using ®nite differ-
ences, (17b) is equivalent to a set of NX � NY

linear equations with NX � NY unknowns ��ij�,
which are solved with the Conjugate Gradient
algorithm (Hestenes and Stiefel, 1952). The
obtained ��ij� are used to correct the horizontal
wind components through (13) and the vertical
one through (14), which provides a three-
dimensional wind ®eld strictly obeying the
continuity equation (9) and verifying the con-
straints expressed in (16). In an iterative analysis,
the obtained vertical velocity values are inter-
polated to correct for their contribution in the
input Doppler velocities in (6). The whole
calculation of the horizontal, then vertical wind
components is iterated until the rms difference
between two successive vertical velocity ®elds
becomes negligible (e.g., less than 0.01 msÿ1).

5. Application to Simulated Data

This method has been ®rstly validated with a
series of tests using analytically simulated
orographies (e.g., Fig. 2a) and wind ®elds (e.g.,
Fig. 2b and c), so that the air velocity is parallel
to the terrain at surface level and vertical velocity
vanishes at 10 km altitude (pseudo-tropopause
level). To simulate radar error, a gaussian white
noise of 2 msÿ1 rms value was added to each of
the horizontal wind component. The velocity

values retrieved from (13) and (14) (where u and
v stand for the «noisy» input values) after the
minimization of (17) are compared to the noise-
free analytical wind. The vertical velocity
contours at 6 km altitude (Fig. 2d) and the
vertical cross-section at Y� 38.2 km (Fig. 2e)
display features very similar to, though slightly
smoother than those shown in Fig. 2b and c,
respectively.

An important aspect of this method is that,
owing to the global minimization, it tolerates
missing data in the low levels, a situation that
frequently occurs with radar observations over
mountainous regions. As an example, Fig. 2f and
g show the same vertical velocity contours and
vertical cross-section as those in Fig. 2d and e,
except the input horizontal velocity values within
[11<X<38 km, 23<Y<46 km, Z<3.2 km] (dashed
line contour in Fig. 2f, 61% of the input data
below 3.2 km altitude) are not taken into account.
Although slightly weaker vertical velocities are
deduced in this region, the retrieved features are
again very similar to the «actual» ones in Fig. 2b
and c.

More speci®cally, Table 1 summarizes the
characteristics of the analyzed wind ®elds. As
seen in Table 1, the rms values of horizontal
wind and added correction �h�@�=@x�2�
�@�=@y�2i1=2 � h��u�2 � ��v�2i1=2

, see (13)]
are 7.99 and 1.93 msÿ1, respectively, when all
the input data are taken into account. The rms
values of horizontal divergence and added
correction �h�@2�=@x2 � @2�=@y2�2i1=2� �
h��@u=@x� @v=@y�2i1=2

are 1.06 and 0.19�
10ÿ3 sÿ1, respectively. The rms values of vertical
velocity at echo top (10 km altitude in Fig. 2) and
of its horizontal gradient throughout the domain
decrease from 3.25 to 0.10 msÿ1, and from 2.04
to 0.44�10ÿ3 sÿ1, respectively. Standard devia-
tions between the retrieved and «actual» horizon-
tal and vertical winds are 1.11 and 0.45 msÿ1,
respectively. Very similar values are obtained
when low-level data are not taken into account,
with however slightly larger standard deviations
(1.15 and 0.52 msÿ1 for the horizontal and
vertical winds, respectively). It is to be outlined
that the slightly smaller horizontal gradients of
vertical velocity (0.44 and 0.43�10ÿ3 sÿ1), as
compared to the «actual» value of 0.53�10ÿ3 sÿ1,
reveal some inherent smoothing, as it was also
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Fig. 2. Results from tests with
anaytically simulated orography
[contours in m in (a)] and wind
®elds: (b): horizontal cross-section
of the simulated vertical velocity
in msÿ1 at 6 km altitude; (c)
vertical cross-section along AA0

[at Y� 38.2 km, as shown in (b)],
scale is in the upper right; (d) and
(e): as in (b) and (c), except for the
wind ®eld deduced with the meth-
od discussed in the text; (f) and
(g): as in (d) and (e), except for
missing input data below 3.2 km
[dashed line contour at 11 < X
38 km, 23 < Y < 46 km in (f)]
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deduced from comparisons between Fig. 2c, e
and g.

Results from numerical model simulations of
the heavy precipitation event on 22 September
1993 over northwestern Italy and southern
Switzerland (the «Brig» case, Cosma and
Richard 1998) have also been used to test the
method (Fig. 3). A set of pseudo-Doppler data
was obtained by using the scanning character-
istics of ELDORA-ASTRAIA airborne Doppler
radar for a simulated 60-km long northeastward
leg at 6 km altitude above mean sea level (MSL).
A gaussian white noise of 2 msÿ1 rms value was
added to the model-derived radial velocities to
simulate radar error. As seen in Table 1, the rms
values of horizontal wind and added correction
are 14.97 and 1.52 msÿ1, respectively, those of
horizontal divergence and added correction are
0.67 and 0.17�10ÿ3 sÿ1, respectively. The rms
values of vertical velocity at echo top and of its
horizontal gradient throughout the domain
decrease from 2.62 to 0.23 msÿ1, and from 1.10
to 0.22�10ÿ3 sÿ1, respectively. Standard devia-
tions between the retrieved and « actual » hor-

izontal and vertical winds are 1.55 and
0.44 msÿ1, respectively. Comparisons between
Fig. 3a and b show that the the pseudo Doppler-
derived ®elds display similar, though slighlty
smoother, characteristics.

6. Application to the Case of 12 March 1995
over Colorado

On 11±12 March 1995, a test ¯ight was
conducted with the NCAR Electra aircraft over
northern Arizona and southern Colorado. The
French-American ASTRAIA-ELDORA airborne
Doppler radar was operated during this ¯ight.
From 0320 till 0400, the aircraft ¯ew in an area
of snow showers over the San Juan mountains
characterized by high peaks up to about 4000 m
MSL, as well as long and deep valleys. Although
it concerns relatively weak precipitating clouds,
this data set provides a unique opportunity to test
the reliability of the above method for real. Here,
we focus more particularly on a small area of
75 km�75 km centered on [38.3�N, 107.2�W]
where the most active part of the precipitating

Fig. 3. North-south vertical sec-
tion along 8.3� E through the
three-dimensional wind ®eld for
the Brig ¯ash¯ood on 22 Septem-
ber 1993 superimposed on the
radar re¯ectivity (a and c) and
corresponding vertical velocity (b
and d). Data sources are a simula-
tion by Cosma and Richard (1998)
(upper panels: a and b), and the
processing of simulated airborne
Doppler radar observations (lower
panels: c and d). The simulated
radar data are from a pseudo-¯ight
track roughly parallel to the sec-
tion, but about 30 km to the west,
with the scanning characteristics
of ELDORA-ASTRAIA
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system was observed. Below X and Y denote the
eastward and northward horizontal axes, respec-
tively.

Figure 4 shows the surface characteristics. The
digital terrain map (Fig. 4a) reveals the presence
of high peaks up to 4000 m altitude with deep
valleys at X�ÿ10 and �10 km in the southern
part of the domain, a relatively ¯at zone at about
2400 m altitude at ÿ20 < X <� 35 km and
5<Y<25 km, and mountains up to 3200 m to the
northern edge. The horizontal components of
surface wind (Fig. 4b), extrapolated from the
radar measurements aloft using the method
described in Section 4, are fairly consistent with
this orography. In particular, stronger winds
apparently result from the canalization of the
southeasterly ¯ow by the valleys in the southern
part, with some acceleration due to the down-
ward slope, and by the pass near X��20 km,
Y��35 km. The weaker and, in some places,
swirling winds observed over the « plateau» at
5<Y<25 km could result from wake effects
downwind of the highest peaks to the south.
The vertical component of surface wind (Fig. 4c)
clearly reveals the importance of orography in
the atmospheric circulation. Due to the prevailing
southwesterly ¯ow and the overall topography,
downward motions (up to ÿ2 msÿ1) are pre-
dominantly found in the southwestern half of the
domain, except for some localized but strong
updrafts south of the highest peaks, while
slightly weaker (up to �1 msÿ1) upward motions
occur on the southern ¯ank of the mountains to
the north. It must however be mentioned that the
real surface ¯ow may have been slightly different
since, in addition to the uncertainties which
certainly result from extrapolation, we made the
very simple hypothesis of frictionless ¯ow for the
boundary layer circulation.

As seen in Table 1, the rms values of the
horizontal wind and correction are 15.69 and
3.10 msÿ1, respectively; those of horizontal diver-
gence are 1.57 and 0.66�10ÿ3 sÿ1. These correc-
tions are slightly larger than those for the simulated

Fig. 4. (a) Terrain elevation map (contours every 250 m)
derived from a digital terrain map for the considered
domain of 75 km�75 km centered on 38.3� N, 107.2�W, (b)
horizontal component of the surface wind (scale in the
upper right), (c) vertical component of the surface wind
(contours every 0.5 msÿ1, shaded zones denote downward
motions)
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data. Applying these corrections decreases the
rms value of vertical velocity at echo top and its
horizontal gradient throughout the domain from
4.00 to 0.36 msÿ1, and from 1.42 to 0.37�10ÿ3 sÿ1,
respectively. It is not possible to precisely deduce
the uncertainty in the retrieved wind components,
but comparisons with the results from simulated
data indicate that it should be about 1±1.5 and
0.5 msÿ1 for the horizontal and vertical wind,
respectively.

The re¯ectivity ®eld at 6.4 km altitude (Fig.
5a), the highest level where substantial radar
echoes were observed, shows a cell of about
10 km�10 km horizontally, with maximum
re¯ectivity values >25 dBZ, centered at
X� 0 km, Y� 22 km. Other maxima >20 dBZ
are also observed near the southeastern limit of
the scanning region, but it was not possible to
retrieve the wind components from the Doppler
data there. A comparison with Fig. 4c reveals
that these re¯ectivity cells aloft are fairly well
correlated with regions of strong upward slope
winds at surface level. As seen in the vertical
cross sections of the wind and re¯ectivity ®elds
(Fig. 5c and d at Y� 20 km, e and f at
X� 3.5 km), the largest re¯ectivity values are
associated with predominantly upward motions
where water vapour condenses into cloud
droplets and rain drops or, more probably, into

ice crystals and snow aggregates. Likewise, lower
re¯ectivity values are found in regions of down-
ward motions, where evaporation should occur.

The overall in¯uence of orography on the wind
and re¯ectivity ®elds clearly appears in Fig. 5e,
with subsidence and decreasing re¯ectivity
values above the downward slope at ÿ20<Y<10
km, upward motions and increasing re¯ectivity
values above the upward slope at 15<Y<30 km.
However, a small and shallow cell centered at
Y�ÿ10 km is associated with downward or
horizontal motions, which may seem incoherent.
It is possible that small-scale orographic forcing
induces a localized updraft, which is not resolved
in the radar data analysis due to the relatively
coarse horizontal grid spacing (1.5 km) used in
this study. A similar conclusion on the impor-
tance of small-scale orographic effects is one of
the major results obtained from pre-MAP
modeling studies (Stein et al., 1998). This also
shows the importance of having as precise radar
observations as possible, so as to be able to
retrieve coherent wind and re¯ectivity ®elds.

7. Conclusions

The aim of this study was to show that it is
possible to use ground-based or airborne Doppler
radar for quantitative observations of wind and

Table 1. Characteristics of the Analyzed Wind Fields: the Rows, from top to Bottom, are for the rms Values (Symbol <>) of
Horizontal Wind and Added Correction, Horizontal Divergence and Added Correction, Vertical Velocity at the Top of the
Domain before and after Correction has been Applied, Horizontal Gradient of Vertical Velocity Throughout the Domain before
and after Correction has been Applied, Standard Deviations Between the Corrected Horizontal and Vertical Winds and the
«actual» Values, respectively. Subscript «H» Indicates Horizontal Components

Analytical Retrieved Missing
low-level
data

«Brig»
simulated
ELDORA-ASTRAIA

12 March
1995

hVHi(msÿ1 7.48 7.99 7.96 14.97 15.69
h�VHi(msÿ1) x 1.93 1.73 1.52 3.10

hDIVHi�10ÿ3 sÿ1� 0.68 1.06 1.06 0.67 1.57
h�DIVHi�10ÿ3 sÿ1� x 0.19 0.21 0.17 0.66

hWtopibefore�msÿ1� < 0.01 3.25 3.76 2.62 4.00
hWtopiafter�msÿ1� x 0.10 0.10 0.23 0.36

hrHWibefore (10ÿ3 sÿ1) 0.53 2.04 2.36 1.10 1.42
hrHWiafter�10ÿ3 sÿ1� x 0.44 0.43 0.22 0.37

��VH��msÿ1� x 1.11 1.15 1.55 x
��W��msÿ1� x 0.45 0.52 0.44 x
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precipitation ®elds over mountainous terrains,
provided that the effects of orography in radar
data and in the air¯ow are explicitely taken into
account.

Firstly, we have shown that the surface echoes
can be unambiguously identi®ed in the radar data
and separated from the meteorological signal,
and that a comparison with a digital terrain map
helps to deduce the navigational corrections
which have to be taken into account for reliable

information to be retrieved from Doppler data.
Secondly, we have shown that the roÃle of
orography through the induced slope winds at
surface level can be included in the variational
analysis aimed at deriving balanced three-
dimensional wind ®elds from the integration of
the air mass continuity equation. Application of
these new techniques to analytical wind ®elds
and orographies, to pseudo-Doppler observations
using numerical model outputs from the simula-

Fig. 5. (a) Re¯ectivity contours
in dBZ at 6.4 km altitude for the
same domain as in Fig. 3, (b)
vertical motions at 6.4 km alti-
tude (contours every 1 ms

ÿ1

,
shaded zones denote downward
motions); (c) wind (scale in the
upper right) and re¯ectivity
(contours every 4 dBZ) and (d)
vertical velocity contours, for the
zonal vertical cross section at
Y� 20 km; (e) and (f) as in (c)
and (d), except for the meridio-
nal vertical cross-section at
X� 20 km. The thick line in
(c), (d), (e) and (f) is the
orography contour
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tion of a heavy precipitation event (the «Brig
case» of 22 September 1993), and to actual data
collected with the ELDORA-ASTRAIA airborne
Doppler radar within weak snow showers over
the Rocky Mountains, have shown the reliability
of this approach. Nevertheless, it should be
mentioned that sampling of a given atmospheric
volume with ground-based and airborne Doppler
radar takes some time and that further uncertain-
ties could result from non-simultaneous measure-
ments, especially for rapidly developing systems.

Of course, more studies are needed to more
completely validate the proposed method. We are
however con®dent that, in this manner, it will be
possible to obtain reliable information on the
structure and evolution of the precipitation and
kinematic ®elds associated with orographically
induced or modi®ed precipitating systems, to be
observed with airborne (ELDORA-ASTRAIA
onboard the NCAR Electra, Tail Doppler radar
onboard the National Oceanic and Atmospheric
Administration's P3 aircraft) and ground-based
(Swiss Meteorological Institute operational Dop-
pler at Monte-Lema, US NCAR Doppler and
polarimetric S-Pol, French Doppler Ronsard)
radars during the MAP Special Observing Period
(7 September±15 November 1999).

Appendix
The Derivatives of xRAD, yRAD, zRAD, VRAD

and VINSITU

Following Lee et al. (1994) and Testud et al. (1995), the
natural variables for airborne Doppler radar observations
are:
(i) the radar-relative angles indicating the direction toward

which the antenna is pointing: « tilt » � [angle from the
plane perpendicular to the spin axis of the radar beam,
positive (negative) when the antenna points fore (aft)]
and «rotation» � [spin angle defined through a
projection onto a plane perpendicular to the fuselage,
0� is along the tailplane, �90� (�270�) along the right
(left) wing];

(ii) the aircraft-relative angles indicating the aircraft (or
radar) attitude: « roll » R (angle between the wings and
the horizontal plane during a rotation along the aircraft
longitudinal axis, positive when the right wing is
down), « heading » H (angle measured clockwise from
north to the projection of the aircraft longitudinal axis
to the horizontal plane) and «pitch» P (angle that the
aircraft longitudinal axis makes with the horizontal
plane).

These angles can be combined to deduce the « earth-
relative azimuth » � (relative to east, increasing counter-

clockwise) and « elevation »� (nadir is ÿ90�, horizontal is
0�, zenith is �90�). Each ray is then defined by three
normalized coefficients �C2

X � C2
Y � C2

Z � 1�:
CX � cos� cos�

� �ÿcos���cos��� R�sin�P� � sin���cos�P��sin�H�
� cos���sin��� R�cos�H�

CY � sin� cos�

� �ÿcos���cos��� R�sin�P� � sin���cos�P��cos�H�
ÿ cos���sin��� R�sin�H�

CZ � sin� � cos���cos��� R�cos�P� � sin���sin�P�
The cartesian coordinates xRAD, yRAD, zRAD (x; y; z are

positive eastward, northward and upward, respectively) of a
point measured at distance d from the radar with the above
angles are then:

xRAD � xAC � d � CX

yRAD � yAC � d � CY

zRAD � zAC � d � CZ

where xAC, yAC, zAC are the aircraft cartesian coordinates
with respect to given latitude, longitude and altitude. The
derivatives of these quantities with respect to angles (R, P,
H), distances (x, y, z) and ranging (d; df and da being
relative to the fore and aft radar, respectively) that appear in
(1) are then:

@xRAD

@R
� d � @CX

@R
� d � cos����sin��� R��sin�P�sin�H�

� cos��� R�cos�H��

@xRAD

@P
� d � @CX

@P
� d � �ÿcos���cos��� R�cos�P�sin�H�

ÿ sin���sin�P�sin�H��

@xRAD

@H
� d � @CX

@H
� d � fsin���cos�P�cos�H�

ÿ cos����cos��� R�sin�P�cos�H�
� sin��� R�sin�H��g:

@xRAD

@x
� 1

@xRAD

@y
� 0

@xRAD

@z
� 0

@xRAD

@d
� CX

@yRAD

@R
� d � @CY

@R
� d � cos����sin��� R�sin�P�cos�H�

ÿ cos��� R�sin�H��

@yRAD

@P
� d � @CY

@P
� d � �ÿcos���cos��� R�cos�P�cos�H�

ÿ sin���sin�P�cos�H��

@yRAD

@H
� d � @CY

@H
� d � fÿsin���cos�P�sin�H�

� cos����cos��� R�sin�P�sin�H�
ÿ sin��� R�cos�H��g
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@yRAD

@x
� 0

@yRAD

@y
� 1

@yRAD

@z
� 0

@yRAD

@d
� CY

@zRAD

@R
� d � @CZ

@R
� d � �ÿcos���sin��� R�cos�P��

@zRAD

@P
� d � @CZ

@P
� d � �ÿcos���cos��� R�sin�P�

� sin���cos�P��

@zRAD

@H
� 0

@zRAD

@x
� 0

@zRAD

@y
� 0

@zRAD

@z
� 1

@zRAD

@d
� CZ

The earth-relative Doppler velocity VRAD [referred to as
VSURF in (2) or VNEAR in (3)] is also influenced by the
navigation errors, through an inadequate correction of the
measuerd aircraft-relative Doppler velocity VMEAS for the
projection VAC of the aircraft speed (cartesian components
uAC, vAC, wAC onto the direction of the radar beam. We
have:

VRAD � VMEAS � VAC

VAC � CX � uAC � CY � vAC � CZ � wAC

then

@VRAD

@R
� @VAC

@R
� uAC

@CX

@R
� vAC

@CY

@R
� wAC

@CZ

@R

@VRAD

@P
� @VAC

@P
� uAC

@CX

@P
� vAC

@CY

@P
� wAC

@CZ

@P

@VRAD

@H
� @VAC

@H
� uAC

@CX

@H
� vAC

@CY

@H

@VRAD

@V
� @VAC

@V
� CX

@uAC

@V
� CY

@vAC

@V
� CXsin�H � D�

� CY cos�H � D�
where D is the «drift» angle, between the heading and the
track angles. The track is the angle measured clockwise
from the north to the aircraft ground trajectory, a positive
drift being defined as the track more clockwise than the
heading. The expressions for the derivatives of CX, CY and
CZ are given above. Likewise, errors in the projection of the
flight-level wind components is supposed to result only
from errors in pitch, drift and heading angles, as:

VINSITU � CX � u INSITU � CY � v INSITU � CZ � w INSITU

then:

@V INSITU

@R
� u INSITU

@CX

@R
� v INSITU

@CY

@R
� w INSITU

@CZ

@R

@V INSITU

@P
� u INSITU

@CX

@P
� v INSITU

@CY

@P
� w INSITU

@CZ

@P

@V INSITU

@H
� u INSITU

@CX

@H
� v INSITU

@CY

@H
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