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Determination of quality—controlled three—dimensional wind—vector
fields using a bistatic Doppler radar

K. Friedrich and M. Hagen
Institut fur Physik der Atmospire, DLR Oberpfaffenhofen, 82230 Wessling, Germany

Abstract. Horizontal wind—vector fields can be measured cal weather prediction models. For those application espe-
in real-time by a bistatic Doppler radar network and can becially for operational usage, the confidence of the horizontal
applied directly for hazard warnings and weather surveil-wind field estimation has to be analyzed by an automatically—
lance. But most applications especially for meteorologi- working quality—control scheme. In this paper elements of
cal research and operational meteorology require quality-the quality—control scheme are introduced which considers
controlled wind—fields. Therefore, a quality—control schemethe signal quality, the influence of fixed parameters, the prob-
is developed which includes algorithms to determine the datability of contamination induced by the weather situation,
quality by measured or fixed parameters. The algorithms ar@and the data consistency in time and space.
applied in the fuzzy logic sense weighting the quality of wind
measurement with values ranging from one to zero. The re-
sults of each weighting algorithm are merged to an average@ The bistatic Doppler radar network
quality—index field which represents the confidence of each
horizontal wind measurement. This averaged field is avail-The bistatic Doppler radar network in Oberpfaffenhofen
able together with the measured horizontal wind—vector field(OP) consists of the monostatic polarimetric Doppler radar
for further applications. An overview about the determina- system, POLDIRAD (Schroth et al., 1988), and three bistatic
tion and the quality control of three—dimensional wind—fields receivers at remote sites each containing both at least one an-
is presented for two frontal passages with stratiform precipi-tenna and a signal processor. In Fig. 1, the location of the
tation and a convective situation. three bistatic receivers and the respective look angles of the
bistatic antennas are illustrated. The investigation area, indi-
cated schematically, is restricted by the received power pat-
tern of the bistatic antenna, which has a horizontal angular
aperture covering about30° to 3¢°. The horizontal antenna
The bistatic Doppler radar system is an instrument capable O@perture together with range arcs are exhibited in Fig. 1 for
measuring simultaneously several components of the wind-£3¢n b|stat|c? antenna. ,

Both receiver systems at Lagerlechfeld and Lichtenau are

vector which can be combined to a horizontal wind—vector ) : . .
field in real-time (Wurman et al., 1993). Several receivers€duipped with two antennas each, which have a vertical an-

separated spatially from the transmitter are implementedUlar aperture coverc!ng"]togo for measurements within the
around the monostatic Doppler radar. Temporally and spaPoundary layer and°lto 23" for measuring thunderstorms,

tially high-resolution horizontal wind—vector fields are su- '€SPectively. At Ried, one antenna having a vertical aper-

perior to one—dimensional radial Doppler velocity fields es-tUré of 8 has been installed. At the moment, the bistatic
pecially for detection of wind signatures for hazard WarningsraOIar network at OP covers an area of about 50«60 km.

at airports, around populated areas, and for regional weathef/Ithin this area, horizontal wind—fields are determined ex-
surveillance. Horizontal wind—vector fields are better ang@ctly in the dual-Doppler area (in Fig. 1 hatched) and overde-

faster to interpret by everybody than one—dimensional ra{e'mined in triple-/quadruple-Doppler areas (in Fig. 1 cross—

dial Doppler velocity fields. But horizontal wind—fields can hatched). o _ )
also be used for diagnostic research studies, now—casting of Due to a limited vertical antenna aperture 6f @iented

regional weather phenomena, and assimilation into numeri€l0se to the ground, the measured wind components are
dominated by the horizontal components. As a result,

Correspondence tK. Friedrich (Katja.Friedrich@dlr.de) these measurements are used only to determine the horizon-

1 Motivation




K. Friedrich and M. Hagen: Vector fields using a bistatic Doppler radar 207

7k i m Dual-Doppler /
statthergen /A Eigbery X
=) isRied Triple-Doppler
obingen -/’ . Dachad (
A\ Knigsbrung’ 9 ) > UM‘ ‘4 Do;)pler '
La \grlechfeld T BT e ’»— St o
Of2 brug) Bl : &\ U H[
in, - IWa- > AN
LIS o . Germering e | A A =
=Ensstan warding 4 18 i
WA Biis Dullach( Y hitobrung [Kiret @
B ‘Oberpfaffenhofen {
“Bikchy B \ oo~ X Oberlfeching |-
sho L N e A hing
wiaal Herrsching T Sayeds0 Ziz g 5 Z3 03 6 9 12715 18 21 24
7 T
¢ 1 AlGjitshatisen \ J~Eel -15m
forkim: N ‘ ) } olzkirchen Bruckn Zb [d BZ] (b)
euren . B
% \Lichtenau ™ 0 km 4
Schongats & \_peibensere” Lo S
< 585/ Peilieqbe ad Tk { . . . .
2 TS b R 9 Fig. 2. Horizontal cross—section at 1.6 km above MSL of the hori-
T T e e Mbm? B W e zontal wind in ms! (arrows) underlaid by the bistatic reflectivity

factor field, Z,, in dBZ measured by the receiver Lagerlechfeld on
Fig. 1. Map of the bistatic multiple-Doppler radar network at the 2 February 2000 at 17:08 UTC (a) without applying the NCP crite-
DLR in OP consisting of POLDIRAD and three bistatic receivers fion and (b) with applying the NCP criterion on the measured data.
located at Lichtenau, Lagerlechfeld, and Ried. The investigation!he horizontal wind—vector is determined by using the Doppler ve-
area is restricted by the horizontal antenna aperture of the bistatiéoCity sampled by receivers Lagerlechfeld and OP.
antennas. The equation system to calculated the horizontal wind—
field is exactly determined in the dual-Doppler areas (hatched) and
overdetermined in the triple- or quadruple—Doppler areas (cross@chieve an average quality—control field which reflects the
hatched). More explanations in the text. confidence of each horizontal wind measurement. All thresh-
olds are set empirically.

In the following sections, three quality—index fields are de-
tal wind—vector field directly. The vertical componeat,is  fined according to: (1) the accuracy of the horizontal wind—
retrieved by means of a variational analysis method (Protafield depending on the location of transmitter, target, and
and Zawadzki, 1999). receiver, denoted aE(a"Vh‘); (2) the probability of side-

lobe contamination, denoted @&V Z); and (3) the frac-

tional uncertainty of the wind—field measurement, denoted

as F(oly,/|Va|). Note that the standard deviation of the

horizontal wind—field, induced by the position of transmit-

ter, target, and receivers, is fixed for a chosen experimental
p-Setup.

3 The quality—control scheme
3.1 The decision criterion based on the signal quality

At the remote receiver the velocity—power spectrum is o , L '
tained. The power, Doppler velocity, and normalized coher- The |nflu_enc_e of ea_lch quality-index field on th_e av-
ent powet (NCP) are transfered to the central hub computererage qgalr_[y—mdex field can be chosen a_ccordlng to
located at OP, where the data of all receivers is collected, théhe application of those_ quah-ty—controlled W{nd—vec_tors
horizontal wind—field is determined and quality—controlled. and the weather situation with the respective weights
At the central bistatic hub computer, first data with large WF(”fvh|)’ Wr(vz), andWF(U"vm/thl)' W, /0 The
velocity dispersion and low reflectivity factors are rejected quality fields can then be averaged to a single quality field
using an empirically chosen threshold of NEFD.3. using
As an example of applying the NCP criterion on measured 1
data, Fig. 2 presents a horizontal cross—section at 1.6 knid’ = C(WF(a’vh|)F(0,Vh) +WpwzF(VZ) +
above MSL of the horizontal wind—vector field superimposed
on th_e bistatic reflectivity fac_toan, measured by t_he pistgtic W (o /V;L)F(vah|/|vh|)) , (1)
receiver Lagerlechfeld. In Figure 2a the NCP criterion is not V!
applied, while in Fig. 2b noisy data is removed using the NCPhere
criterion.
o C=Wr )+ Wrvz)+ Wr,, /ivi)

3.2 The quality—index fields '

Each quality—index field and the average index field range
The following algorithms are applied in the fuzzy logic sense between zero and one.
weighting the quality with values ranging from zero to one.
The results of each weighting algorithm can be merged to3-2.1  Utilizing geometrical accuracy

!Index related inversely to the spectral width ranging from zero The horizontal wind—field is determined by the velocity com-
to one (for more details see (Friedrich, 2002)). ponents measured by the monostatic and bistatic receiver.
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taminated by sidelobes of the transmitted radar due to the
wide—beam receiving antennas (more details by de Elia and
Zawadzki (1999); Friedrich (2002)). For narrow—beam an-
tennas, sidelobe contamination can be ignored, because the
signal transmitted through the weak sidelobe is also received
by the weak sidelobe. Therefore, the reflectivity factor mea-
sured by the monostatic radar can be used as a reference to
give information about the probability of sidelobe contami-
nation.

The probability that data measured by the bistatic receiver
is contaminated by sidelobes of the transmitted antenna pat-
tern can be expressed by the gradient of the reflectivity factor,
VZ = (52,92, 9%). The absolute value of the reflectivity
factor gradient can be expressed by the quality—f#&|& 2)
with

Fig. 3. Horizontal cross—section at ground level of the quality—index

F(VZ)= <30dBZ/km -
field F(c'|v, ) for the bistatic dual-Doppler radar system consist- \/(

YAWEAWE AN 30dBZ/k 3
2AI> +(2Ay)+<2Az> / m)- G
The standard deviation of the horizontal wind—field depends The upper—limit value of 30 dBz/km is derived from the
on the intersection angle between the two velocity compo-beam pattern of the transmitting antenna at POLDIRAD
nents. The highest accuracy is achieved at an intersectiofFig. 2.11 in Friedrich, 2002). Here, the first sidelobe of the
angle of about 50 Horizontal wind—fields can not be de- transmitted beam pattern occurs at about Away from the
termined at intersection angles of @nd 90, respectively main beam, with a reduction of about 32 dB when compared
(Friedrich, 2002). The standard deviation of the horizon-to the mainlobe. Thus, assuming a uniform receiving beam
tal wind—field can be expressed by the quality—index field pattern of the bistatic antenna, the gradient of the reflectivity
F(0'|v,))- Only the geometrical location of transmitter, re- factor has to be about 30 dBZ per 1.in order to measure
ceiver, and target is considered. the same signal intensity from the sidelobe as that obtained
For a dual-Doppler radar system, the highest accuracyrom the mainlobe by the bistatic receiver.
in the horizontal wind—field determination is expressed by At F(VZ) =0, the probability of sidelobe contamination
F(OJIVM) =1 at min(g/\VhI) and lowest accuracy by is very high, while atF'(VZ) = 1, sidelobe contamination
F(0'|v,|) =0. Due to the infinity ob’ |y, | close to the base-  hardly occurs. As an example, the horizontal distribution of
line, the upper limit ob”|y;, | (max(c’|v,|) has to be chosen F(VZ) is analyzed in Fig. 4 for the reflectivity factor field
empirically. For a bistatic dual-Doppler radar system, theof a convective cell. The impact df(V Z) on the averaged
standard deviation reaches its minimum at a intersection anquality—index field is set by the weighting factdrz v ).
gle of about 50 with min(o’}v,|) = 2.42, andmax(a"vh‘) o ] ) )
set empirically to 5.0 (the values are normalized by the stan3-2-3  Utilizing signal quality based on fractional uncer-
dard deviation of Doppler velocity measurement achieved by tainty
a monostatic radar which is assumed to be 1I"#)s The
definition of F'(¢’|v,,) is given by

ing of OP and Lagerlechfeld.

The fractional uncertainty fieldo’v,/|V#|, is used to
give information about the percentage accuracy of the hor-
max(0”'|v,|) — o' jv,| izontal wind—field measurement. The quality—index field

(2 F(o'}v,|/|Va)), related to the wind—field variability, is de-
rived linearly fromo’ |y, /| Vx| using

F(o' = - .
(@ vl) max(o’|v,|) — min(o’|v,|)
A horizontal cross—section of the distribution of the ,

. . . . . oV

quality—index fieldF'(0”}v,|) for the bistatic dugI—DoppIer. F(o' v, /IVa) = 1— \\‘/hh‘ for o’ v, < [Vl @

radar system (POLDIRAD + Lagerlechfeld) is shown in 0 for o’ v, | > [Vl

Fig. 3.

For o'jv,| < |Vu|, F(o'iv,|/IVa]) approaches the
3.2.2 Utilizing signal quality based on the reflectivity gra- value of one. Figure 5 shows the horizontal distribution of
dient F(o'\v,|/IVr|) for the simulated convective cell. The hor-
izontal wind—field of the simulated supercell storm (Fig. 5a)
In this section, the probability of contamination caused byis used to calculaté’(c’|y,|/|Vx|) for the dual-Doppler
the weather situation on the measurements is investigateatonfiguration consisting of POLDIRAD and receiver Lager-
Data measured by a bistatic receiver is more likely to be condechfeld. Because the wind—velocity measurement is an
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Fig. 5. Horizontal cross—section of (a) the horizontal wind—vector
of the simulated convective cell and (b) the respective quality—index
field F(c'|v,/[Vr|). The 5 dBZ-isoline indicating the shape of
the supercell storm is marked.

Fig. 4. Horizontal cross—section df (VZ) (color—coded) calcu-
lated for a convective cell. The isolines indicating the gradient of
reflectivity factor are plotted every 5 dBZ starting at the outside of
the cell with the 5 dBZ—isoline.

absolute measurement, low wind-speeds create low values
of F(o'|v,/IVr]). In addition, high standard deviations,
e.g. close to the baseline or in the quasi—-monostatic area,
cause low values of'(¢'y,|/|Vr|). The influence of
F(0'}v,|/|V1]) on the average quality—control field is con-
trolled by the weight OWF(U’W,L‘/\VIL\)-

The weight of this quality—index field on the aver-
age quality—-index field should be set low within those
weather conditions having high wind—shear. For exam-Fig. 6. Horizontal cross—section of the horizontal wind-vector in
ple, as illustrated in Fig. 5b at an azimuth angle of ms~! a convective storm. The area with _wind—shear (direction
200° < ¢, < 225and atarange oﬁ =20 km — 25 km, the gnd_ ab_soIL_Jte yalue) higher than mean flgw is marked. The 5 dBZ-
wind—speed is very weak and causé&’|v, /|Vi|) to be isoline indicating the shape of the storm is marked.
close to zero, even thougti}y, | is low and the wind repre-
sents realistic conditions within this area. To avoid a wrong
interpretation of(¢’ v, /[Vl), Wr (o, /1v,|) Shouldbe  direction are calculated. The area is marked, when the dif-
set high during stratiform precipitation with wind—speed val- ference between the mean val¥é,, minus the:i’th mea-
ues larger than 5 nTs and low during situations with high sured horizontal wind-vectolV is larger than the vector
wind—shear, e.g. convective situations. standard deviationgv,. For the horizontal wind—velocity

The fractional uncertainty can also be applied to the direc-this is given as
tion of the horizontal wind.

3.2.4 Utilizing data consistency based on a persistencev,| — Vi — V| <0 . (5)
check

The persistence check algorithm should help in identifying Figure 6 shows an example of how this algorithm is ap-
regions where wind-shear is higher than the mean flow. Thelied using the horizontal wind—field of a convective storm.
regions identified are then tracked in space by means ofrhe shape of the supercell storm is indicated by the 5 dBZ—
wind—fields at different elevations and at different time stepsisoline. The wind—shear within the storm is much higher than
(e.g. successive volume—scans). When high wind—shear ithe surrounding air flow. Therefore, the area having high
identified at different levels and/or in the successive volume-wind—shear is marked. Note that if the area marked gray is
scans, the wind—shear can be related to atmospherical prgresent in the successive volume scans as well as at neigh-
cesses. Otherwise, the perturbation is removed. boring levels, the marked area can then be identified as a sig-

The persistence check is carried out as follows. The stannal which is related to meteorological processes. Otherwise,
dard deviation in the horizontal wind-velocity;y;,|, and  wind-vectors within this area will be removed.
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Fig. 7. Horizontal cross—section at a height of 1.6 km above MSL Fig. 8. As Fig. 7, for 10 April 2001 at 13:27 UTC. Data were sam-
of the (a) retrieved horizontal wind—vector underlaid by vertical ve- pled by the receivers Oberpfaffenhofen, Lichtenau, and Lagerlech-
locity in ms™* and (b) the respective quality—index field of the hor- feld.
izontal wind on 2 February 2000 at 17:08 UTC. Updraft motions
are indicated by positive values, and downdraft by negative values.
For clarity of display, only every third wind vector is plotted. on the horizontal wind—vector field, and the corresponding
average quality—index field of the horizontal wind on 10
April 2001 at 13:27 UTC, respectively. The influence of
4 Stratiform precipitation in a frontal system an overdetermined equation system for the horizontal wind—
field calculation on the averaged quality index field can be
Two cold frontal systems with stratiform precipitation passedseen clearly when comparing Fig. 7b and Fig. 8b. According
over southern Germany from the northwest on 2 Febru-to the quality—index field (Fig. 8b), the confidence in the hor-
ary 2000 and 10 April 2001, respectively. On both days theizontal wind—field is high within the whole observation area
pre—frontal wind was mainly from southwesterly and west- with values ranging between 0.7 and 0.8. The retrieved ver-
erly directions, ranging from between 10 m's— 15 m s! tical velocity was characterized by relatively small up— and
and increasing and veering more to a westerly flow as thedlownward motions due to the low values of horizontal con-
cold front approached. On 2 February 2000 data was meavergence.
sured by POLDIRAD and the receiver Lagerlechfeld . On
10 April 2001 the bistatic Doppler radar network consisted
of POLDIRAD, receiver Lagerlechfeld, and receiver Lichte- 5 Convective weather situation
nau. Both data sets were interpolated onto a Cartesian grid
with a horizontal resolution of 500 m and a vertical resolu- On the afternoon of the 3 May 2000, a convective systems
tion of 250 m, starting at 600 m above MSL, i.e. at the heightdeveloped southwest of OP around 14:00 UTC and stayed
of POLDIRAD, up to a height of 2.85 km above MSL. The within the observation area for one hour.
measured velocities;; andv,., were used as input data for ~ The most active part of the system located southwest of
the constraining model (Protat and Zawadzki, 1999) in orderOberpfaffenhofen (i.e. maximum reflectivity factor) con-
to retrieve the three componentsp, w of the wind—vector.  sisted of a stationary cell located between 225 ¢; <
Figure 7a shows the horizontal wind—vector underlaid by280° at a range of 15 knx r; < 30 km. Volume scans
the vertical velocity during the frontal passage on 2 Febru-were performed by POLDIRAD and receiver Lagerlechfeld.
ary 2000 at 17:08 UTC. The frontal system was located SW Owing to the high variability in wind direction and speed,
of OP (between 220 < ¢; < 230°), heading southeast. the weights for the quality index related f&(o" v, /| Vr|)
In Fig. 7a, a perturbation can be detected SW of OP with awere set to zero. Furthermor€(VZ) showed a probabil-
slight change in wind direction (from SW to W), with pre— ity of sidelobe contamination because of the high gradient
frontal ascending and post—frontal descending air. The avin the reflectivity factor. Sidelobe contamination was inves-
eraged quality—index field of the horizontal wind—vector at tigated separately. The results showed no contamination of
17:08 UTC is exhibited in Fig. 7b. In this case, which shows data measured by the bistatic receiver during this convective
a weather situation with a relatively homogeneous flow, thesituation (Friedrich, 2002). The confidence in the horizontal
guality—index field is dominated by the accuracy of the hor-wind—field ranged between 0.5 and 0.8.
izontal wind—field determination (cp. Fig. 5). Only wind—  The wind—field retrieval was performed in a 40 km
vector and values of reflectivity factor where the average40 km x 10 km domain and interpolated onto a Cartesian
quality—index field exceeded a value of 0.6 (empirically cho- grid with a horizontal and a vertical resolution of 500 m. The
sen) were plotted. Within this area, the confidence in theretrieval domain consisted of 20 height levels, beginning at
Doppler velocity measurements was high, and a large numé00 m and reaching up to a height of 10.6 km above MSL.
ber of data points was available. Figure 9 shows the retrieved horizontal wind—vector un-
Figure 8 illustrates the vertical wind—field superimposed derlaid by the vertical velocity at 14:55 UTC at a height
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Fig. 9. Horizontal cross—section of the horizontal wind—vector in

ms* at a height of (a) 1.35 km and (b) 5.35 km above MSL under-
laid by the vertical velocity in ms! for 3 May 2000, at 14:55 UTC.
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Doppler radar as presented here for two stratiform and one
convective precipitation event. While the horizontal wind
is measured in real-time, the quality—control and the verti-
cal wind retrieval are applied afterwards. The three compo-
nents of the wind—vectow, v, andw together with a confi-
dence level for each horizontal wind—field is a great benefit
for operational meteorology, e.g. weather surveillance, haz-
ard warnings, and nowcasting of weather phenomena.

The comprehensiveness and the emphasis to the quality—
control scheme varied according to the weather situations.

During the stratiform precipitation event, for instance, the
quality of horizontal wind is dominated b§ (o’ |) which

is fixed for an experimental setup. Low impact is observed
by F(VZ)andF(o'v,|/IVa|). The emphasis on the qual-

ity control was set differently by the convective case. For
instance,F'(o'v,|/|Vr|) could not be applied owing to the
high wind—shear. On the other hand, the control for data
consistency, such as the persistence check in time and space

The horizontal wind was determined by the Doppler measurementgnd investigation on §idelobe contamination, was more im-
of receivers OP and Lagerlechfeld. Upwinds are indicated by posportant. The cases discussed here show clearly that quality—

itive values, while negative values are downwinds. For clarity of
display, only every third wind—vector is plotted.

of 1.35 km and 5.35 km above MSL. The horizontal wind—
vector at the lower troposphere showed strong divergence
and convergences in speed and direction with an easterl
and westerly flow at 1.35 km above MSL (Fig. 9a). Aloft,

northwesterly to westerly winds dominated (Fig. 9b), with
a noticeable confluence of the outflow on the southern par
of the most active part of the system. The vertical velocity

control algorithms must be flexibly and independently appli-

cable. The quality—control algorithm can also be applied to
other horizontal wind—field measurements, e.g. monostatic
dual-Doppler winds.
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