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Abstract. Performing simultaneously Doppler and polari- mospheric Research Radar), we aim at measuring and inter-
metric measurements can result in a better description of atpretating the Doppler spectrum of these polarimetric mete-
mospheric targets. The output of this Doppler polarimetric orological parameters. For example, in the case of rain in
measurement is a covariance matrix per Doppler bin. Twoabsence of turbulence, the differential reflectivity (sensitive
difficulties for these measurements were encountered. Théo the shape of the raindrops) is calculated for each Doppler
first one is the non-simultaneity of the polarimetric measure-velocity bin (related to the size of the raindrops) and this may
ments, which is solved by a phase correction per Dopplelead to the shape-size relationship. Other polarimetric mete-
velocity bin, valid in case of Doppler aliasing. The sec- orological parameters, like the linear depolarization ratio, the
ond problem is the reduction of the maximum unambiguouscomplex cross correlation coefficient are also available for all
Doppler velocity due to the transmission of different polar- the Doppler velocity bins considered. From these measure-
izations, which is solved by a new dealiasing technique usingnents (Doppler polarimetric), we expect to obtain more de-
the phase of the cross spectrauin vv. In order to elaborate tailed information about the microphysical properties of the
a dealiasing algorithm, a statistical model of the phase of théhydrometeors. Prior to the interpretation, a correct process-
cross spectrumh, vv is introduced and experimentally veri- ing of the spectral target covariance matrix (Doppler spec-
fied to obtain the standard deviation of this phase for differenttra of the elements of the target covariance matrix) must be
measurement conditions (number of averages, cross correla@arried out. This paper is related to two measurement and
tion coefficient). The dealiasing procedure is then discussegrocessing problems: non simultaneity of the polarimetric
and illustrated on a slant profile of light precipitation mea- measurements and Doppler aliasing. A solution to these two
sured during a windy day. An advantageous consequence gfroblems is given in (Unal and Moisseev, 2002) where it is
this procedure, which is ground clutter suppression, is alsshown that the proposed phase compensation is a valid cor-
pointed out. Comparison of the obtained dealiased Dopplerection for the non simultaneity of the polarimetric measure-
velocities is carried out using a meteorological balloon. ments in case of Doppler aliasing and that it leads to a new
possiblity for dealiasing precipitation profiles. These results
are briefly summarized in this paper. The focus of this paper
is on the error analysis of the proposed methods, especially
for the new dealiasing technique. The performance of these
techniques is analysed for different measurement scenarios,
special attention is given to the measurements of rain, clouds
and melting layer of light precipitation.

1 Introduction

The use of radar polarimetry for weather surveillance im-
proves hydrometeors recognition and classification (Zrnic
and Ryzhkov, 1999). The polarimetric content of the radar
signal is expressed by a target covariance matrix, which de-

scribes the mean polarimetric properties of the hydrometeors. i , ) i
Well-known polarimetric meteorological parameters, like the 2 COrrection for the non simultaneity of the polarimet-
differential reflectivity Z,, and the complex cross correla- ric measurements

tion coefficientp,. are derived from this matrix. With the two . . . .
S-band coherent polarimetric radars at our disposal, TARA TN Doppler polarimetric measurement consists of time se-

(Transportable Atmospheric RAdar) and DARR (Delft At- ries of the elements of the scattering matrix. Doppler pro-
cessing is carried out on these time series and a covariance

Correspondence toC. M. H. Unal matrix is calculated per Doppler velocity bin.
(c.m.h.unal@its.tudelft.nl) The proposed correction is a phase compensation per
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Pdf: theoretical and experimental Pdf: theoretical and experimental
(cross correlation = 0.989) (10 averages and cross correlation = 0.989)
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Fig. 1. Probability density functions of the cross spectrum phaseFig. 2. Probability density functions of the cross spectrum phase
(no average.) (10 averages.)

Doppler bin. It is called Doppler phase compensation and For Doppler velocities larger in modulus than the max-
is only relevant for the cross spectra of the scattering matriximum unambiguous Doppler velocity, the corresponding
In the paper, we focus on the cross spectitnmuv measured Doppler velocities are

thﬂ)’U = <ghh§:1)> (1) Ug =Up +F QUD,m(lZ' (5)

The symbol indicates that the second moments of the scat-with — for vp belonging to the interval ¥ 42, 3VD maa]

tering matrix [5] are expressed in the Doppler domain. They and + for v, belonging to the interval]—3vp mqa,

depend on the range bin and on the Doppler bin. The symbol-Vp mq.]. Before Doppler phase compensation the Eq. (2)

<> means time average. holds and after the Doppler phase compensation, which con-
For light precipitation, the differential phagepp is ex- sists of adding the phase

pected to be near’(at S-band. When this phase is obtained

4 8
per Doppler bin, it is then the argument of the cross spectrumd ¢y, = —Tvnﬁﬁt = —Ad¢p * T/UD,maxAt
Frh,00. FOr Doppler velocities y inferior to the maximum = —Aép £ ASD mas (6)

unambiguous Doppler velocitypi,,.. (in magnitude), the
phase of the cross spectrum, without Doppler phase comperthe phase spectrum becomes

sation, is .
A AT’g (th,m;) = \IIDP (UD) + A¢D,ma$
s
o 4 At
Arg (Fiunwo) ~ ¥pp (vp) + ~TFup At = Upp (vp) 427 (7)
=Vpp(vp) +A¢p ) _ o
_ ) whereT,, is the sampling time for the Doppler FFT.
where At is the time offset betweenh and vu measure- The Doppler phase compensation is correctly performed

ments. For a vertical profile of rain, the decorrelation time j, the case of Doppler aliasing but then a constant phase is
andAt are typically 10ms and 1 ms, respectively. The phaseadged to the cross spectrum.

of the cross spectrum will vary betwedn, and ¥ pp + In case of multiple Doppler aliasing, the Eq. (7) can be
2m/10. For slant profiles, which are affected by the wind generalized. We use a cycle of three polarimetric measure-
Doppler velocity, this error on the differential phase will be ments 114, ho andvv because of the single receiver channel

larger. After adding the phase of the radar. Therefore\t = 27}, /3 which leads to the gen-
AgS, = —Adp 3) eralized form

. 4n
per Doppler bin, the Doppler phase compensation is perA79 (Fin.vn) = ¥Ypp (vp) +np—- 8

formed and the phase spectrum becomes ) ) L
When ¥ pp is near 0, we obtain phase ambiguity from

Arg (Fyp 00) = ¥pp (vp) 4) np = 3 and we can solve two different aliasing problems.
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3 Statistical model of the cross spectrum phase Standard deviation of the cross spectrum phase

o ) for different number of averages
A new dealiasing technique based on the phase of the cross 120 ‘ ; ; ; ; ; ‘

spectrumhh, vu, which was discussed in Sect. 2, will be ex-
plained and illustrated in Sect. 4. After correction for the
non simultaneity of the polarimetric measuremehtsand

vv, the mean value of this phase is 0 for light precipita-
tion at S-band (see the probability density function of the
measured phase of the cross spectiunwo, in Figs. 1-2,
dashed line). It was shown in Sect. 2 that this value becomes
a specific constant{2r At/T,,) in the presence of a single
Doppler aliasing. In order to develop a dealiasing algorithm,
it is necessary to know the standard deviation of this phase
and its dependency on the number of averages. For this pur-
pose, a statistical model of the phase of the cross spectrum is
hereby introduced and experimentally verified.

When many hydrometeors are contained in the radar reso- | ‘ ‘ ‘ ‘ ‘ N
lution volume (range bin) or in a part of this radar resolution o ot 020 03 04 05 06 07 08 09 1
volume (range-Doppler bin) and no single one of them dom- Magnitude of the cross correlation coefficient hh,vv
inates the others, the scattering matrix can be modeled as
having a multivariate complex Gaussian distribution. With Fig. 3. Standard deviation of the cross spectrum phase.
this assumption, a probability density function

standard deviation (degrees)

Pk () = r (kJF %) (1 - |Pc|2)k5 (1 - |Pc\2)k Netherlands (moderate climate), we use rather the differ-
27T (k) (1 — 52)’%% 27 ential phase to reveal measurement problems like Doppler
1 aliasing or ground clutter than to characterize hydrometeors.

F (k 1 X ﬁQ) 9) An estimate of the magnitude of the cross correlation co-
efficient per Doppler bin is obtained using 40 averages in

for the phase the case of a vertical profile of precipitation. The rain and
K precipitating cloud areas show high values of this parame-

¥ = Arg 1 Z Sun (4) S%, (i)] (10) ter, typically 0.99 and we find max.|m_ally 0.97 in the meltlng
k<~ layer. These values are characteristic of stratiform light rain.

We first verify that the number of averages considered (40)

Is give(r:} by (I(‘jei' 1994:))' b'_ll'.hisdphase Is cor_nprijed bzt\’veerl:onsists of independent samples. This is the case when we
—m and and the probability density function depends on |, ot time series of the cross spectrum phase and its cor-

the complex cross correlation coefficient responding autocovariance function. We verify then that this

E[SunSz,] - phase distribution is a good model for our experimental data
e = - == |pele?™ P (11)  in Figs. 1-2. The probability density functions, theoretical
\/E[|Shh| }\/E“va‘ ] and experimental, are plotted for a cross correlation 0.989

with no average (Fig. 1) and 10 averages (Fig. 2). The exper-
imental normalized histogram corresponding to 10 averages
is built with 10 times less data than the one with no aver-

B = |pe| cos (w — \IJDP) (12) age. Nevertheless we can conclude that there is a good fit

. . between the theoretical and experimental probability density
and the functiond and F (more preciselyF;) are the functions, with or without average.

gamrtr_la ‘;””CtT";]” and thle Gauss hypergie?metrlc 1;ru_n_ct|otn(,j '€ Since the model of the cross spectrum phase distribution

Spectively. € complex cross-correlation coethicient de-;q verified, the related standard deviation

pends on meteorological conditions (for heavy precipitation,

U pp will be different from 0 and the modulus @f, ma 7r
DP Qf y f,ﬁ ¢2pk (w) d"l)

decrease). op (k) = | =2———

The phase of the cross spectriuin, v is N\ SR @) dy

and on the number of averagesThe parametef is defined
as follows

(14)

1< . can be computed versus the magnitude of the cross corre-
P(l) = Arg % Zshh (i,0) S5, (i,1) (13) lation coefficient for several number of averages. This is
=1 plotted in Fig. 3. After Doppler processing, the cross cor-
wherel denotes the Doppler bin. This phase correspondgelation coefficient is generally comprised between 0.9 and 1
to the differential phase per Doppler velocity bin afteav- for light precipitation. In that case, the largest standard de-
erages. Because heavy precipitation are very scarce in Theation, about 40, is obtained forlp.| = 0.9 when there is
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Slant profile of precipitation hh Cross spectrum hh,vv with Doppler phase compensation
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Fig. 4. Spectral reflectivity of a slant profile. Fig. 5. Compensated cross spectrum phase.

no average. When there is a single aliasing, the mean phag¥f® carried out with the maximum Doppler velocity being too

is 120° (with our measurement specifications), which indi- low. For slant profiles, the Doppler velocities cannot be re-
cates that the highest standard deviation possible 60 lated directly to the fall speed of the hydrometeors and con-
fore phase ambiguity occurs. Therefore a dealiasing techt@in the wind Doppler velocity. The selected slant profile

nique based on the cross spectrum phase can be successfu§jows large variations in wind Doppler velocity as a func-

used when there is no average. Nevertheless, Fig. 3 showion of heightin Fig. 4, especially in the rain area.

that it is worthwhile to carry out an average on two Doppler o i

spectra, which leads to a strong reduction of the standard de*-2  Dealiasing of the slant profile
viation, which becomes about 20For the same example (no

average anth.| = 0.9), the meary , » may reach maximally The phase of the cross spectrlﬁm, vv is plotted in Fig. 5
20 after Doppler phase compensation. Three phase values are

mainly seen. The dark gray area is the only part of the pre-
cipitation event, rain in the near range, which belongs to the

4 Dealiasing procedure Doppler velocity interval 6., +6.]. The phase of the cross
spectrum is about® This precipitation measurement shows
4.1 Slant profile of precipitation two other characteristic phases: one is about’1@@arly

black) and the other one is aboul20° (light gray). These
To illustrate the dealiasing procedure, a slant profile (Fig. 4)values indicate the presence of Doppler aliasing and make it
is selected. It shows light stratiform precipitationidt po- possible to retrieve to which Doppler interval they belong.
larization. The radar looks at an elevation angle ¢f.3lhe In the example of the slant profile, the Doppler velocities
range resolution is 75m. The melting layer is located be-are expected to be negative (the mean Doppler velocities per
tween the ranges 2km and 3.1 km. Under the melting layerrange bin calculated from the Doppler spectrum part related
there is rain. The precipitating cloud layer is located betweernto the phase value°Gare near—6 m/s). When the precip-
the ranges 3.1km and 9.25km. The Doppler resolution isitation event corresponds to the Doppler velocities interval
4.71cm/s. The negative Doppler velocities indicate that thefl—18 m/s, —6 m/s], the constant phasedr/3 is added to
hydrometeors are approaching the radar. The measuremerifse phase of the cross spectréi, vv. This constant phase
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Dealiased slant profile of precipitation: reflectivity (dBZ) 30 : ‘ ; : : : ; ‘ ; >260
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Fig. 7. Radio sonde and radar measurements: wind profiles.

Fig. 6. Dealiased slant profile: spectral reflectivity.

. . In the second area, the proposed dealiasing technique ma
is —240 or equivalently 120 and corresponds to the nearly not perform optimally. Thpis iz the melting Iagyer (beg/veen y

black area. The same occurs for velocities belonging to - ;
[—30 m/s,—18 m/s], then the constant phas8r /3 is added 2 and 3 km). Under the reflectivity peak of the melting layer

e cros spectm phaseand eads 0 he g gy rd " 7). 18 PP specte become e G011 e
—480° or equivalently—120°. PP P ' y

. I ilar to those of a precipitating cloud but the cross correla-
Using the phase of the cross spectrum and continuity OftheEion coefficient magnitude is small and the cross spectrum

mean Doppler velocity, the dealiased slant profile is given in . )
Fig. 6. The number of averages is 50 for this event. C)myphase differs from expectations. At the present moment, the

. . c}ealiasing procedure suppresses the tails of these Doppler
the areas corresponding to a cross correlation larger than O. . i
spectra. This effect can be clearly seen for a few range bins

and having a cross spectrum phase cqmprlsed in the mtera-‘t 2.2km in the dealiased profile of Fig. 6. These Doppler
val (mean phase}x20,, have been considered. The largest . .

o . spectra in the lower part of the melting layer (under the re-
standard deviation;, is 6° and three mean phases are found. flectivity peak) are being investigated
For this example, the mealn, p may reach 6. The standard P 9 9 '
deviation can be chosen larger in order to allow for a larger

mean¥ pp than 6. _ _ _
4.4 Comparison with a meteorological balloon

4.3 Consequences of the dealiasing procedure

The phase of the cross spectriiin, vv also indicates prob- In order to compare the Doppler velocities obtained after
lematic zones because of the presence of very different phasgealiasing the slant profile, one vertical profile of the wind
values than expected. Two examples of them, present ionditions (balloon in Fig. 7) was kindly supplied by the
Fig. 5, are shortly discussed: ground clutter and meltingNetherlands Meteorological Institute (KNMI). The two sen-
layer. sors are not collocated but a comparison can still be done.

The cross spectrum phase is very useful to detect thdhe mean velocity measured by the balloon (thick line) is
Doppler cells contaminated by the ground clutter. After re- mainly comprised between 22 m/s and 23 m/s from 0.2 km to
moval of the stable ground clutter, the time varying ground4.5 km (height). The estimated horizontal wind mean veloci-
clutter shows a broad histogram of phases (see Fig. 5 arourties, calculated for a vertical profile, are also plotted in Fig. 7
the Doppler velocity 0 m/s). Therefore during the dealiasing(asterisk). They correspond to the Doppler mean velocities
procedure (also if the threshold on the magnitude of the crossf the slant profile divided by cos(30) which means that the
correlation coefficient is not applied), the Doppler cells sig- contribution of the hydrometeors to the Doppler mean veloc-
nificantly affected by ground clutter are discarded and thatity is here neglected. Apart from the first 0.5 km (range 1 km
can be seen in Fig. 6, under and above 1 km in the rain are@ the slant profile) there is a good agreement for the esti-
(missing data around Doppler velocityl2m/s). We can mated wind velocities measured by the radar if the azimuth
conclude that this dealiasing technique performs dealiasinglirection of the radar is near the horizontal wind direction
of the precipitation profile and ground clutter suppression. (dashed line).
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5 Conclusion ing, the cross correlation coefficient is generally comprised
between 0.9 and 1 for atmospheric targets like rain, melting
The solution to the non simultaneity of the polarimetric mea- |ayer and precipitating cloud. Therefore a dealiasing tech-
surementshh andwvv is a phase correction per Doppler ve- nique based on the cross spectrum phase can be successfully
locity bin (Doppler phase compensation), which is valid in ysed when there is no average. Nevertheless, it is worthwhile
the case of Doppler aliasing. This phase correction, whicho carry out an average on two Doppler spectra, which leads
improves with the Doppler resolution, is general and can beg g strong reduction of the standard deviation.
applied for all moving targets. For atmospheric targets, this e have shown that the new dealiasing method, which is
phase correction is necessary for the estimate of the complegroposed, compensates for the reduction of the maximum un-
cross correlation coefficient. ambiguous Doppler velocity in case of polarimetric measure-
After Doppler phase compensation and in case of nOments of light precipitation af-band (assumption: mean
Doppler aliasing, the phase histogram of the cross spectruny ,,, small) and performs clutter suppression. This new
hh,vv (or equivalently histogram of the differential phase dealiasing technique can be extended when large mean val-
per Doppler velocity bin) has a mean phase off@r light  yes of¥ ;5 are encountered. In that case, the absolute values
precipitation atS-band. of the cross spectrum phaéé, vv must not be considered

The Doppler phase compensation corrects for the nomyt the jump of this phase in the Doppler spectrum at a fixed
simultaneity of the polarimetric measurements in case ofrange.

Doppler aliasing but adds a constant phase, which depends
on the interval of the actual Doppler velocities. Thus dealias-
ing of the Doppler profiles can be done using the phase ofReferences
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