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Real-time mapping of the parameters of precipitating water clouds and rain making use of a verti-
cally-directed Doppler radar is an important problem. In this paper, an algorithm based on an indepen-
dent estimation of the droplet effective diameter and concentration is suggested. This approach differs
from the Marshall-Palmer retrieval procedure that is based on a single estimated parameter, the radar
reflectivity factor.

It is shown that the Marshall-Palmer approach can provide good estimates of the averaged param-
eters, however is not suitable for producing the high resolution time-height maps of the parameters. The
two-parameter retrieval algorithm under discussion was tested using the data obtained with the 36 GHz
polarimetric Doppler cloud radar MIRA-36. The results of the measurements and their processing are
presented. The algorithm suggested has appeared to be applicable for real-time measurements with the
vertically-directed Doppler radars.

1. Introduction

The paper is devoted to real-time retrieval of
the water cloud and rain parameters with a verti-
cally-directed Doppler radar. This problem has
been considered by many researchers [1-5] be-
cause of its importance for practical applications.

One of the basic characteristics of water clouds
and rain is the drop size distribution (DSD). The
typical, often used form of the DSD is the Gam-
ma-distribution [1-2],
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Here (W) is the Gamma-function. This form of
the DSD depends on three parameters, namely
the droplet concentration, N, [M~3]; the droplet
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effective diameter, D, [mm]; and the parameter
M, which is assumed to be known. Two particular
cases are often considered [1-2], specifically
M =0, which is used for rain drops, and P =2,
which is for cloud droplets.

The drop size distribution determines several
integral parameters. For example, the liquid wa-
ter content, LWC [g/m?®], is proportional to the
third moment of the distribution,

LWC:10'3gI D*N(D)dD.
0

Substituting the DSD in the form (1), one can
obtain the following expressions:
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The radar reflectivity factor, Z [mm® n™3],
which describes the backscattered power is pro-
portional to the sixth moment of the distribution,
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so that (for p=0).

Modern vertically-directed Doppler radars pro-
Mu+1+6) . .. S

= W Do vide the real-time images of the radar reflectivity
H factor, the mean Doppler velocity, and the Doppler
spectrum width. These values can be used to re-
or trieve the cloud and rain parameters. In our research
we used the Doppler cloud radar MIRA-36 [6]
B 6 _ operating at the frequency of 36 GHz. The radar
Z =7200N, Dy , (for p=0). G) characteristics are listed in a Table.
Similarly to the effective diameter and the drop-

) i a Table. Characteristics of the radar MIRA-36
let concentration, the droplet velocity, V' [m/s], is

an important microphysical parameter. It is a sum . 36 GH

of the terminal fall velocity of droplet, V, (D) >0, reil(uency z

the mean air flow velocity, V,, and the turbulent Pea po.wer 3 0 kW

air flow velocity, V, [1-4], Pulse w1dth. 100+400 ns
Pulse repetition frequency | 2.5, 5.0, or 7.5 kHz
Antenna beam width 0.6°

V=V,-V(D+V.
Range resolution 15+60 m

The turbulent velocity of droplets is a random Time resolution 0.1s

quantity characterized by a zero-mean Gaussian .

distribution [1-3] with the variance ©,.The tur- FD;)F?pller aﬁalysw . FFT

bulent velocity is supposed to be independent of . engt . 28, 256, 512

the droplet diameter. The terminal fall velocity Maximum unamblguops £ 15 m/s

depends on the droplet diameter. We have used Velomty

the following approximation [2]: Doppler spectrum resolution 5 cm/s
Polarization

Vq(D) = 3.778D%% = Vv, (& XD/ Do)o'67 . Transmitter Single polarization

Receiver Dual polarization
The parameter as important as the rainfall rate, Remote control and
R [mm/h], depends both on the drop size distri- . TCP/IP (the Internet)
. : : observations
bution and the droplet vertical velocity,
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The aim of this paper is to propose an algo-
rithm for real-time retrieval of the high-resolu-
tion images of the effective droplet diameter, the
droplet concentration, the liquid water content,
the vertical air flow velocity, and the rainfall rate.
These additional images will improve the radar
capacity for real-time observations of precipita-
tion events and will provide important informa-
tion on the cloud and rain structure.

The paper is organized as follows. The intro-
duction is followed by a brief review of the clas-
sical retrieval approach based on the Marshall-
Palmer expressions. Then a two-parameter retriev-
al algorithm is considered. After that, results of
the algorithm application are discussed. The pa-
per ends with a brief conclusion.

2. Marshall-Palmer Approach

Several retrieval algorithms have already been
proposed. The classical approach is based on the
Marshall-Palmer retrieval expressions [1-4]. Ac-
cording to this approach, an empirical relation is
assumed between the droplet effective diameter
and the droplet concentration,

N,/ D, =8000 m™/mm. %)

Moreover, the vertical air flow velocity is sup-
posed to be small as compared to the terminal
fall velocity, and an empirical relation for the
rainfall rate is introduced,

1/D, = 4.1R*%,

Thus, the Marshall-Palmer approach allows re-
trieving the cloud and rain parameters from a sin-
gle measured value, the radar reflectivity factor,

Z =200(R*®, LWC=0.072R*%,

The scheme of the approach is given in Fig. 1.
Proceeding from the reflectivity factor, the rain-
fall rate is estimated, and then the effective diam-
eter, the droplet concentration and the liquid water
content are retrieved.

Fig. 1. Marshall-Palmer approach

However, it has been found out that the empir-
ical relation between the effective diameter and
the droplet concentration varies considerably. A
number of similar empirical expressions with oth-
er numerical coefficients have been proposed. The
diversity of this relations, on the one hand, comes
from the variety of the precipitation conditions,
and, on the other hand, is a result of inhomogene-
ity of the clouds and rain with time and height.
Therefore, the Marshall-Palmer expressions are
applicable for estimating the averaged cloud and
rain parameters and not suitable for retrieving the
high-resolution images of the parameters.

3. Two-Parameter Retrieval Approach

We have not postulated the relation between
the droplet effective diameter and concentration.
Instead, we have used the retrieval algorithm
based on an independent estimation of these two
parameters. As will be shown below, the droplet
effective diameter can be estimated from the
Doppler spectrum width. The droplet concen-
tration can be then retrieved from the reflecti-
vity factor (3).

In case of incoherent Rayleigh scattering, the
radar backscattered signal (IQ-signal) is a zero-
mean stationary random process with a well-
known correlation function [1, 2, 5, 7],

R(1) = Rexp[-2ikV 1]

) <o([>)expgzkvg D )rg
(a(D))

(exp[-2KkV,T]) . (6)
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Here P, is the signal power, and a(D) ~ D° is the
Rayleigh backscattering cross section. Using (6),
one can obtain the formula for the Doppler spec-
trum moments,

(o(0) ¥, V(D) + Uf] )
(o(D))

w)-

In particular, the mean Doppler velocity mea-
sured by radar is a sum of the mean vertical air
flow velocity, V,, and the mean terminal fall ve-
locity of droplets, Vg,

(V) =Va=V,, (7

_(a(D)Vy(D))
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The Doppler spectrum width, g, is a sum of the
turbulent spread, 0:, and the spread due to disper-
sion of the terminal fall velocity of droplets, g,

2 _ <2 2
0 =0y +0;,

, <0(D)V92(D)> o

=ng (Dy) (T -; ?Jfé.i. 16)7+ 1)_ng,

For the case of u=0,

V, =3.6lY, (), ®)
0, =0.92V, (O, ). )

Thus, the main idea of the two-parameter ap-
proach consists in the following. The spectrum
spread due to dispersion of the terminal fall velo-
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city of droplets depends on the droplet effective
diameter. Therefore, if the turbulent spread is small,
the effective diameter can be estimated based on
the Doppler spectrum width (9). The droplet con-
centration can be then retrieved from the reflectiv-
ity factor (3). Thus, within the framework of this
algorithm, the effective diameter and the droplet
concentration are estimated independently, in con-
trast to the Marshall-Palmer approach. Calculating
the mean terminal fall velocity of the droplets (8)
and using the measured value of the mean Dop-
pler velocity, the vertical air flow velocity can be
extracted (7). Finally, the liquid water content (2)
and the rainfall rate (4) can be retrieved.

The scheme of the retrieval algorithm is shown
in Fig. 2.

Fig. 2. Two-parameter approach

In case of the fine-droplet clouds, the turbu-
lent spread is comparable to the spread due to
dispersion of the terminal fall velocity of drop-
lets. The typical values of the spectrum width
observed in these clouds are less than about
0.2 m/s. This value corresponds to the effective
diameter of about 15 pum. This diameter has been
considered as the minimum effective diameter
that can be estimated within the framework of
the approach discussed. Thus, our two-parame-
ter approach is suitable for retrieving the pa-
rameters of precipitating water clouds and
weak or moderate rain.

4. Results and Discussion

The retrieval approach suggested has appeared
to be a convenient tool for the real-time estima-
tion of the cloud and rain parameters. This has
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been demonstrated with the K-band cloud Dop-
pler radar MIRA-36. The images of the retrieved
droplet effective diameter and the droplet con-
centration for the case of weak rain and for the
region below the melting layer are shown in
Figs. 3 and 4.

To examine the dependences between differ-
ent cloud and rain parameters, the two-dimen-
sional histograms have been built in the two-
parameter planes. Let us consider the histogram
of the measured values of the mean Doppler ve-
locity and the Doppler spectrum width in the
plane “velocity — spectrum width” shown in
Fig. 5. The retrieval approach discussed is based

Fig. 3. Image of the retrieved droplet effective diameter

Fig. 4. Image of the retrieved droplet concentration

on the assumption that the Doppler spectrum
width is mainly determined by dispersion of the
terminal fall velocity of droplets. Under this as-
sumption, if there are no strong vertical air flows,
the measured mean Doppler velocity should be
on average linearly proportional to the Doppler
spectrum width, (8), (9). This theoretical depen-
dence is shown in Fig. 5 as a grey line. One can
see that the theoretical relation is on average
consistent with the observed distribution. Thus,
we can conclude that in case of precipitating
clouds and rain the spectrum width is principal-
ly determined by the dispersion of the terminal
fall velocity of droplets.
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Fig. 5. The histogram of the measured values of the
mean Doppler velocity and the Doppler spectrum width

In Fig. 6, the histogram in the plane of the re-
trieved parameters “effective diameter — concentra-
tion” is shown. According to this figure, on average
the concentration decreases with the diameter. This
is in contrast to the Marshall-Palmer relation (5)
which is plotted in this figure as a light grey line and
shows the reverse dependence. However, this line
crosses the maximum of the distribution, implying
that the Marshall-Palmer retrieval expressions allow
to estimate the averaged values of the parameters.

Fig. 6. The histogram on the plane of the retrieved
effective diameter and the droplet concentration

The observed distribution can be interpreted
as follows. If the effective diameter and the con-
centration are varying while the liquid water con-
tent retains constant, then the concentration is a
reciprocal of the third power of the effective di-
ameter (2). This dependence is plotted as a dark
grey line and on average demonstrates better
agreement with the observed distribution.

The images of the liquid water content, the verti-
cal air flow velocity and the rainfall rate in the time-
height plane have also been produced. The averaged
values of the retrieved parameters are in agreement
with the Marshall-Palmer retrieval expressions.

5. Conclusion

The two-parameter retrieval algorithm suggest-
ed has appeared to be suitable for the real-time
observations with vertically-directed Doppler radars.
The algorithm provides high-resolution images of
the droplet effective diameter, the droplet concen-
tration, the liquid water content, the vertical air flow
velocity and the rainfall rate. These images provide
important information on the cloud and rain struc-
ture and thus improve the radar capacity for real-
time observation of precipitation events.
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O1eHKa MapaMeTpPoB 00JIAKOB U JI0K/ISI
0 JAHHBIM JIOTJIEPOBCKOTI0
paanoJIoKaTopa

A. A. be3pecwibHblil, . ITurepc,
. M. BaBpus

[Toctpoenne n300pakeHU MapaMeTpoB BO-
JITHBIX 00JIAKOB, JAIONIUX OCAJKH, U JIOKISA C
MOMOIIIbIO BEPTUKAJILHO HAMPABICHHOTO JOIIjIe-
POBCKOTO pauoJIoKaTopa SABJISETCS BaXXHOM 3a-
Jlaueil. B crarbe mpemioxkeH aaropuTM, OCHOBaH-
HBbII Ha HE3aBUCUMOW OLeHKe A(P(HEKTUBHOIO
JIraMeTpa M KOHIEHTpAIlMU Kameyb. JTOT MOJ-
X0J1 0TIIMyaercs ot noaxoaa Mapmaia-ITansme-
pa, OCHOBaHHOTO Ha OLIEHKE OJJHOTO IapameTpa —
PaaNoNOKaAMOHHON OTPa)KaeMOCTH.

[Tokazano, uro noaxon Mapmaina-ITansmepa
o0ecreunBaeT XOpOIIyI0 OLEHKY YCPEIHEHHBIX
napameTpoB, HO HE TOIUTCS I TOCTPOSHUS H300-
paXeHU! MapaMeTpPOB C BHICOKUM pPa3pelIeHHEM
B KOOpIMHATax Bpemsi — BbicoTa. PaccmarpuBae-
MBI [TOJIXOJT C JIByMSI lTapaMeTpamMu ObLT UCTIBITAH
Ha NOJIIPUMETPUYECKOM JIOTIIIEPOBCKOM PaTUOIIO-
katope MIRA-36. B cTarbe npuBeieHbI pe3yiisTa-
TBI U3MEpEHUl 1 ux 00padoTku. [IpennoxeHHbIH
AITOPUTM OKa3aJCs MPUEMIIEMBIM JIJIsl pabOThI B
peasbHOM BPEMEHHU Ha BEPTUKAJIBLHO HAIPABICH-
HBIX JTOTJIEPOBCKHUX PAJAHOIOKATOPAX.

Ouinka mapamerpiB XMap Ta goury
3a IaHMMH J10IIePiBCbKOIo
paaiojiokaropa

0. O. be3Becinbuuii, I'. IliTepc,
. M. BaBpiB

[TobynoBa 300paskeHb MapaMeTpiB BOASTHUX
XMap, o JAITh OMajaH, Ta JOLIY 3a JOTIOMO-
rOI0 BEPTHKAJIbHO OPIEHTOBAHOTO JOILICPIBCh-
KOTO pPaaioNoKaTopa € BaXXJIMBOKO 3aJadelo.
B crarTi 3anpomnoHoBaHO aaropuTM, mo Oa-
3y€ThCS Ha HE3aJIekKHIM OIiHII €()EeKTUBHOTO
JliaMeTpa Ta KOHIeHTpallii kpanenb. e miaxin
BiIpi3HsIETHCA Bl mijxoay Mapmana-ITansme-
pa, o 0a3yeTbcsl Ha OLIHIII OJJHOTO TapaMeT-
pa — xoedilieHTa paaiooKaIiiiHOTO BiJOUTTS.

[Toxazano, mo miaxig Mapmana-ITaneme-
pa 3abe3mneuye 100py OIIHKY YCEPEIHECHHX Ma-
pameTpiB, ajie He NPUJATHHUI Ui TOOYya0BU
300pakeHb MapaMeTpiB 3 BUCOKUM PO3JIJICH-
HSM B KOOpJMHATaxX 4ac — BUCOTa. Po3risny-
THH MiAXia 3 ABOMa mapameTpamMu OyJio BHII-
poOyBaHO Ha OJISIPUMETPUIHOMY JIOTLIEPIBCh-
KoMy pajniosiokatopi MIRA-36. B crarri Ha-
BEJICHO pe3yJbTaTH BUMipIOBaHb Ta iX 00po0-
KW. 3ampONMOHOBAHWN AJTOPUTM BHUSBHUBCS
MPUATHUM JUIsE pOOOTH y peaibHOMY 4aci Ha
BEPTHUKAJIBHO CIPSIMOBAHHUX JOTIECPIBCHKUX
paxionokaropax.
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