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Detection and Estimation of Reflectivity
Gradients in the Radar Resolution Volume
Using Multiparameter Radar Measurements
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Abstract—Multiparameter radar measurements of rainfall, used the deviation from the self-consistency region 2f (
namely, reflectivity factor Zg, differential reflectivity Znr, Z,z) space to derive a hail detection sign#f{z). Rain
and specific differential phaseK pp lie in a constrained three- region in ¢y, Kpp) space is used by Balakrishnan and

dimensional (3-D) space and therefore measurement of #, . o . . .
Zpr, or K pp should be consistent with the other two. This self- Zmic [5] to discriminate between rain and hail. Gorgueti

consistency relationship betweenZg, Zpr, and Kpp is valid @l [6] have utilized the self-consistency principle to evaluate
when the radar resolution volume is homogeneous. When there absolute calibration errors. In this paper, we present the
are reflectivity gradients within the radar resolution cell, the tilization of self-consistency to detect and estimate large
self-consistency relation is perturbed. This perturbation can be reflectivity gradients in the radar resolution volume. Nonuni-

utilized to detect the presence of gradients in the radar resolution f Iuti | d b t i It
volume. This paper presents a technique to detect and estimate orm resolution volume cause y antenna mouon results

reflectivity gradients in the resolution cell. The technique is N reflectivity gradient within the resolution volume. This
evaluated using theoretical analysis as well as experimental data gradient can be easily recognized by the bias measurement,
collected by the NCAR CP-2 radar. It is demonstrated that the which is the difference between the reflectivity estimates from
presence of ref_lectlvny grad_lents larger than a fgw decibels can log and linear receivers (Scarchikit al. [7]). However, if
be detected using the algorithm developed in this paper. - . . : .
the antenna is not moving fast or is stationary, the resolution
Index Terms— Multiparameter, polarimetry, precipitation,  volume can still be inhomogeneous, as is commonly observed
radar resolution. with large resolution volume. Such inhomogeneity cannot
be detected using bias measurement. This paper describes a
|. INTRODUCTION technique to detect and estimate inhomogeneity of the radar

HE CHARACTERISTICS of polarization diversity mea_resolunon volume mdependgnt of the antenna motion. Radgr
) ) . Rgrameter estimates from inhomogeneous radar resolution
surements in rain are determined by the shape a

volume are usually biased, especially when nonlinear algo-

size distribution of raindrops. The shape of a raindrop IS : . o
; . rithms are involved in the estimation process, sucl¥as R
determined by the forces due to the surface tension, and

. . . rainfall) relation and velocity estimate. In the presence of
hydrostatic and aerodynamic pressures due to airflow aro S . . .
. . . . . strong reflectivity gradient, the relationship between measured
the raindrop. Medium and large size raindrops2(mm in

diameter) are nonspherical. The shape of raindrops chanreef!%ea'v'ty and rainfall will change for an assumeti - &

with the size and can be approximately described by an oblat%uatlon in the absence of gradients. This can manifest itself

S o X L7 S range-dependeit — R relation because there is a greater
spheroid with the symmetry axis in the vertical direction [1]3l : .
~¢thance for the radar resolution volume to be inhomogeneous

[2]. The properties of the size-shape relationship of alue to larger volume as the range increases. Therefore, it

drops translate directly into features of polarization diversity . . L
) . . : important to know the presence of gradients within the
measurements in rainfall. Theoretical calculation and radar . - L )
. o ; ; radar resolution volume. In addition, it is also important to
observations suggest that polarization diversity measurements . L . .
. L . . now how large is the gradient in the resolution volume. This
of rain, namely, radar reflectivity factorZ¢;), differential L ; )
o o : . paper attempts to address this issue using multiparameter radar
reflectivity (Zpr), and specific differential phasé&(p) lie
. S : ) measurements.
in a limited three-dimensional (3-D) space [3] and therefore . . . .
. Our paper is organized as follows. Section Il describes the
measurement of4y), (Zpr), or (Kpp) should be consistent .
measurement of{ pp from a nonuniform measurement cell,

with the other two. This self-consistency feature has be%rr]ld utilizing the self-consistency requirement, an algorithm to
used in many practical applications. Aydat al. [4] have 9 y req ' 9

measure reflectivity gradients in the radar resolution volume
is obtained. Section lll analyzes the algorithm for different
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supported in part by the National Group for Defence from Hydrogeological : . . .
Hazards (CNR, Italy), the Mesoscale Alpine Project (MAP-CNR), and nsfof detection and measurements of reflectivity gradients in the

G. Scarchilli and E. Gorgucci are with the Istituto di Fisica dell Atmosfergadar resolution cell is given in Section IV. Section V presents

(CNR), 00133 Rome, Italy (e-mall: scarchi@atmos.ifa.rm.cnr.it). application of the techniques developed in this paper to the
V. Chandrasekar is with Colorado State University, Fort Collins, CO 8052& t llected by NCAR CP-2 rad ti t

USA. ata collected by N -2 radar over convective storms.
Publisher Item Identifier S 0196-2892(99)01969-5. Section VI summarizes the important results of this paper.

0196-2892/99$10.001 1999 IEEE



SCARCHILLI et al: REFLECTIVITY GRADIENTS IN RADAR RESOLUTION VOLUME 1123

Il. MEASUREMENT OF K pp FROM where|| indicates absolute value arfdpp = Ky — Kv is
INHOMOGENEOUS RADAR VOLUME the specific differential phase shift due to propagation. The

An ensemble of hydrometeors within a radar resolutighPSolute values of the complex amplitudég and 4,- can
volume produces a net voltagy and Ry, received at be related to the power by the following relationship:
horizontal and vertical polarization, that can be obtained as is | Ag||Ay| = Py10-00Z0x )
a superposition of voltage from each scatterer. The mean value v

of Ry a_ndRV is zero; the mean intensity and covariance cafere Zpr is the differential reflectivity in decibels. The
be obtained from second-order moments as [8] argument of the complex quantity (5) is given by

(RuRy) = <Z (fH)i(fH)f(SHH)i(SHH)?> (12) Arg (Ry RY) = Arg zm: [(Ag )il|(Ay )le I Epedr | (7)

=1

1

(fH)i(fv)f(sHH)i(va)f@](BH_BV)”> Equation (7) gives the expected value of the cumulative
L differential phase shif®opp over the beam at the range

(1) this is obtained as a linear combination of the cumulative

where the angle brackets) indicate expectation and in- differential phase shift in each uniform region,weighted by the
dicates complex conjugatiom, is the number of the scat- absolu'_[e values of t_he complex _amphtudes of r_ecelved signals
terers, (sx); and (syv); are the diagonal elements of thedt Vertical and horizontal polarization. Assuming thép p
backscatter matrix for individual particles;, 1-); contain the Varies linearly within a small range bifvr, then the expected
radar constant, range weighting function, and antenna patt¥@iue of specific differential phase shift can be easily obtained
function for the two polarizations;; is the range of theth from (7) as

%

(RyRy) = <

n

scatterer, andy, Ky is the specific propagation phase at 1 m
horizontal and vertica_l polarizatio_n. o (Kpp) = FArg Z |(AH)I||(AV)I|C—J'(KDP)M, . ®)
If the radar resolution volume is composed raf distinct U =1
regions that are homogeneous in range, we can simplify the . ) .
relation given by (1b) as Theoretical calculation and radar observations [3] suggest
that the polarimetric measurements of reflectivity factor at
ey - N horizontal polarization ), differential reflectivity ¢pr),
(BuBy) = Z [/h ()i dvl} and specific differential phas&(p ) lie in a limited 3-D space

=1

—i(Kg—Kyv)r for rain medium. In other words, there is a self-consistency
. <(SHH)I(SVXVX)7>C J(ISH Iﬁy)l’l. (2)

requirement in polarization diversity radar measurements of

Equation (2) can be rearranged as rainfall. This constraint enables parameterization/of in
. terms of Zy and Zpgr as
<RHR€;> = lz_; (AH)I(AV)’;C_j(I(H—I(V)lr (3) /DP _ CZ%]_O—,BZDR (9)

where (Ay); and (Ay); are the complex horizontal andWhereX’, isgthe parameterized estimate Kipp, Zy is in
vertical amplitudes of the signal received from the elementdhits mn¥ m~3, and Zpp is in decibels. It should be noted

volume V;; they are related to the backscattering matrix ternfre thatk’, , indicates an estimate based 4 and Zpr
by and not from a profile of differential phase measurements. The

coefficientsC, «, andg change as a function of the frequency.

(A ALY = [/ (fy)z(féf)dez} ((sprstv ). (8) The values ofC, «, and 8 at S- and C-bands are given as
Vi follows:

The phase term in (2) is due to a combination of the fOHOWin%-band (10 cm)
1) propagation effects;
2) backscatter differential phase;
3) different phase of antenna pattern at horizontal and C=105%x10"% «a=096, =026 (10a)
vertical polarization, which can be defined radar syste@-band (5.5 cm)
differential phase.
At S-band, the differential backscatter phase shift between C=146x10"%, o =098, B=020. (10b)
vertically and horizontally polarized waves is very small £0.2 ’ ’
for the biggest drops); moreover, for simplicity and without gcarchilli et al. [3] have shown that (9) can approximate
loss of generality, it can be assumed that the radar systef, , fairly well in absence of measurement errors. Gorgucci

differential phase is zero. Thus, (3) becomes et al. [6] have utilized this feature to calibrate weather radars;
m o in this section, we show that the self-consistency principle
(ReRy) = Z [(Ar)i]|(Ay)g|emIEper (5) could give quantitative information about reflectivity gradient

=1 within the resolution volume.
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For the nonuniform resolution volume, the estim#f¢,, B. Constant Reflectivity Gradient

can be written as Cloud model and measurements of raindrop size distribution

o (RSD) at the surface show that a gamma distribution model
describes natural variations in the RSD [9]

N(D) = NoD#e= G D/ (m=3mm)  (16)

m

% > (Zu)

=1
10mP0 s {7, Z /T @0 gy

where N(D) is the number of raindrops per unit volume per

If the radar resolution volume is uniform, the averagg unit size intervalD to D + AD and N,, D,, and . are

and Zpr will correspond to the averagk ,p» given by (8). parameters of the gamma dlstr|but|0n._ .

However, in the presence of gradients, this will not be valid. The radar parameters of the ramn medium, namely,
Therefore, we can evaluate a coefficientthat will give a Zu,v, Zpr, Kpp), can be expressed in terms of the RSD
measure of the nonuniform resolution volume. We define tf& follows:

ratio between the directly measurdtpp to parameterized Ty v = ,)\4 /UH v(D)N(D)YAD (mmfm=3) (17)
K&p asv given by : oK |2 :

where Zy v and oy v represent the reflectivity factors and

K X . . .
V= Tm' (12) radar cross sections at horizontal and vertical polarization,
br respectively A is the wavelength, an&l” = (¢, — 1)/(e, + 2),
From (8) and (11), it can be easily pointed out that, for uniforrWhere ¢ Is the dielectric constant of water

reflectivity field, the expected value ofis nearly one. /o—H(D)N(D)dD

Zpr = (18)
lIl. ANALYSIS OF MODELS FOR /Jv(D)N(D)dD

INHOMOGENEOUSRADAR RESOLUTION VOLUME 180\

In this section, we study the sensitivity ofwith gradients Kpp = T Re/ [F1(D) = Fy (D)N(D)dD  (deg /km)
in the radar resolution volume for two cases, namely, 1) the (19)
case corresponding to beam blocking and 2) the case in which _
the reflectivity varies linearly on decibel scale. whereFy and Fy are the forward scatter amplitudestatand

V' polarization, respectively. It has been often observed that
radar reflectivity factorZy, expressed in dBZ varies linearly
in space within distances comparable to the beamwidth [10].
Low elevation radar scans suffer beam blockage fropkt ys assume that the variation @y occurs over cross
elevated ground target or mountains. When the beam riqge, that is, along the elevation/azimuth axis. One simple

partially blocked, the echo received from the ranges farthgay to obtain this variation is by exponential variation of the
than the blocking target will be reduced by the fractibof parameterv, as

the beam volume filled with rain. It can be easily seen that both

radar reflectivity at horizontak;; and at vertical polarization No = (No)e exp(0.23G now) (20)
Zy are reduced in proportion to the amount of beam blockagghere (V,). represents the value oW, at the center of
thus, the measurement &b » over the beam is independent okne peam andGy, is the variation of N, expressed in
the beam blockage. Under those considerations, the estim@i@ipels/kilometer. Assuming th&, and are constant, it is
(11) becomes easy to derive from (17) and (18) th&i,» remains constant

A. Beam Blocking

Kiyp = O(fZy)*10~P7px, (13) Zpr = const (21)

whereasZy varies as
On the other hand, the expected value Hf,» can be "

expressed as Zy = (Zy). exp(0.23G y,2) (22)
1 0057 K A where (Zy). is the value ofZy at the center of the beam.
(Kpp) =+ Arg (Zg 1077 pre™ReP=") = Kpp. . With those assumptions, the estimdt, , can be written

(14)
Th|s regult shows that, similar tdpfg'meas.urement[(m». Ky = O(Zy) 210~ 20m | = /
is also independent of the beam filling. Finally the ratio —L/2
betweenKpp and K, gives

L2 «

exp(0.23G o) da:]

(23)

(vy=1/f" (15) where L is the beam length in elevation/azimuth direction.

Evaluating the integral in (23), we obtain
From (15) we obtain a quantitative estimate of the power

) . : 023G NoL/2 _ —0.23GNoL/2\ ¢
reduction as a function of the amount of the beam blocking, Kip = (K/DP)C< ) (24)
as it is expected. 0.23GnoL
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where (K, ). is the value of K7, at the center of the 4.0 .
beam. We can observe that (24) is a monotonic increasing - .
function with the reflectivity gradient. For uniform reflectivity,

Gy, = 0and Ky p = (K;p)e, as expected. On the other

hand, taking account of (21) and (22) and substituting the
summation with integral, the expected valueldf,» can be

written

1 B2 ma
(Kpp) = EAI’Q /_L/2 ere > 20

- exp [jAT(KDp)CcO'Q?’GN”’”] dx}

(25) Lo

which simplifies to 1
023G NoL/2 | ,—0.23G N, L/2 4

(Kpp) = (Kpp). 5 (26) o N R R
) 0 10.0 20.0 30.0
where(Kpp). is the value ofK  at the center of the beam.
Using the parameterization (9) at the center of the beam, we G, (dB)
o ) -
can assume thatpp). = (Kpp).. Finally, combining (24) Fig. 1. Ratiorv between specific differential phase shiff,,, and the
and (26) gives parameterized(/, » as a function of the reflectivity variatio@ 7, expressed
24—+ o in decibels.
ef +e? z
(v) = ] @7)
2 [(eF—e7) 40 —r—T—T—— T

where » = 0.23Gn,L/2. It can be pointed out that, for
uniform reflectivity, that is, forz = 0, the parameter = 1 L -
as it is expected. Fig. 1 shows the plot of the ratiwersus - .
the variationGg = Gy, L of the reflectivity along the path. 3.0 R
It is easy to see that the ratiois independent of the sign of P
gradient and not very sensitive to reflectivity variation up to 5 e
dB. Moreover, wher7 is larger than 10 dB, themincreases

nearly linearly with the variation of reflectivity along the path. > 20
From (27), it can be observed that the reflectivity gradient over

the beam can be estimated from the measuremenfs;of

and Kpp. In the following section, the accuracy of gradient
estimation is evaluated. 1.0

IV. SIMULATION ANALYSIS

In this section, we simulate radars returns to study the - ]

error in the measurement of the coefficiemt The radar 0 — S
measurementsy;, Zpr, and ®pp along the path and over 0 100 20.0 30.0
the nonuniform resolution volume are constructed as follows: Gy (dB)
1) total length in elevation/azimuth 3 km; Fig. 2. Scatterplot of the ratio between specific differential phase shift
2) subvolume length in elevation/azimuth 150 m; Ky p and the parameterizelf, ,, as a function of the reflectivity variation
3) variation of reflectivity in elevation/azimuth between (' ©Pressed in decibels, in absence of measurement error.
and 30 dB;

4) reflectivity value at the starting elevation point betweeh!S Procedure yields a wide variety of profiles 8f;, Zpr.

25 and 55 dBZ: and K pp so that the technique to retrieve reflectivity gradient

5) maximum reflectivity along the path less than 55 dBz¢an be tested under all conditions. Utilizing (8) and (11), the

. , .

The reflectivity profile is assumed linear on decibel scal§Stimateskpp and K7, , over the beam can be obtained.
Once the reflectivity is fixed at an elemental resolution volume, Fig: 2 shows the scatter plot of the raticbetween the es-
the parameters of the RSD, namel,, Dy, andy:, are chosen timatesKpp and K, » versus the variation of the reflectivity
randomly within the limits suggested by Ulbrich [9] and undefn @long the path. At first glance, it can be noted that the
the constraint that the RSD vyields the current reflectivity valubeoretical curve of Fig. 1 fits fairly well the scatterplot of
in the elemental resolution volume. Subsequently, the valuelg. 2. The variation of reflectivity?; can be estimated from
of Zpr and Kpp are computed for the elevation locationthe ratiors using nonlinear regression analysis. Fig. 3 shows
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Fig. 5. Scatterplot of the retrieved reflectivity variatié#;; as a function
Pf the true reflectivity variation 4, expressed in decibels, in presence of
measurement error.

Fig. 3. Scatterplot of the retrieved reflectivity variatié#; as a function
of the true reflectivity variation,, expressed in decibels, in absence o
measurement error.
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Fig. 4. Fractional standard error (FSE) as a function of true reflectivifyid- 6. Fractional standard error (FSE) as a function of true reflectivity
variation G, expressed in decibels, in absence of measurement error. variation Gy, expressed in decibels, in presence of measurement error.

the scatter between the true variation of reflectivity, and assumed in the simulation of the measurement error are as

the estimate>}; obtained from the measurements of the ratifPlows:

v. The accuracy of the estimation process can be observed) radar frequency 3 GHz;

from Fig. 4, which shows the fractional standard error (FSE) 2) Pulse repetition time 1 ms;

as a function of the true variation. We can note that FSE is3) number of sample pairs 64;

greater than 50% for the reflectivity variation less than 2 dB; it 4) Doppler spectrum width 2 m/s.

decreases quickly to 6% fa#y = 10 dB and remains fairly Fig. 5 shows the scatter of the variatiogdy versus the

constant forGy > 10 dB. estimateG%;, and Fig. 6 shows the accuracy of the retrieval
It should be noted here that the scatter diagram of Fig.p8ocess in the presence of measurement error. We can see

is obtained in the absence of measurement error. The rathat the signal fluctuations affect the estimates of reflectivity

estimates with signal fluctuations are simulated using tigadients significantly fof7; < 5 dB, and forGy > 10 dB,

procedure given by Chandraseletral. [11]. The parameters the fractional standard error varies between 10 and 20%.
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16 . : : : S . ‘ that polarization diversity measurements in rain, namely, re-
flectivity factor, differential reflectivity, and specific differ-
ential phase shift lie in a constrained 3-D space. This self-
consistency feature of polarization diversity measurement is
used to parameteriz€p p as a function of reflectivity and dif-
ferential reflectivity. Subsequently, the ratio between this pa-
rameterized{, » and the directly measurddp ;> is computed
to detect and estimate reflectivity gradient within the radar
resolution volume. Multiparameter radar measurements over a
large number of precipitation paths were simulated to evaluate
the capability of the procedure developed in this paper to
estimate the reflectivity gradient. Theoretical analysis as well
1 as simulation study were used to demonstrate the sensitivity of
the ratio between measuréd, p and K/, » to the reflectivity
‘ ‘ gradients. It was shown that, in the presence of measurement
E 2 4 8 8 10 12 ' error, the accuracy of the retrieval process is reliable for
G, (dB) reflectivity variationGy greater than 5—7 dB. Multiparameter
. ’ e reflectivt o . data collected by the NCAR CP-2 radar during the Cape
et o o o otecd oy M e e e ogXPement were utiized to veriy the procedure for gradient
simulation data (dash-dotted line). estimation developed in this paper. The experimental results
demonstrate the potential to estimate reflectivity excursion
greater than 5 dB using the technique described in this paper.
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