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Correcting C-Band Radar Reflectivity and
Differential Reflectivity Data for Rain Attenuation:
A Self-Consistent Method With Constraints

V. N. Bringi, T. D. Keenan, and V. Chandraseki&tember, IEEE

Abstract—Quantitative use of C-band radar measurements unstable if the path-integrated attenuation is large and they as-
of reflectivity (Z,) and differential reflectivity (Za.) demands sume that the radar is absolutely calibrated with high accuracy.
the use of accurate attenuation-correction procedures, especially Attenuation correction procedures are greatly improved if the

in convective rain events. With the availability of differential | hei d S ilabl .
phase measurement@@dp) with a dual-polarized radar, it is now total path-integrated attenuation Is available as a constraint, e.g.,

possible to improve and stabilize attenuation-correction schemes Using a dual-frequency radar where one frequency is nonattenu-
over earlier schemes which did not useq4,,. The recent introduc-  ating, while the second is attenuating [5]. Dual-polarized radars
thﬂ_Of constralndt-based (8:0rregct|(7n Sﬁ_hemes USIT‘IQ:’def COI"IS_tItUte offer a total differential propagation phaséd(); between hor-

an important advance [8], [9]. In this paper, a self-consistent, j,,a and vertical polarizations) constraint, which is equiva-

constraint-based algorithm is proposed and evaluated which . . .
extends the previous approaches in several important respects. lent to the total path-integrated attenuation constraint because a

Radar data collected by the C-POL radar during the South China linear relation exists between the two at typical radar frequen-
Sea Monsoon Experiment (SCSMEX) are used to illustrate the cies (3—10 GHz) [6]. Similarly, the total differential attenua-
correction scheme. The corrected radar data are then compared tjgn along the path can be constrained using since a near
against disdrometer-based scattering simulations, the disdrometer linear relationship exists between the two [6], [7]. The correc-

data being acquired during SCSMEX. A new algorithm is used .. - . .
to retrieve the median volume diameter from the correctedz,, ton of measured reflectivity;, ) using the totab;, constraint

corrected Za,, and Kq,, radar measurements which is relatively (termed theZPHI algorithm) was recently proposed and evalu-
immune to the precise drop axis ratio versus drop diameter ated [8]. The correction of measured,, again using the total
relation. Histograms of the radar-retrieved D,, compared against ®4,, constraint was described in [9] and applied to S-band (fre-
D, from disdrometer data are in remarkable good agreement o,0ncy near 3 GHz) radar data. In this paper, a self-consis-
lending further validity to the proposed attenuation-correction L. - -
scheme, as well as to confidence in the use of C-band radar for the (€Nt scheme is introduced which extends the methodologies pre-
remote measurement of rain microphysics. sented in [8], [9] in several important respects. Radar data col-
lected by the C-POL radar operated by the Australian Bureau of
Meteorology Research Center during the South China Sea Mon-
soon Experiment (SCSMEX) are used to illustrate the self-con-

|. INTRODUCTION sistent scheme.
I T IS well known that convective storms cause significant This paper is organized as follows. Section |l gives a brief but

attenuation and differential attenuation (between horizontrgIevant background on attenuation-correction procedures that

and vertical polarized waves) at C-band (frequency near g%y on ¢,. Section |1 describes the standard ZPHI method

GHz) and higher frequencies. As a consequence, radar m%réc_zl the self-consistent extensions proposed in this paper for cor-

surements of reflectivity 4,.: at horizontal polarization) and "€ction of tge mzasur_@bﬂ,a Secgon IX ohuthn?s thdédr I?orrec_—
differential reflectivity (Zy,) must be corrected for rain atten-1°0n Procedure described in [9] and the related self-consistent

uation before they can be used quantitatively (e.g., in rainfgﬂethod that is proposed in this paper. Section V describes the
algorithms or for hydrometeor identification). analysis of C-POL radar data (which have been corrected by

The early approaches to attenuation-correction were iterati\t}%? self-consistent scheme) for one convective rain event which

correcting the £y, or Zy,) dates starting from the first range res@'€ then compared with simulations based on measured rain-
op size spectra during SCSMEX. Section VI uses the cor-

olution volume (where attenuation is negligible) and proceedi ) . .
to successive resolution volumes along the beam as it interce! ed radar data to illustrate the retrieval of the median volume

the rain cell and beyond [1]-[4]. Such methods are known to @r_neter(Do) Of. the raindrop siz_e distribution using a new al-
gorithm, based in part on [10]. HistogramsIof from one con-

vective rain event during SCSMEX are then compared against
r?{isdrometer data from that region.

Index Terms—Attenuation, dual-polarized, radar, rain.
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coincident with the beginning of radar. The extinction cross set 1 ‘
tion of particleq o« ) determines the power loss suffered by the
incident wave due to absorption and scattering. If raindrops a
assumed to be spherical (diametrand if \ is the wavelength,
thenoy; can be expressed in the term of the Mie scattering c«
efficients as

2m
Text = If_

(o v}

> (2n +1)Re(ag, +b}). (1)
n=1

Extinction Cross Section, mm2

The Mie coefficientga$, b%, a3) are sufficient to approximate
Texs Up to order D/ \)3. Thus, for frequencies from 3 to 5 GHz,
gext May be expressed as [11]

27
Oext = 13 BRe(a] +7) + 5 Re(a3)] ®)

6; s e n |

= _Dg) " rol i;rgeer mm e
)\ (6 Drop diameter,

2
e —1 D ) Fig. 1. Extinction cross section of spherical drops versus drop diameter using
: [’L <67 T 2) {1 + <T> <t +tu+ gUJ) H (3)  the low-frequency expansion in (3).
-

wherec,. is the complex relative permittivity, an v, andw  whereC' ~ 3.75 is both dimensionless and independent of
are defined in [11, p. 143]. Note thaRé” stands for real part \yavelength#¥ is the rainwater content (in gni); and is in

of a complex number andl = /—1. Fig. 1 showssex; (i meters. The,, is the mass-weighted mean axis ratio defined as
square millimeters) versus drop diameter for wavelengths of 10,

5, and 3 cm. A power law fit of the form.,, = C\D™ for 3

0.1 < D £ 8 mm can be used as first approximation with _ rD*N(D)dD 8
n = 3.3, 3.9, and4.1 at 10, 5, and 3 cm wavelengths, respec- T'm = 5 (8)
tively. However, for large drops with < D < 10 mm, the cor- /D N(D)dD

respondinge-values are 4.6, 4.8, and 4.9, respectively. To sim- - _ _ _
plify the discussion and to develop the form of the relation bavhile Dy, [in millimeters, in (7)] is the mass-weighted mean
tween attenuation and differential propagation phase, tet4. diameter

Note, however, that the temperature dependendenéf,.) in
(3) will cause both”',, andn to be temperature dependent [12]. /D4N(D)dD

If the raindrop size distribution i&/ (D) (in units of mnT! D,=%————. 9)
and n1?), then the specific attenuation is given by /D3N(D)dD

A = (4343 x 10%) / 0ext(D)N(D)dD; dBKkM™ (4)  Since W D,, is proportional to the fourth moment 0¥ (D),
it follows from (5) that the specific attenuatiom(~ Ay,
~24.343 x 10°C), / D*N(D)dD. (5) whereA,, is the specific attenuation at horizontal polarization)
is nearly linearly related td<,;, but inversely proportional to
To develop attenuation-correction procedures based on differ-In compact notation4,, is proportional toCy(Kqy,/v) or
ential propagation phag@,,,) assume that raindrops of equiv-4,, = «Ky, where the coefficienty is both dependent on
alent spherical diametdp are actually oblate spheroidal withtemperature because @f, as well as the slope of the relation
axis ratior (» = b/a; a, bbeing the semi-major and semi-minotbetween the mean axis rat{o) and equivalent diametéD).
axes of the spheroid, respectively). The relation betweemd While the temperature dependence is well known [17], the
7 is well known for equilibrium drop shapes, but drop oscilsensitivity toy is not as well recognized. Recently, polarimetric
lations can perturb this relation [13], [14]. To a first approxiradar algorithms for estimating from measurements of;,,
mation, letr = 1 — vD represent the axis ratio versus diamZy., and K4, have been explored [10]. Attenuation-correction
eter relation withy being the slope (e.g., the equilibrium slopeschemes that assume a constant valuexfean be in error due
~ = 0.062 for the Pruppacher—Beard linear fit [15], whdpes to both temperature variations as well as variations.imm this
in millimeters). Following [16], at long wavelengths the specifipaper, a self-consistent extension of the ZPHI method [8] of
differential phas€ K;,) can be expressed as attenuation-correction due to rain is proposed which does not
assume am priori value fora.
Kyp = <@> 1073CW (1 — 7); °km™ (6) To correct the measured,, for differential attenuation, the
general approach is based on assuming a linear relation between
180 _ the specific attenuatiof4dy, = A;, — A,) and K, of the
- <T> 10" °OW (vDrn) ) form Agp, = BKap [6],%]? Scattering sir21ulationsI based on
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gamma models foN (D) show that linearity is a good approx-
imation over a wide frequency range (2.8—19 GHz) but that the
coefficients is temperature-dependent at the lower frequencies
varying by a factor of 2 (for 0-30C) at 2.8 and 5.5 GHz [17].
Scattering simulations also show thais much less sensitive to
the slopey of the axis ratio versu® relation as compared t®
which is not unexpected since batty, and K, are differen-

tial quantities. It also follows thad,,, is expected to be linearly
related ta4,,, i.e.,Aqp, = (8/a) Ay It have been suggested that

Rain cell

Agp be first estimated usindq, = SKq,, together with aZy, Dp

constraint on the far side of the rain cell, and tkienbe derived : !

from A;, = (o/3) Aqp [9]. In this paper, a self-consistent exten- T, T L

sion of theZ,, constraint method [9] is proposed assumifyg

has already been corrected. Fig. 2. lllustration related to the ZPHI method. The ranges-, andr,,, are

Several articles have noted that the attenuation (and differ&i2wn relative to an idealized rain cell and th, range profile.

tial attenuation) due to “giant” raindrops along the propagation . ) )
path result in values of (and3) that are nearly double the the-FOr the gamma form oW (D), scattering simulations show that

oretical values expected from scattering simulations [9], [1”%iS very nearly constant for a given frequency (at C_'E’Iiﬁd
[19]. A simple explanation is given here which follows fronf:78), Whereas: depends on temperature as wellés " [8].
referring to Fig. 1 and noting that.... varies closer td)? for The ZPHI method of attenuation correction does not invalve
drops with diameters from 5 to 10 mm rather thar[s as as- but it does assume thétis constant and tha¥, is indepen-

sumed in (5). Further, iV (D) is assumed to be an exponentiafl€nt of7 Nexlt, a linear relation betweedy, (in dB km™*) and
distribution K, (in°km~1) is assumed with known-coefficient( A, (r) =

aKa,(r)). Simulations show that linearity is an excellent as-
N(D) = N, exp(—3.67D/D,) (10) sumption whenD, < 2.5 mm, the exponent varying between
0.96 and 1.02 [8], [17] at C-band. As discussed eartiede-
where D, is the median volume diameter, then from (4)js pends ontemperature, and on the assumed drop axis ratio versus
proportional toD$ whereasK 4, from (7) is still proportional diameter relation. A thorough simulation of the ZPHI method
to WD,, or to D3. It follows that A is proportional taD, K, ~ considering these various assumptions is given in [8].
and, thus, the coefficient (in 4;, = aKy,) ill increase with The measured reflectivit§’ at ranger is expressed as (for
D,. Scattering simulations show that this dependence ofi ease of notation the subscripwill be dropped for now)
D, only occurs wherD,, exceeds 2.5 mm. Similarly will in- , —0.46.4r
crease ad), increases beyond 2.5 mm [9], [19]. Such “giant” Z'(r) = Z(r)e (12)
drops can be detected (based, in part, on scattering differenfiglare is the intrinsic reflectivity (in units of mfm=2 with »

phase measurements at C-band)dwelues can be empirically in km). For an inhomogeneous path, (12) can be generalized as
increased locally to account for the enhanced differential atten-

uation [19]. Z'(r) = Z(r)e’o'% j;f A(s)ds (13)
IIl. SELF-CONSISTENT ZPHI METHOD FOR Referring to Fig. 2, the solution td(r) by the ZPHI method is
ATTENUATION CORRECTION given as [8] (with subscript reintroduced)

The ZPHI method is based on “rain profiling” algorithms de- (r) = [Z; ()] [100-L(be) APap (roiron) _ 1]
veloped for space borne radar [20] and has been adapted for" I(ry; ) 4 [100-20) Ay (roira) _ 11 (7; 7,,)
ground-based radar [8]. In the case of spaceborne radar, the (14)
ocean surface acts as a reference whose radar cross section is
stable and known. By comparing the backscattering signal froMhere A®q;, is the change in differential propagation phase
the surface in the presence of rain relative to rain-free areas, tn 7. to 7.,. Note that the integral ofi,,(r) from r, to 7,
path attenuation can be estimated. A number of different alg@Auals(c/2)A®y(ro; 7). To reiterate, the exponebts de-
rithms have been analyzed in [20] with somewhat different profited in (11) while « is the coefficient in the linear relation
erties. In the case of ground radars with polarimetric capabiliy. = @Kap. The derivation of (14) is not given in [8] but the
the value ofb,,(r,,,) at range locations beyond the attenuatingitermediate step, i.e., without tkiey, constraint, can be found
rain cell is used as a constraint. in [20]. The complete derivation of (14) is given in [22, Ch. 7].
The ZPHI and similar rain-profiling methods are based ohhe functioni(r; r,,) is defined as
[21]. Before describing the self-consistent extension to the ZPHI

method proposed in this paper, the standard ZPHI method [8] I(r; 1) = 0.460 / [Z3,(r)]"dr. (15)
is first outlined. The specific attenuatioy, (in dB km!) is "
related toZ;, (in mm® m—2) by means of power law Equation (14) gives a solution for the specific attenuatigr(in

dB km1!) at each- (in km) from#, to r,,, in terms of the mea-
Ap(r) = a[Zn(r)]’. (11) sured reflectivityZ, () (in mm~% m~3), the measurecA®,
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55 T T T T T T T T T

Corrected Zn using

across the rain cell (from, to r,, in degrees), and the coeffi-
cientse andb. A detailed simulation and sensitivity was con- | " o using self-consistent
ducted by Testudt al.[8]. In particular, the retrieval aft;, does A N Zomimenos
not depend on the radar system constant, as pointed out in| 4s
OnceA,,(r) is calculated at each range location fregto r,,,
the measured reflectivity can be corrected using

£
[=]

T

w
L5
T

10 logo[Zn(7)] = 10 logyo[Z},(r)] + 2 / An(s)ds (16)

To

Reflectivity, dBZ
8

yielding an attenuation-correction algorithm that is constraine 5
by the change in differential propagation phase across the rat
interval r,—r,,,. This algorithm is sensitive to the dependenc 2°0
of the a-coefficient on drop temperature and to the form of th
mean axis ratio versus diameter relation.

The self-consistent extension to the ZPHI method propos 44 : : . s s ; ; s .
here does not assunaepriori a constant value fotv. Rather, o1’ 200 Ra,,;: km 00 s 80
« is assumed to lie in a predetermined rarn@§,in, ®max)
which establishes the lower and upper bound values. These
can be obtained from scattering simulations for a given ran
of temperature [17] and the slope(of the axis ratio-diameter
relation). For eaclw, a “constructed” differential propagation  '5f g " T
phase®g (r; ), is computed as )

Measured Z,

r
An(s; o)
(PSID(T; Oé) =2 / — dS; Omin £ O < Omax
o o 05

17

T
5
N

whereA;,(s; «) is obtained from (14) for each value of The or

optimal « is selected by minimizing the difference between th
constructedd§, range profiles and a filtered versi¢@jjl') of %
the measure@,,, over the rangér,, 7,,)

Measured Z 4
"

N
ey — Glty,, .
Error _Z|(I)(ip(71) - 31)(7j7 CY)| (18) _ ) ) ) ) ) ) ) ) )
j=1 10 15 20 25 30 35 40 45 50 55 60
Range, km
wherer; = r, andry = 7.,. As discussed in [23], it is pos- ()

sible to adaptively filter the “raw” differential phase data sc
that backscatter phase shift can be corrected, at the same t
yielding a smoothe&,, range profile that can be used in min-
imizing the error in (18). 20f
To illustrate this minimization procedure, radar data from th
BMRC C-POL radar operating near a frequency of 5.5 GHg
(C-band) are used [24]. Fig. 3 shows an example range prot s
of (a) the measured reflectivitif;,, (b) the measured differen-
tial reflectivity Z;,, and (c) the measured,;,, and its filtered
version@ﬁi}. The data are from a typical convective rain cel
from SCSMEX. Fig. 4(a) illustrategg ,(r; «) for two extreme
values of« together With@fﬂf, while Fig. 4(b) shows the error :
versusy indicating that an optimal value fer(c..p,¢ ) was found.
Fig. 4(c) shows the optimal constructed profig ,(r; aopt), 60
compared with the “raw” measuredly,, and excellent agree-
ment may be noted. The range profile of the retrievedr)
using (14) witha,e (noted =~ 0.8 at C-band) is shown in 85520 25 32 3 40 45 s 5 60
Fig. 4(d), together with thé(y,, profile, which is one-half the Range, km
range derivative oft}* [see Fig. 3(c)]. The retrieved,,(r) ©
is then used in (16) to arrive at the correctég(r) shown in Fig. 3 (a) Measured and correcteq, versus range. (b) Measurefl;, and
Fig. 3(a). correctedZ,. versus range. (c) Measurdd,,, and the filteredb.i,,.

40 T T T T

Filtered @,
dp

—401

Differential phase, de

Measured @,
dp
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Constructed using (17)
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Fig. 4 (a) Constructe@®,, range profiles and the filtered,,, profile. (b) The error in (18) versus. (c) Comparing the measurdel,,, with constructedb,,
using the optimatr. (d) Retrieved specific attenuation range profile andfhg, from the filtered®,,, .

Note that the standard ZPHI method with arpriori fixed method. From theoryA,(r) is linearly related toK, at
value of « (quoted as 0.113 in [8] for C-band) would onlyC-band and the coefficienz does not depend ow,.

constrain the finalkby, value, whereas the iterative method In practice, an optimak which minimizes the error in (18)
with an optimal« would tend to obtain the “best4,(+) may not always exist, particularly whex® ., (r,; r.,,) < 30°,
profile such that the constructe@lcp would agree with the in which case the most likely value in the ran@e,in, cmax)
measuredpy,, over the entire range, as illustrated in Fig. 4(cnay be chosen (i.eqq = 0.08). The probability of finding an
This self-consistent procedure is an important extension aptimal« increases substantially whény, (r,; r,,,) > 30° and

the standard ZPHI method sineeis temperature-dependentthis threshold is used in this paper. This method is particularly
(varying by a factor of 2 at C-band in the temperature rangaitable for strong rain cells for which accurate attenuation-cor-
0-30°C [17]), as well as being inversely dependent on thection is most needed.

slope~ (varying by a factor of 2 fory in the range 0.04-0.08 The retrieval of the range profile of specific attenuation,
[25]). In fact, it is concluded in [8] that ... “A critical aspect A, (r), is valuable in its own right [see Fig. 4(d)] since it can
of ZPHI is the choice of the oblateness law for raindropdie related to rain rat& by a power law similar taR(Kq;)
which simply relates to choosing anpriori fixed value for algorithms. It is clear from (14) tha#;, is independent of

«. The optimal choice ofv tends to forced,(r) to follow the radar system constant [8]. However, it has two other
Kap(r) on average, as illustrated in Fig. 4(d), and this tendalvantages as compared Wi X,,), namely, 1) the optimal

to mitigate the constanv, assumption of the standard ZPHIlx determination avoids the use of a fixed value foand 2)
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Ay, estimates are available at the basic range resolution of thélhe self-consistent method for correctity, proposed in
radar, unlikek 4, estimates which, of necessity, are based onthis paper assumes that the measutgd has first been cor-
range smoothing interval (in practicé,, data from 10 to 20 rected by the self-consistent ZPHI method. Thus, the intrinsic

consecutive range resolution volumes are used [26]). value of Z;, (r,,,) is available on the far side of the rain cell. For
the purposes of this method, it is assumed fa{r,,,) can be
IV. SELF-CONSISTENTMETHOD FOR CORRECTION OFZ ), estimated fromZ;,(r,,) at least in an average sense. This av-

erage relationship can be based on scattering simulations using

The specific differential attenuatiomdg, = A, — A,, dB . . A )
km~1!) profile must be first estimated before correcting the meglther measured drop size distributions or assuming a gamma
model for N(D), Here,N(D) measured by a Joss—Waldvogel

suredZ’,.. Similar to (16), the correction equation can be Writteaisdrometer [27] during SCSMEX were used to arrive at

as
, r Zdr(Trn)
Zar (1) = Zj(r) +2 / Aap(s) ds. (19) 0; Z1(rm) < 20dBZ
_ _ _ o N { 0.0487,(rm) — 0.774; 20 < Z3(rym) < 45dBZ
While the linear relatiomdy, = SKq, with fixed 5 was sug- (26)

gested in[6] and [7], as a method of correction, no constraint

was imposed on the final value &f;, at the range,,, onthe far which is valid at C-band. The raindrop model assumes oblate
side of the rain cell where presumaldy, tends to 0 dB because shapes with axis ratios given in [14] fd? < 4 mm and as
small (and nearly spherical) drops are expected (see Fig. 2). dseen in [13] for D > 4 mm; a Gaussian distribution of canting

of a priori fixed /5 and no constraint o&,(r,,) is a drawback angles with zero mean and standard deviatich($6e [22, Ch.

of this simple method. Simulations show that theg,—K 4, re- 7] for details on the simulation procedure) is also assumed. The
lation is not quite linear with the exponent (at C-band) varyingverbar onZ,, and Z,, refers to average values; note that the
between 1.18 and 1.25 [17]. units of Z;, are in dBZ in (26).

To overcome this problem, a constraint-based method wasSince the correction procedure is performed along a single
proposed in [9], where the cumulative effects of differential abeam of data, it is possible to manually examine such data and
tenuation caused by strong rain cells along the propagation patipreselect,,, on the far side of a rain cell wheg, (r,,,) < 20
frequently result inZ/, (r,,,) to be negative. By assumption,thedBZ and Zy,(r,») = 0 dB. For real-time application, the,,
intrinsic Z4,(r.,) is setto 0 dB (i.e., spherical drops), and, thusnust be automatically determined for each beam based on an

the path-integrated differential attenuatiomN& 4, (7, ) algorithm that detects the end of the “good” data segment on
) the far side of a rain cell (see [28, Appendix A]). Generally, the
AZa(rm) = Zy(Tm) — Zar(Tm) (20) Z), drops off rapidly beyond,,, so theZy,(r,) < 45 dBZ, and
~ 20 (rm) (21) Zg4:(rm) can be estimated using (26). If multiple rain cells are
= = B[®ap(rm) — up(ro)]- (22) present along the beam, the algorithm can be applied to each
rain cell by appropriate partitioning of the cells along the range.
An estimate of3 can then be obtained as The correction method starts with the first estimate of the
Aqp range profile by assuming that it is linearly related to
5 | Zax (rm)| .
[ = L . (23) Ah(77 aopt)
[Pap(rm) — Pap(ro)] 3
The specific differential attenuatiof,, () at each range loca- Aap(r; B) = Qopt Al opt). @7)

tion along the propagation path can be estimated as
Recall that4;, (r; aope) IS assumed to be obtained first using

Agp(r) = Bde(r) (24a) the self-consistent ZPHI method. The initial value/fs ob-
|Z5 (P tained from (25), and (27) is used in (19) to arrive at the first
- Kap(r)- (24b) estimate of the range profile df,.(+; 3). The occurrence of

[@ap(rm) = Pap(ro)] . . .

“giant” raindrops along the beam are detected using the mea-
Note that/3 can vary from beam to beam in this method ansurement of backscatter differential phase [23] andAhg is
ana priori value need not be assumed. In essence, this methdreased locally using the empirical scheme suggested in [19].
of correcting the measured, . uses the constraint that the in-Using this first guess afl,,, the first estimate o¥q. (7,,.; 3) is
trinsic Zy, on the far side of an intense rain cell should tend to€@alculated using (19)
dB, representative of light drizzle conditions. If this constraint
cannot be established, themust be estimated as Zae (i B) = Zh(rm) +

P er Tm) — Zdr T'm AZdr T'm ~
p= |[<I>j ((T )) — oy ((T ;]| = [y |(T ) —(<I>d)|(r 0 (25)  This first estimate oty (rm; ) is compared to the constraint
p\'m P p\'m p\'o

value Z 4 (r,,) determined earlier [see (26)]. Ifdr(rm; 3)
where the intrinsic value o, (r.,) must be established byis larger than the constraint value, then the cumulative differ-
other physical constraints. Note thatZ,,(r,.) = Z/,(r.) — ential attenuation was over-predicted and the next valug of
Zar(rm) must be negative (in decibel units) in (25) becausa (27) is adjusted to a lower value and the steps [(27) and
oblate raindrops can only cause posititg, (or 4;, > A,). (28)] are repeated until an optimal is found that results in

28

Gopt,

/ " An(s; o) ds. (28)
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as the radar scanned this rain cell; a typical beam of data was
shown earlier in Figs. 3 and 4. Data from over 14 000 resolu-
tion volumes are available spanning a wide range of rain inten-
. A sities, primarily of the convective type. The system gain for the
o R H ) C-POL radar was based on solar calibrations made several times
/ during SCSMEXt The Z,, system offset was based on verti-
S cally pointing the antenna in rain and rotating the antenna in
— < desited value a1 azimuth 360 (see [22, Ch. 7]).
fm Range Fig. 6(a) shows scatter plots &f,;, versus uncorrectedy, .
and corrected’;, from the radar data, as well as from scattering
P simulations based on disdrometer data. The optimallues for
z,0 each beam of data range from 0.04 to 0.135. Note how the cor-
rectedZ;, data, on average, follow the disdrometer-based simu-
Fig. 5. lllustration relative to estimating the optinin (28). lations more closely, especially féf;, > 45 dBZ, i.e., stronger
rain rate events. Even though the radar data exhibit consider-
Caéble scatter about the simulation curve, the importance of accu-
ate correction of/;, is especially evident at higher reflectivities.
tis noted that this internal validity check does not necessarily
prove that the correction scheme proposed herein is necessarily
guperior to the standard ZPHI method or to other attenuation
correction methods [8], [18], [19].

Fig. 6(b) shows similar scatter plots &f,, versusZy,. The
importance ofZ,,. correction is more evident in this figure, and
over nearly the entire range dfy,, values. While the radar
. 3 » data show considerable scatter, the corregigddata are more
Zax(r; Popt) = Zge(r) +2 ot / An(s; aopt) ds. (29) closely aligned with the disdrometer-based simulations, espe-

Gopt Jrg cially, the nearly steady value of correct&d, (1-1.5 dB) for
Kq, > 3° km~1. On physical grounds, this is representative of
“equilibrium” drop size distributions which occur when there is
a balance between the processes of drop breakup and drop coa-
V. C-POL RADAR DATA ANALYSIS FROM SCSMEX lescence at high rain rates that leads to a steady value of the me-

Attenuation-correction procedures are difficult to validatéian volume diameteb, in (10) (and represented by the narrow
without coordinated independent measurements, e.qg., rain f&@@ge inZq, values) [22, Ch. 7], [29].
from gagesV (D) from disdrometers. A few previous studies Fig. 6(c) shows the scatter plots4f. versusz;, which again
have attempted to validate their correction procedures by colfiistrates the necessity of attenuation-correction, and the excel-
paring the rain rate from correctefi, and/orZ,, data with rain lentagreement of the corrected data with the disdrometer-based
gages [4], [9], [18]. However, most studies use the correctémulation.
radar data itself to establish internal validity, for example, by Because self-consistent methods described herein yield the
plotting K4, against corrected and uncorrectgg (and Zg,) specific attenuatiorf4,,) and specific differential attenuation
[9], [18], [19]. Note thatK 4, is unaffected by attenuation and(Aap) at each resolution volume, it is useful to validate these
thereby forms a reference axis for internal validity. retrievals by comparing them against disdrometer-based scat-

The C-POL radar operated by the Australian Bureau of Méering simulations. Recall from (11) that a power law relation
teorology Research Center is described in [24]. It is normall§ assumed to exist betweeh, and Z,.; however, the retrieval
located in Darwin, N. Territory, but was moved in the summef A is not dependent on the multiplicative coefficienin
of 1998 to Dongsha Island (2@2' N, 116> 43 E) in the South (11) but only on the exponent(t is fixed at 0.78 at C-band,
China Sea. Raindrop size distributions (over 800 2-min avé¥hich is obtained from disdrometer-based scattering simula-
aged distributions) were available at this location from a Jog§ns). Fig. 7(a) shows the scatter plottyf versus corrected;,
Waldvogel disdrometer [27] which was operated for two monthghich is compared against disdrometer-based scattering simu-
(May 1-June 30, 1998). Scattering simulations using these miions. The agreement between the two, on average, serves as
suredN (D) were performed to yield,, Z,,, and K, data an additional internal validity check on the retrievalAf and
which are considered representative for the rain types occurr@igthe correction of},. A similar scatter plot ofiq,, versusAy,
in this region. Details of the scattering simulation procedure aifeshown in Fig. 7(b), and again the agreement, on average, is
given in [22, Ch. 7]. excellent, especially fa¥;, > 45 dBZ. This scatter plot is con-

C-POL radar date from a typical convective rain cell on Magidered a more stringent test of the retrievalif, and thezy,

18, 1998 were corrected for attenuation and differential attegPrrection methodology than that shown in Fig. 7(a).

uation using the self-consistent methods described previously.

These radar dataZ,, Z;,, Za, Z),, Kap, An, and Agp) are  1gee trmm.gsfc.nasa.govitrmm_officeffield_campaigns/scsmex/sc-
available at each range resolution volume (spaced 300 m aparidx_radar

Zar(rm; B) — Za:(rm) being less than a preselected toleran
(e.g., 0.2 dB). If the cumulative differential attenuation i
under-predictec{ZAdr(rm; B) < Za(rm)), then thes value
may be successively increased in (27) until an optifas
found. Fig. 5 schematically illustrates this adjustment proc
dure for the case where the initidlleads to “over correction.”
Once the optima# is estimated, the final correctdt;, at each
range location is obtained from

The corrected”,, using this method is shown in Fig. 3(b).
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Also, a similar plot based on disdrometer-measured drop size distributions from
SCSMEX. (b) Same as (a) excepty, versus corrected,;, from radar data
compared to simulations.

One important application of the correct&d, data is the re-
trieval of the median volume diametgx,. For equilibrium drop
axis ratios and gamma form 8f( D), it is possible to relat&,,
to D, via a power law of the fornD, = aZ%_(see [22, Ch. 7] or
[30]). However, the power law coefficients depend on the slope
~ of the relation between the drop axis ratig and drop diam-
eter ¢ = 1 — vD; D in millimeters) which can change due to
drop oscillations [14]. A more robust retrieval 6f,, which is
relatively immune to change i, depends on first estimating
from radar measurements 8f,, Z.., andk;, [10]. At C-band,
both 7;, and 74, must first be accurately corrected for attenua-

using disdrometer-measured drop size distribution from SCSMEX are also
shown. (b) Same as (a) excefat. versusk «, is shown. (c) Same as (a) except
Z g, versusZz,, is shown.

v= 2 36 B 10—0.0398Z},, B 100.066Z(1r B K3.426
. P

)tion beforey can be estimated. The algorithm for estimating

(30)
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3000 | | ':”St°9’a'“‘°f D, | | | is near 1.5 mm. While such histogram comparisons reinforce
(@) the accuracy of the self-consistent correction schemes proposed
From C-POL radar analysis here, the radar-based retrieval Bf, is expected to be useful
2000 5<R <200 mm i in improving cloud resolving models that can predigt using

“bulk” microphysical schemes, or in improving satellite-based
radar or microwave techniques for estimating surface rainfall.
1000

VI. SUMMARY AND CONCLUSIONS

0 0.5 1 15 2 25 3 35 4 Thereis nodoubtthatthe measurementgf by adual-polar-
ized radar servesto “stabilize” attenuation-correction algorithms
150 . . ; . . ‘ proposed recently [6], _[18],_[19], as compare_d to ear!ier algo-
b) rithms (e.g., [2]-[4]) which did not usé;,. The introduction of
From disdrometer data constraints in attenuation-correction algorithms in an important
5< R <200 mmt . . .
8 advance, and in this paper a self-consistent scheme has been pro-
posed and evaluated that extends the previous workin[8], and [9]
in severalimportant respects. First, thealue in4;, = oKy is
notassumedpriori, butis determinedviaaminimizationprocess
foreach beam of radar data. Itis known thasg not only temper-
, , , ature-dependent, but also varies with the drop axis ratio versus
0.5 1 15 2 25 3 35 4  Drelation. Thus, the scheme proposed herein overcomes these
Median drop diameter (D ), mm two potential limitations of the standard ZPHI method [8] in an
‘ _ _ _ “average” sense by determining an optimal«.,:) for each
Fig. 8. (@) Histogram oD, from radar data using (31). (b) HistogramBt  heam. The comparisons of the derivég versus corrected;,
from disdrometer-measured drop size distributions. o . . . .
isin excellent agreement with disdrometer-based scattering sim-
ulations. Such comparisons as well as others are used to validate,
whereZ,, is in units of dBZ,Z, is in dB, andK qp, is in°km~". iy a self-consistent manner, the accuracy of the attenuation-cor-
Theretrieval oD, is againbased on simulations describedin[23bction scheme. The retrievaldf, ateachresolutionvolume also
allows the estimation of rain rate without the smoothing problem
D, = a[10% 1701001 (Far)]e (31)  inherent ink,,-based estimates @. o
Correction of 7, is also based on a self-consistent scheme
with constraints and avoids the assumption of a congtaatue
in Agp = SKap. The approach here differs from [9] in two re-

100

50

where

—_OK 0.027
a =0.571(7) 0.168 (31a) spects. First, it is assumed thdt, is linearly related ta4;,
b=0.0587(y)" (31b) [ie., Ayp = (B/cop)As] Which is a good approximation at
¢ =0.0526(~)" "%, (31c) C-band, and tha#, is obtained as the first step with an optimal

«. Thus, theZy, (r,, ) on the far side of the rain cell is known, and

The histogram oD, retrieved using (30), (31), and the cor4n rain, an average value &, (r,,) can be established (which
rected C-POL radar data (same radar data used in the scafié¢he desired value). Note that it is not necessary to assume that
plots in Fig. 6) is shown in Fig. 8(a). Only data points where th&,. (+,,) is 0 dB in this scheme. The resulting advantage is that
radar-estimated rain rate 5 mm/tr! are used in constructing the ,,, need not be selected manually for each beam of data,
the histogram, e.g., to be representative of convective rainfalither an algorithm is used to estimatg (or, the end of the
Fig. 8(b) shows the histogram dp, from disdrometer mea- “good” data segment on the far side of the rain cell). It follows
surements [samé&/(D) data that were used in the disdromthat Z;,(r,,,) and Zy,(r,,,) can be constrained on average in a
eter-based scattering simulations in Figs. 6 and 7]; again, oslgif-consistent way on the far side of the rain cell, without as-
data withR > 5 mm/h—* were used in constructing the his-suming that the drops are spherical there. Secong; tladue is
togram. Since the disdrometer data are strongly weighted itgratively adjusted so that the correctggl (+,,) is close to the
stratiform rain events (because of their long duration relative tlesiredZ,, (,,) within a prescribed tolerance. The comparison
convective events), a rain rate threshold of 5 mm/is applied of the retrievedd,, versus corrected;, is found to be in excel-
before the histograms are compared. This threshold generddigt agreement with disdrometer-based scattering simulations.
ensures that primarily convective rain types are included in tidese as well as other such comparisons are used to validate
histogram based on disdrometer data. While comparing the tthe attenuation-correction schemes proposed herein.
histograms, it is important to keep in mind that the radar dataOne quantitative application of the correctgd and 7.
were obtained from scanning one convective rain cell whereslar data is the retrieval @, of the N (D). A new algorithm
the disdrometer data are based on two months of collection irsaused to retrieveD, based onZ;, Z4., and Ky, that is
variety of rain types (restricting > 5 mm/h~* tends to narrow relatively immune to the drop axis ratio versii relation
the rain types to primarily convective). The similarity in shape ¢fL.0], [25]. This retrieval is validated by comparing the shape
the two histograms is quite remarkable, in particular, the modé the histogram ofD, obtained from~N (D) measured by a
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disdrometer of a two-month period. The remarkable agreements]

in the shapes of these two histograms lends further validity

to the attenuation-correction schemes proposed in this papefq)

Indeed, the accurate retrieval 6f, from C-band radar mea-
surements is generally considered a difficult problem, and

the methods proposed here constitute an important advan%

in the quantitative application of C-band radar in the remote
determination of rain microphysics.
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