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ABSTRACT

The application of polarimetric radar data to the retrieval of raindrop size distribution parameters and rain
rate in samples of convective and stratiform rain types is presented. Data from the Colorado State University
(CSU), CHILL, NCAR S-band polarimetric (S-Pol), and NASA Kwajalein radars are analyzed for the statistics
and functional relation of these parameters with rain rate. Surface drop size distribution measurements using
two different disdrometers (2D video and RD-69) from a number of climatic regimes are analyzed and compared
with the radar retrievals in a statistical and functional approach. The composite statistics based on disdrometer
and radar retrievals suggest that, on average, the two parameters (generalized intercept and median volume
diameter) for stratiform rain distributions lie on a straight line with negative slope, which appears to be consistent
with variations in the microphysics of stratiform precipitation (melting of larger, dry snow particles versus
smaller, rimed ice particles). In convective rain, *‘maritime-like”” and ‘‘ continental-like’" clusters could be iden-
tified in the same two-parameter space that are consistent with the different multiplicative coefficients in the Z
= aR's relations quoted in the literature for maritime and continental regimes.

1. Introduction

Since the early articles by Seliga and Bringi (1976,
1978), a long-standing goal in radar polarimetric re-
search has been the retrieval of the raindrop size dis-
tribution using measurements of reflectivity (Z,), dif-
ferential reflectivity (Z,,), and specific differential phase
(Kgp)- Thedrop size distribution (DSD) isknown to vary
both spatially and temporally not only within a specific
storm type but also across differing storm types and
climatic regimes. The DSD can be characterized by three
parameters such as characteristic diameter, concentra-
tion, and DSD shape, and analytic forms such as the
gamma or lognormal distributions have been widely
used (e.g., Ulbrich 1983; Feingold and Levin 1986).
Both surface disdrometers and aircraft imaging probes
have been widely used to study the variability of the
DSD especialy as a function of the rain rate and to
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document the statistics of the DSD parameters. Such
data are then used to devel op a gorithms based on radar
observables, for example, Z-R relations or polarimetric
radar algorithms for rain rate based on Z,,, Z,,, and/or
K4 The promise of dual-polarized radar has been the
accurateretrieval of DSD parameters and rain rate using
a physical basis as opposed to statistical/engineering
approaches. For algorithm development, a physically
based model of rain must be assumed with attention
placed not only on the DSD model but also on the
models for raindrop shape, material properties, and ori-
entation. It has been customary to assume equilibrium
oblate shapes (or, axis ratios) with slight adjustmentsto
account for drop oscillations (Goddard and Cherry
1984; Andsager et al. 1999). The orientation of the
drop’s symmetry axisfrom aradar perspectiveisusually
referred to as the canting angle (the angle between the
projection of the symmetry axis on the polarization
plane and the projection of the vertical direction on this
same plane). Turbulence can cause adistribution of cant-
ing angles following a Gaussian model with zero mean
and standard deviation <5° (Beard and Jameson 1983;
Hendry et. al. 1987). Since both drop oscillations and
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canting tend to bias the mean axis ratio slightly toward
sphericity, Gorgucci et al. (2000, 2001, 2002) proposed
the concept of an *‘effective’ mean axis ratio versus
diameter model, which is linear (r = 1 — B, D), and
furthermore, they developed an algorithm for estimating
B from radar measurements of Z,, Z,, and K,,. A
background section isincluded that provides more detail
on the subject of drop oscillations/canting and the ef-
fective B concept.

In this paper, 2D video and RD-69 disdrometer DSD
data are analyzed in a variety of climatic regimes from
near equatorial to maritime to continental, and the var-
iability of DSD parameters assuming a normalized gam-
ma form is documented for comparison with polari-
metric radar retrievals. The radar measurements used
herein are samples from a variety of climatic regimes
(Colorado, Florida, Brazil, and Kwajalein) obtained as
part of the Tropical Rainfall Measurement Mission
(TRMM) ground validation field programs. Data from
the Colorado State University (CSU) CHILL, National
Center for Atmospheric Research (NCAR) S-band po-
larimetric radar and the National Aeronautics and Space
Administration (NASA) Kwajalein radars are analyzed
for retrieval of the DSD parameters and rain rate, which
are compared against disdrometer retrievals in a statis-
tical manner.

2. Background

At low elevation angles and in the Rayleigh scattering
limit, the radar observables Z,, (reflectivity at horizontal
polarization), Z,, (differential reflectivity), and K, (spe-
cific differential propagation phase) can be used to es-
timate the parameters of the raindrop size distribution
subject to the assumption of a suitable model for rain-
drop size, shape and orientation distributions. The DSD
is usually modeled as an exponential, gamma, or alog-
normal form. Drop shapes are usually modeled as oblate
spheroidal with axisratio (ratio of minor to major axes,
r = b/a) corresponding to equilibrium shapes that result
from a balance between hydrostatic, surfacetension, and
aerodynamic forces (e.g., Green 1975; Beard and
Chuang 1987). However, natural raindrops as well as
drops simulated in a laboratory setting are known to
exhibit steady-state oscillations as they fall. There are
two preferred modes of the fundamental harmonic: (@)
axisymmetric mode oscillations, which produce two-
sided scatter in the axis ratio with respect to the equi-
librium value; (b) transverse mode oscillations, which
produce mostly one-sided scatter with respect to the
equilibrium value; or (c) some combination of the two,
termed as multimode oscillations (e.g., Beard 1984,
Beard and Kubesh 1991; Andsager et al. 1999). Figure
1 illustrates a computer-generated oscillation sequence
for a 5-mm drop showing the equilibrium shape (ex-
treme lower-right panel), axisymmetric mode (shownin
the two squares with light backgrounds), transverse
mode (shown in the two sguares with darkest back-
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grounds) and multimode (four “‘gray’’ squares). Steady-
state oscillations for drops <2 mm in size are well un-
derstood, but oscillation amplitudes and modes for larg-
er-sized drops are still uncertain. From a radar per-
spective, the horizontal and vertical polarization states
are lined up along the major and minor axes of the
equilibrium oblate shape (lower-right panel in Fig. 1).
It followsthat the equilibrium shape of the axisymmetric
mode oscillations will present an oriented view to the
radar with symmetry axis along the vertical polarization
state. However, transverse or multimode oscillations
will present an orientation distribution (or an effective
canting angle distribution in the plane of polarization
of the incident wave). Such an effective canting angle
distribution is different from canting due to turbulence,
which is modeled as Gaussian with zero mean and stan-
dard deviation typically <5° (Beard and Jameson 1983).

The slight shift in axis ratios from equilibrium values
is provided by 2D video disdrometer analysis of arti-
ficial water drops imaged by a two-camera optical in-
strument after a fall distance of 35 m. A detailed de-
scription of this instrument is available in Kruger and
Krajewski (2002). The fall distance of 35 m is sufficient
that initial oscillations produced by the water hose (used
in this study) should have decayed leaving only the
steady-state oscillations to be captured by the disdro-
meter (see Fig. 3 of Andsager et al. 1999). The mean
axisratio versus equivalent spherical diameter for drops
=2 mm is shown in Fig. 2 (along with *=1¢ standard
deviation bars). These data are compared with the fit
recommended by Andsager et. al. (1999) for 1 < D
(equivalent diameter) < 4 mm, which accounts for
transverse oscillations and the equilibrium axis ratio
model of Beard and Chuang (1987) for D < 1 and D
> 4 mm. Excellent agreement is noted between the fit
and the data for 2 < D < 3.75 mm. The water hose
data show evidence of steady-state oscillations. There
is a slight upward shift in mean axis ratio relative to
the Beard—Chuang equilibrium model for all dropsfrom
2-8 mm. A measure of the oscillation amplitude can be
ascertained from the histogram of normalized axisratio
shown in Fig. 3 for the same dataset (normalized means
that the measured axis ratio is divided by its mean for
all drops within a specified eguivalent diameter inter-
val). The mode in Fig. 3 is very close to unity with
standard deviation of 0.157. The two-sided scatter in
Fig. 2 implies that the oscillation mode could not be
pure transverse (which would exhibit one-sided scatter;
Beard and Kubesh 1991). It also implies that thereis a
distribution of oscillation amplitudes with a relatively
large fraction of drops experiencing low amplitudes
(since the mode is very close to unity).

The implication of the water hose data for the rain
model are as follows. The axis ratio distribution can be
assumed to be symmetric about its mean with small
variance. In addition, a linear relation between mean
axis ratio () and D can be assumed of the formr = 1
— BD where the slope g is variable to account for the
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Fic. 1. Computer-generated oscillation sequence for a 5-mm drop: (bottom right) depiction of
the static shape. The four “‘gray” squares show mixed mode oscillation (equal mixes of pure
transverse mode in the two squares with the darkest backgrounds and pure vertical mode in the
two squares with light backgrounds). The mixed mode shows an effective canting angle as seen
by radar or 2D video disdrometer. (Courtesy of Prof. Ken Beard, University of Illinois.)
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TaBLE 1. Locations for disdrometer data and available number of 2-min averaged DSDs in convective (and stratiform) rain.

Type of disdrometer

Location No. of 2-min samples*
Darwin, Australia 1074 (1528)
SCSMEX 397 (688)
Papua New Guinea 1018 (1623)
Florida 145 (273)
Colorado 54 (60)
TOGA COARE From Testud et al. (2001)
Arecibo, Puerto Rico From Ulbrich et al. (1999)
Graz, Austria 94 (1952)
Sydney, Australia 461 (4371)
Kwajalein — (690)

RD-69

RD-69

2D video

2D video

2D video

Airborne particle measuring system probe
RD-69

2D video

RD-69

RD-69

* Stratiform rain samples are in parentheses. Convective rain samples are for R = 5 mm h-* and std dev of R over five consecutive 2-

min samples >1.5 mm h*

effects of multimode oscillations in slightly shifting the
mean axis ratio away from the equilibrium axis ratio.
Since natural raindrops will be subject to both multi-
mode oscillations as well as turbulence, a simple way
to account for both effects is via an effective canting
angle distribution that is Gaussian with mean of 0° and
with unknown but larger standard deviation (o). Using
such amodel the specific differential phase (K,,) at long
wavelengths can be expressed as (Jameson 1985; Bringi
and Chandrasekar 2001)

1 (o}
Ky = ( io ) 102CWD,.8 exp(—203,), (1)

where A is the wavelength in meters, Wisthe rain water
content in grams per cubic meter, D, isthe mass-wei ght-
ed mean diameter in millimeters (defined later in section
3), Cis aconstant (=3.75) and is dimensionless, B is
the slope of the mean axis ratio versus D relation, and
o4 IS the effective standard deviation of the canting
angle distribution. The product 8 exp(—20%;) may be
defined as an effective slope parameter (B;), which can
account for both multimode oscillations as well as cant-
ing. Even if the mean axis ratio versus D relation is
nonlinear (e.g., Fig. 2), it is possible to define a linear
relation (r = 1 — BD) with B adjusted such that it
results in the same K, (for a given value of the product
WD,,) as the nonlinear form. Gorgucci et al. (2000)
recognized this concept of an effective slope parameter
(simply termed the effective B concept), and proceeded
to develop an algorithm to estimate S from radar mea-
surements of Z,, Z,,, and K. A

Thereis mounting evidencethat B isslightly smaller
in maritime rain versus continental rain (Gorgucci et al.
2001; May et a. 1999; Bringi et al. 2001a). There is
also indirect evidence from studies that compare rain
accumulation using the R(K,,) estimator with gauge
data. The R(K,,) algorithms developed so far have as-
sumed equilibrium drop shapes and o4 < 5°, so that
they tend to generally underestimate the radar rainfall
relative to gauge accumulations (May et al. 1999; Pe-
tersen et. al. 1999; Ryzhkov and Zrnic 1996; Brandes
et. al. 2001) especially in maritime-like rain events or

in rainfall events dominated by small drops. For ex-
ample, if the R(K,,) algorithm assumes a g, of 0.06
mm~-* whereas the actual B is 0.05, the bias in rain
rate would be around 30% (underestimate). The R(K,,,
B«:) @gorithm developed by Gorgucci et. al. (2000,
2001) will correct for this bias.

A similar situation exists for the estimation of the
mass-weighted mean diameter (D,,) of the DSD using
Z, (Goddard et al. 1982; Goddard and Cherry 1984).
These latter references were the first to suggest that
mean drop axisratios should be adjusted slightly upward
relative to equilibrium axis ratios based on comparisons
between radar-measured Z,. and D ,, inferred from a dis-
drometer in light rainfall. More recently, Gorgucci et
al. (2002) proposed algorithms for estimating D, (or,
the median volume diameter D, defined in section 3)
using By, Z,, and Z, and showed through simulation
that the retrieval accuracy was in the range 4%-8% in
the absence of any radar measurement errors (including
such errors, the accuracy ranged from 5%—20%). Sim-
ilarly, the normalized “‘intercept” parameter (N,,) of a
gammaDSD (defined in section 3) can aso be estimated
from By, Z,, and Z,,. The extension of the methodol ogy
toretrieval of D, and N,, in cases where radar measured
Kgp and/or Z,, may betoo “‘noisy” (such asin stratiform
rain or low convective rain rates) was proposed and
evaluated by Bringi et al. (2002). In this paper, the re-
trieval of D,, and N,, based on radar measurements of
Z,, Z, and K, and using the B concept, are applied
to radar data from a variety of climatic regimes such as
Colorado, Florida, Brazil, and Kwgjalein (central trop-
ical Pacific).

3. Disdrometer data

Disdrometers (or, drop sizing meters) are used to mea-
sure the DSD at a given location and are useful in de-
termining the statistical characteristics of the DSD. In
this study data from the RD-69 (Joss and Waldvogel
1967) and 2D-video disdrometers in different climatic
regimes are analyzed. Table 1 lists the geographical lo-
cations and the available number of 2-min averaged
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samples of the DSD at each location for convective and
stratiform rain types. A simple scheme is used to sep-
arate stratiform and convective rain types based on the
standard deviation of rain rate over 5 consecutive DSD
samples. If this standard deviation is =1.5 mm h-* then
it is classified as stratiform, otherwise it is assumed to
be convective (this threshold is based on data acquired
by the 2D video disdrometer in Colorado during a strat-
iform upslope event with radar-observed ‘* brightband”
signature).

For each 2-min averaged DSD sample, the mass-
weighted mean diameter (D,,) is computed as the ratio
of the 4th to 3rd moment of the DSD:

_ E[D1]

D = E[D3]’

@

where E stands for expectation. Also, the water content
is calculated as

™ 3
W = Zp,E[D?] ©

where p,, is the water density. A generalized intercept
parameter (N,,) is computed from W and D,

N, = (2 @
" ap,\Df)
The N,, is the same as the parameter N, of an equivalent

exponential DSD (typically in units of mm~-* m~3),
which has the same W and D,, as the measured DSD:

N(D) = :p (Dﬂ) exp(—‘[‘)—D> (59)
=N, exp(—g—D) (5b)

One measure of the shape of the DSD is provided by
the normalized standard deviation of the mass spectrum
(o) with respect to D,, (Ulbrich and Atlas 1998):

ou _ {E[DB(D - Dm)ZI}”Z

D D2E(D?) ©)

Note that the parameters derived from the measured
DSD are now N,,, D,,, and o,/D,,, which are estimated
without any assumption about the form of the DSD, for
example, gamma or lognormal (Testud et al. 2001). The
median volume diameter (D,) is often used instead of
D,, (but is closely related to it) and is defined by

Do 1
Epwf D3N(D) dD = =W. @)
6" ), 2
The normalized gamma DSD is now defined based
on (Sekhon and Srivastava 1971; Willis 1984; Testud
et al. 2001),
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RD-£8 disdrometer data from South China Sea Monsoon
Expariment Stratiform rain (688 2-min dsd samples)

0.5R<10 mm b~

10 T
\ 1==3

Fic. 4. The scaled DSD N(D)/N,, vs the normalized diameter D/
D,, for data from the RD-69 disdrometer acquired during the
SCSMEX. Solid lines are the normalized gamma distribution for w
from —3 to 15 in steps of 1.

NED) = wa(,u)<DE> exp| (4 + W=, (8
where
() = g (@)

The parameter n is a measure of the shape of the
gamma DSD. The normalizing of drop diameter by D,
and scaling the N(D) by N,, make it possible to compare
DSDswith widely differing rain rates. For example, Fig.
4 shows N(D)/N,, versus D/D,,, from stratiform rain from
the South China Sea Monsoon Experiment (SCSMEX)
using an RD-69 disdrometer together with an overlay
of the scaled gamma form N(D)/N,, = f(w)x* exp[—(4
+ w)X], wherex = D/D,,. Note that the measured DSDs,
when scaled/normalized in this manner, are well bound-
ed by the family of scaled gamma functions as w varies
over the range —3 to 15. While there are several meth-
ods of normalizing/scaling the measured DSD (e.g.,
Sempere-Torres et al. 1994), the method used here is
advantageous in several respects (Willis 1984; Illing-
worth and Blackman 1999). The dual-polarized radar
observables Z, and K, are proportional to D,,, and the
product WD,,, respectively, at long wavelengths. From
the viewpoint of fitting the measured DSD with a gam-
ma form, the optimal w value may be numerically de-
termined by minimizing the absol ute deviation between
the scaled/normalized DSD data and the scaled gamma
form f(u)x* exp[—(4 + w)X]. Note from Fig. 4 that the
scaled gamma form has two ““pivot’” points near D/D,,
~ 0.75 and D/D,, = 1.5, which make the w estimation
more robust as compared with other methods (e.g., mo-
ment methods; Ulbrich and Atlas 1998). Finadly, the
parameters N,,, D, and w estimated using this proce-
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Fic. 5. The average value of ,,/D,, (and =10 bars) vs average u
based on disdrometer data from different climatic regimes.

dure provide measures of concentration, mass-weighted
mean diameter, and DSD shape, respectively.

The median volume diameter (D,) is related to D,,
for gamma DSD as
D, 367+ u

D, 4+ u
and the o,/D,, is related to u as

, (9)

ow_ 1
D, (4+ wv

The above relations and the effects of drop truncation
on the estimation of u, D,,, and N, using the moment
method are given in Ulbrich and Atlas (1998).
Itisillustrative to see how closely the average shape
of the measured DSD datafollow thetheoretical relation
in (10), which is valid in the absence of any truncation
effects. Figure 5 shows the average value of o,/D,,
(with =1 standard deviation in bars) versus average u
for the set of disdrometer data (listed in Table 1) from
different climatic regimes. While the data points cor-
responding to 2D video disdrometer measurementstend
to agree with the theoretical relation in (10) fairly well,
the cluster of four data points near (u) = 2 and (o,/
D,,) = 0.35 based on RD-69 disdrometer data are biased
low relative to (10). While it is believed that the u
estimate here is robust with respect to drop truncation
effects for the RD-69 (otherwise the (u) value would
be very high), such is not the case with respect to the
estimate of (o,/D,,), which is likely to be biased low,
in accord with Fig. 5. Examination of Fig. 5 shows that
on average, the DSD shape is quite different from ex-
ponential (for which w = 0). Extreme values of (u) =
9 and low (o,,/D,,) = 0.26 are obtained in Papua New
Guinea (close to the equatorial regime), while the Col-
orado convective rain data show (w) = 1 and {o,,/D,,)
=~ 0.4, which is more representative of the High Plains

(10)
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regime of the United States. To summarize, Fig. 5 il-
lustrates the fact that the average shape of the DSD can
be represented by the gamma form based on the 2D
video measurements with (u) ranging from 1 to around
10for the avail able datafrom different climatic regimes.

As mentioned earlier, two disdrometerswith very dif-
ferent measurement principles and measurement char-
acteristics are used in this study. It is beyond the scope
of this article to discuss the advantages/limitations of
these instruments but, in general, the 2D video disdro-
meter is superior to the RD-69 except for small drop
concentration estimates in very windy conditions. For
a comparison of these two instruments see Williams et
al. (2000) and Tokay et al. (2001), and references there-
in.

4, Radar analysis

The methodology for retrieval of N,, and D, from
radar measurements of Z,, Z,, and K, is described in
Bringi et a. (2001a) and applied there to one squall-
line event from the TRMM L arge-Scal e Biosphere-At-
mosphere Experiment in Amazonia (LBA) ground val-
idation program. In this study, the same methodol ogy
is applied to retrieval of N, and D, from rain events
from several different climatic regimes, in particular,
Colorado, Florida, and Kwajalein.

The S-Pol radar operates at S band and uses a me-
chanical polarization switch and two separate receivers
to measure the polarimetric covariance matrix (Randall
et al. 1997). The CSU-CHILL radar uses two separate
transmitters and two receiversto measure the covariance
matrix (Brunkow et a. 2000). The Kwajex radar also
operates at S band but uses the ““hybrid” measurement
scheme involving transmission of a polarization state
with equal power in its horizontal and vertical com-
ponents (with arbitrary phase). The horizontal and ver-
tical polarized components of the received signal are
routed into two separate receivers (e.g., Bringi and
Chandrasekar 2001; Brunkow et al. 2000; Doviak et al.
2000). The radar data stream consists of Z,, Z,, and
d,, (differential propagation phase), which are available
every 150 m in range. The &, are filtered in range
using theiterative method of Hubbert and Bringi (1995).
The filtered ®,, range profiles are used to estimate K,
based on the slope of aleast-squaresfit line. An adaptive
technique is used for selecting the number of range sam-
ples used in the least-squares fit, that is, 30 samples if
Z,=35dBz, 20 if 35 < Z, = 45 dBZ, and 10 for Z,
> 45 dBZ. The Z, data are corrected for attenuation
using the algorithm of Testud et al. (2000) adapted for
S-band, while Z,, is corrected for differential attenuation
using a selfconsistent, constraint-based algorithm de-
scribed by Bringi et al. (2001b). These corrections are
significant only when the total @, exceeds around 50°.
The corrected Z,, and Z,, data are then averaged in range
using uniform block averaging for the different Z, rang-
es used earlier for K, estimation. The effective g is
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Fic. 6. Histogram of D, retrieved from S-Pol radar data: (a) 23
Jun 2000 event in Colorado; (b) 17 Sep 1998 event in Florida.

computed based on the averaged Z,, Z,, and K, data
and Do(:Beff! Zh! Zdr); Nw(ﬁeﬁ! Zh’ Zdr)! and R(Beff! Zh!
Z,) are calculated using algorithms developed by Gor-
gucci et al. (2001, 2002), which are summarized in Brin-
gi et al. (2002; see appendix). Because the B can only
be computed in moderate to high rain rates, the thresh-
olds used here are Z, = 35 dBZ, Z,, = 0.2 dB, and K,
= 0.3° km~*. When Z, is arbitrary and Z,, = 0.2 dB
but K, is too noisy, the D,, N,,, and R retrievals are
essentially based on a constant value of B (in therange
0.045-0.0475 mm~1) together with the measured Z,, and
Z,. When Z, < 35 dBZ and Z,, < 0.2 dB, an indirect
method is used to estimate D, as explained in Bringi et
al. (2002). Briefly, the hypothesis is that even though
Z, data are noisy at low Z,, and tend on average to near
0dB at very light rain rates, scattering simulationsbased
on disdrometer DSD samples (and assuming a constant
B« 1N the range given earlier) show that the mean re-
lation between Z,, and Z,, should be a power law with
fixed exponent of the form Z,, = aZ2%(Z, in dB; Z, in
mme® m~-3). The multiplicative coefficient « is estimated
from the data (with 0 = Z, = 35 dBZ) as a = (Z,)/
(Z9%8), where angle brackets denote average value. The
retrieval of D, and N,, follow essentially assuming B
is constant together with measured Z,, and Z,, inferred
from the power-law fit. One caveat in using this meth-
odology is that the accuracy of Z, and Z, should be
high (typically to within =1 dBZ for Z, and to within
+0.1 dB for Z,,, or better).

The radar retrievals of D, and N,, were generaly
based on data acquired from a single storm event in
each location. A preselected polar area was identified
as convective or stratiform rain based on radar char-
acteristics and data were accumulated over a period of
5 min or so. The stratiform rain in nearly all cases
corresponded to the trailing stratiform area of a con-
vective squall line-like event. Convective rain areas
generally corresponded to rain cells in a squall line or
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multicellular-type storm events. Typically, the N,, and
D, values could be retrieved from tens of thousands of
range resol ution volumes within afew minutes covering
a wide range of rain rates. The large spatial sampling
by radar generally ensures that a range of DSDs have
been sampled.

Figure 6 shows histograms of D, in convective rain
retrieved using S-Pol radar data from one event in Col-
orado and one in Florida. Note how much broader the
D, histogram iswith mode near 2.3 mm for the Colorado
case, reflecting the microphysics of rain formation in
the High Plains via the melting of graupel and tiny
hailstones. In contrast, the Florida event has a much
narrower distribution of D, with significantly smaller
modal value of D, = 1.6 mm even though the span of
radar-derived rain ratesin both eventsis nearly the same.
This reflects warm rain microphysics and evolution of
the DSD within a much deeper layer from the melting
level to the surface in Florida (~4 km) as compared to
Colorado (~2 km). Figure 7 shows the histogram of
log,,(N,,) from Colorado and Florida. Note that the units
of N, are in mm~-* m~2 (the Marshall-Palmer value of
N,, = 8000 or logN,, = 3.9). The Colorado histogram
is nearly symmetric about the modal value of N,, =;
2500 mm~* m~3, whereas the Florida histogram is quite
skewed with modal value of N, = 40 000 mm~* m~3.
On average, the DSD characteristics conform to the
qualitative view that convective rain in Colorado con-
sists of a lower concentration of relatively larger-sized
drops whereas the opposite is true in Florida. It also
follows that for a given reflectivity, the convective rain
rate in Colorado will be much less than in Florida
[around a factor 2.5 less, based on Z « N, %5 RS and
using the modal N,, values; Testud et al. (2001)]. In
other words, the multiplicative coefficient in the Z =
aR's power-law relation will be a factor 2.5 higher in
Colorado as compared to Florida in general agreement
with numerous disdrometer-based studies comparing Z—
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Fic. 8. (@) Median volume diameter D, vs R for convective rain
on 17 Sep 1998 retrieved from S-Pol radar measurements (gray dots).
The “+" marks 2D video data from Florida acquired during the
TEFLUN-B project. (b) Asin (a), except N,, vs R for convective rain.

R relations from the Tropics to the continental (e.g.,
Ulbrich 1983).

Figure 8 shows D, and N,, versus R for the Florida
convective event as retrieved from S-Pol radar mea-
surements. Also overlaid on this figure are data points
obtained from analysis of 2D video disdrometer mea-
surements in convective rain during the TRMM Texas
Florida Underflights (TEFLUN-B) program. It should
be emphasized that the radar retrievals are based on a
single convective event but the spatial sampling by the
radar of convective rain cellsin different stages of their
life cycle tends to capture a wide range of DSD vari-
ability, significantly more than what a single disdro-
meter at a fixed location can capture over several
months. Figure 8 shows that the radar retrievals are not
only reasonable when compared to 2D video disdro-
meter data but, in addition, very few disdrometer data
points lie outside the radar derived *‘envelope’” of D,
and N,,. At high rain rates, the radar and disdrometer
D, values tend to a stable value around 1.7-2.0 mm,
reflecting the tendency to equilibrium-like distributions
where drop breakup and coal escence are in near balance
(e.g., Hu and Srivastava 1995). Under equilibrium con-
dition, D, is constant and any increase in rain rate is
due to an increase in N,,.

Figure 9 shows similar results except for stratiform
rain in Florida. Again, the radar retrieval is based on a
single event but the large areal sampling results in a
large number of data points. The stratiform area was
selected based on radar RHI observations, which
showed a brightband signature. Also overlaid on Fig. 9
are 2D video disdrometer data points from stratiform
rain during the TEFLUN-B program. Generally, the ra-
dar retrieval captures the DSD variability quite well,
and again only afew disdrometer data pointslie outside
the envelope established by the radar retrieval. Thisfea-
ture also holds for radar retrievals in convective and
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stratiform rain during other field programs (TRMM
LBA, Colorado, and Kwajalein) but are not shown here.

5. Composite statistics from radar and
disdrometer data

One way of showing the statistics of N,, and D, from
different climatic regimes is to plot log,(N,,) versus
(D,), where angle brackets denote an average value. It
is aso illustrative to plot the =10 standard deviation
bars around log,,(N,,). Figure 10 shows the composite
results based on disdrometer data (see Table 1) and from
radar retrievals (events are marked on the figure) for
stratiform rain, while Fig. 11 shows the same for con-
vective rain. Note that (D,,) is plotted here rather than
(D,). The radar-derived (D, is translated to (D) using
(9) with (u) obtained from disdrometer data for the
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Fic. 10. The average value of log,,N,, (with =10 std dev bars) vs
average D,, from disdrometer data and radar retrievals as indicated
for stratiform rain. Dotted straight line is the least squares fit.
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various climatic regimes in question (Colorado, Brazil,
Kwajalein, and Florida); the adjustment from (D,) to
(D, is dlight and in the range 4%—7% but necessary
for comparison with the disdrometer estimates of (D,,).

Figure 10 for stratiform rain clearly shows that there
is an inverse relationship between log,(N,,) and (D.);
in fact, it is quite remarkable that a straight line fit
(shown as a dashed line) results from the composite
disdrometer/radar retrievals that encompass a number
of climatic regimes from near the equator (Papua New
Guinea, marked as 3) to the High Plains (Colorado,
marked as 12 June 2000 event). From a microphysical
perspective, stratiform rain results via the melting of
snowflakes and/or tiny graupel or rimed particles. If the
bright band is “‘strong,” then it likely reflects melting
of larger, low-density and dry snowflakes into rain,
whereasif the bright band is**weak’’ then it may reflect
the melting of tiny, compact graupel or rimed snow
particles (Fabry and Zawadzki 1995; Waldvogel et al.
1995). In fact, the transition from large, dry snowflakes
to tiny, compact graupel or rimed particles during a
stratiform rain event leads to the so-called N,-jump
effect (Waldvogel 1974). In essence, the large, low-den-
sity snowflakes lead to DSDs that have smaller (N,,)
and larger (D) relative to the tiny, compact graupel or
rimed snow particles. The straight line in Fig. 10 may
reflect such microphysical differencesin stratiformrain
DSDs from different climatic regimes.

Figure 11 shows similar results for convective rain.
There appears to be a cluster of data points with (D)
~ 1.5-1.75 mm and log,(N,,) = 4-4.5, the regime
varying from near the equator (Papua New Guinea) to
subtropics (Florida, Brazil) to oceanic [Tropical Ocean
Global Atmosphere Coupled Ocean—-Atmosphere Re-
sponse Experiment (TOGA COARE), Kwajalein,
SCSMEX]. This cluster may be referred to as a ** mar-
itime-like”" cluster where rain DSDs are characterized
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by a higher concentration of smaller-sized drops. The
Fort Collins flash flood event is unusual for Colorado
as the data fall in the maritime-like cluster (this was
confirmed independently by Petersen et al. 1999). The
second ‘‘ cluster”” ischaracterized by (D,,) = 2-2.75 mm
and log,(N,,) = 3-3.5, the regime varying from the
U.S. High Plains (Colorado) to continental (Graz, Aus-
tria) to subtropics (Sydney, Australia) to Tropics (Are-
cibo, Puerto Rico). The Arecibo RD-69 disdrometer data
was analyzed by Ulbrich et al. (1999) and reflects the
average of seven thunderstorm events. They aso note
that the Arecibo thunderstorm rain DSDs are similar to
continental thunderstorm rain and not at al similar to
oceanic thunderstorm rain, which is in agreement with
Fig. 11. Perhaps a similar situation is valid for the Syd-
ney data. It isinteresting to note that orographic effects
may be prevalent in both Arecibo and Sydney. The
‘“continental-like” cluster may be defined as that which
reflects rain DSDs characterized by a lower concentra-
tion of larger-sized drops as compared with the previ-
ously-defined maritime-like cluster.

6. Summary and conclusions

The promise of dual-polarized radar in retrieving the
two important parameters of the raindrop size distri-
bution—that is, D, and N,,—has, in our opinion, been
generally achieved. It isimplicit that such retrievals are
representative of the spatial scale of radar measurements
(typically several kilometers in range and 1° in cross-
beam direction). An important advance has been the
effective B concept, which accounts for the effects of
drop oscillations and canting. Indeed, the rain model,
which is assumed to have a gamma DSD form has been
extended to include the effects of drop oscillation and
canting via the B, parameter. Previously developed al-
gorithms for estimating By, and then in turn estimating
Do(Beff! Zhi Zdr) and NW(BeffY Zhv Zdr) ha\/e been applled
to radar retrievals in different climatic regimes such as
Colorado, Brazil, Florida, and Kwajalein. The retrieval
technique has also been previously extended to strati-
form rain and to convective rain in those cases where
the K, measurement is too noisy. The composite al-
gorithms for D, and N,, based on the triplet (Z,, Z,,
Kqp) or the couplet (Z,, Z,) or simply on Z,,, depending
on the reliability of the corresponding radar measure-
ments, appear to be robust and in general agreement
with disdrometer measurements for awide range of rain
rates. The same composite algorithm was used for radar
data from Colorado, Brazil, Florida, and the NASA
Kwajalein radar datafrom Kwajalein. One caveat isthat
the accuracy of Z, and Z,, measurements should be high
(typically, £1 dB for Z,, and =0.1 dB for Z,,, or better)
and such accuracy is generally available in research
quality radars.

DSD data from two different types of disdrometers
(2D video and RD-69) have been analyzed to determine
the variability of (N,,) and (D,) in stratiform and con-
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vective rain in different climatic regimes. The radar-
retrieved values from Colorado, Brazil, Florida, and
Kwajalein are in good agreement with disdrometer-de-
rived values from the same or similar climatic regime.
For stratiform rain, log,(N,,) and (D,) are nearly lin-
early related with negative slope. These data appear to
be consistent with microphysical differences in the for-
mation of stratiform rain, for example, due to melting
of large dry snowflakes (larger (D,) and smaller (N,,))
versus melting of smaller rimed ice particles (smaller
(D,) and larger (N,,)). In the case of convectiverain, a
maritime-like cluster around (D,) = 1.5-1.75 mm and
log,(N,,» = 4—4.5 could be identified. A second cluster
with (D,) = 2-2.75 mm and log,«N,,) = 3-3.5 termed
continental-like could also be identified. The change in
(N,,) between these two clusters can be related to the
well-known fact that the multiplicative coefficient in the
Z = aR*s relation is smaller in maritime rain than in
continental rain (a « N_°9).

The behavior of D, and N,, versus rain rate from the
radar retrievals are generally consistent with disdro-
meter measurements. In particular, at high convective
rain rates, the D, tends to a constant value reflecting
equilibrium-like DSD. There was only weak correlation
between D, and R (or, N, and R) based on the radar
retrievals as well as the disdrometer data. Finally, the
average shape of DSDs from 2D video disdrometer data
from several climatic regimes strongly suggests that the
gamma form is a useful and applicable model. While a
radar algorithm exists for estimating the gamma DSD
shape parameter (u), its validation is difficult and a
subject of future research.

Acknowledgments. This research was supported by
NASA TRMM Grants NAG5-7717 and NAG5-7876.
VNB and JH aso acknowledge support from the Na-
tional Science Foundation viaATM-9612519 and ATM-
9982030. The tropical rain measurement campaign in
Papua New Guinea was carried out under ESA/ESTEC
Contract 9949/92/NL/PB/SC, W001, C0009 to Joan-
neum Research. The RD-69 disdrometer data from Dar-
win, SCSMEX, and Sydney were provided by Dr. Tom
Keenan of the Bureau of Meteorology Research Center
(BMRC), Melbourne, Australia. The 2D video disdro-
meter data from Florida acquired during TEFLUN-B
were provided by the University of lowa. The RD-69
disdrometer data from Kwajalein were provided by the
University of Washington. The computational assistance
rendered by Mr. Gwo-Jong Huang of CSU is gratefully
acknowledged.

APPENDIX

Radar Retrieval of DSD Parameters

The method of retrieving D,, N,,, and u from Z,, Z,,,
and K, is summarized here from Gorgucci et al. (2001,
2002). A gamma DSD model is assumed with the fol-
lowing ranges for the parameters:
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05=D,=35mm (AL)

3 =logy,N, =5 and (A2)

-1<pu=5, (A3)

with the additional constraint that R < 300 mm h~*and
Z,, < 55 dBZ. The parameters D,, log,,N,,, and n are
varied uniformly over their respective ranges to form a
large table of D,, N,,, and w. Scattering calculations are
performed at 2.8 GHz over a range of B, (0.02 < By
=< 0.1 mm~1), and nonlinear regression is used to de-
velop an algorithm for B (henceforth, the subscript
“eff” will be dropped) in terms of Z,, Z,, and K,:

B = 2.08Z;;035 K938 £9%5 mm-, (A%)

where Z, isin mmé m~3, K, in degrees per kilometer,
and &, isthe differential reflectivity expressed asaratio
(Zdr = 10 logloérdr)'

Simulations using gamma fits to measured drop size
distributions (see section 3) and scattering calculations
at 2.8 GHz of Z,, Z,,, and K, assuming, (i) mean axis
ratio versus D fit of Andsager et al. (1999) for 1 = D
= 4 mm, and Beard and Chuang (1987) for D < 1 and
D > 4 mm; (ii) Gaussian canting angle distribution with
mean 0° and o = 10° and (iii) size integration up to
D, = 2.5D,,, show that B, Using (A4) is generally
clustered around 0.045-0.0475 mm~1, but isanonlinear
function of D, (or equivalently £&,). A nonlinear fit to
the simulations yields

Broe = 0.0049(&,)2 — 0.0043(&,) + 0.0433;

&y > L (A5)
The median volume diameter is then derived as
D, = aZ}(&)° mm-, (AB)
where
a = 056, (A7)
b = 0.064, and (A8)
c = 0.024B312, (A9)
The N,, in units of mm~-* m~—3 is derived as
log,N,, = aZ} (&), (A10)
where now
a = 329, (A11)
b = 0.058, and (A12)
c = —0.0233713%, (A13)
Parameter w is derived as
b= ) (n19

where
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a = 2003#, (A15)
b = 2.233003%, (A16)
c = 3.168°%%, and (AL17)
d = 0.37437°%° mm h-1, (A18)
The rain rate is derived as
R = 0.10580865Z99(&, )¢, (A19)
where
c = —0.585807%3, (A20)

In this paper, the thresholds used are Z, = 35 dBZ, Z,
= 0.2dB, and K,, = 0.3° km~* for retrieval of D,, N,,
m, and R using the above algorithms.
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