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ABSTRACT

A framework based on measured raindrop size distribution (DSD) data has been developed to assess un-
certainties in DSD models employed in Ku- and Ka-band dual-wavelength radar retrievals. In this study,
the rain rates and attenuation coefficients from DSD parameters derived by dual-wavelength algorithms are
compared with those directly obtained from measured DSD spectra. The impact of the DSD gamma param-
eterizations on rain estimation from the Global Precipitation Measurement mission (GPM) Dual-Frequency
Precipitation Radar (DPR) is examined for the cases of a fixed shape factor u as well as for a constrained
p—that is, a u—A relation (a relationship between the shape parameter and slope parameter A of the gamma
DSD)—by using 11 Particle Size and Velocity (Parsivel) disdrometer measurements with a total number of
about 50 000 one-minute spectra that were collected during the ITowa Flood Studies (IFloodS) experiment. It is
found that the DPR-like dual-wavelength techniques provide fairly accurate estimates of rain rate and atten-
uation if a fixed-u gamma DSD model is used, with the value of u ranging from 3 to 6. Comparison of the results
reveals that the retrieval errors from the u—A relations are generally small, with biases of less than =10%, and
are comparable to the results from a fixed-u gamma model with u equal to 3 and 6. The DSD evaluation
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procedure is also applied to retrievals in which a lognormal DSD model is used.

1. Introduction

The Ku- and Ka-band Dual-Frequency Precipitation
Radar (DPR) is one of the instruments aboard the Global
Precipitation Measurement mission Core Observatory
(GPM) satellite launched on 27 February 2014 (Hou et al.
2008). The DPR derives rain rate by estimating param-
eters of the raindrop size distribution (DSD), which is
often modeled by an analytical function such as the ex-
ponential, gamma, or lognormal distribution, with two or
three unknown parameters (Gorgucci et al. 2000, 2002;
Bringi et al. 2002; Feingold and Levin 1986). The inability
of the modeled DSD to represent actual DSD spectra, as
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well as intrinsic variations of DSD in time and space,
leads to uncertainties in the estimates of rainfall rate
obtained from the DPR. Understanding the uncertainties
in rain estimation that depend on DSD parameterizations
is important in evaluating the overall performance of
DPR rain-retrieval algorithms. DSD parameterization
models have an impact not only on the relationship be-
tween radar reflectivity and rain rate but also on attenu-
ation corrections that are needed to compensate for the
loss of the radar signal caused by precipitation.

Analysis of the uncertainties associated with the DSD
model employed in the DPR rain-estimation procedure
also provides insight into the selection of DSD models
adopted in the Ku- and Ka-band dual-wavelength radar
rain-profiling algorithms. Many studies have been car-
ried out in an attempt to establish accurate DSD models
using a wealth of disdrometer observations in various cli-
mate regimes (Schonhuber et al. 2007; Thurai et al. 2011;
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Tokay et al. 2013; Williams et al. 2014). Most of these
studies rely on either linear/nonlinear-regression methods
or the method of moments (Smith et al. 2009). These
are general approaches that attempt to minimize dis-
crepancies between the modeled and measured DSD
spectra. For dual-wavelength radar applications, an al-
ternative approach is to assess the uncertainties in the
DSD parameterization on the basis of radar-estimated
rain rates (rather than those derived from DSD models).
As mentioned earlier, most dual-frequency radar re-
trievals derive rain rate by first estimating parameters
of the DSD, typically through the use of a gamma dis-
tribution. Thus, uncertainties in the DSD models em-
ployed in the radar algorithms directly affect the
dual-frequency radar retrieval of rainfall rate. In this
paper we evaluate these uncertainties by comparing
radar-derived estimates of rain rate with those directly
computed from DSD measurements.

In this study, we employ measured DSD data taken
from the Iowa Flood Studies (IFloodS) to generate
the radar reflectivity factors at Ku and Ka band. These
radar reflectivities are then used to estimate the DSD
parameters, under an assumed DSD model. Dual-
frequency radar techniques usually make use of the
differential frequency ratio (DFR), defined as the dif-
ference between radar reflectivities (dB) at two fre-
quencies, as well as the radar reflectivity at the lower
frequency to first infer the DSD parameters and then
from them the rain rate (Meneghini et al. 1997; Mardiana
et al. 2004; Liao and Meneghini 2005; Rose and
Chandrasekar 2005; Seto et al. 2013). The rain rates es-
timated from the radar-derived DSD are compared with
those that were directly obtained from the measured
DSD spectra. Note that the rain rates derived from the
measured DSD serve as a benchmark or truth for
checking radar estimates. By this procedure, the differ-
ence between the rain rate retrieved by the radar and
the directly measured rain rate can be interpreted as the
uncertainty in the radar rain estimation arising from
the DSD parameterization and the inherent errors in the
radar retrieval method. To assess the impact of the un-
certainties associated with the DSD parameterizations on
attenuation corrections and the overall performance of
the DPR rain-retrieval algorithms, error statistics for the
rain rate, median mass diameter, and specific attenuation
are presented. Because the simulated reflectivities are
directly computed from the measured DSD spectra, they
serve as the true or unattenuated radar reflectivity fac-
tors. The ultimate goal of this study is to evaluate the
uncertainties in the DPR rain-estimation algorithms that
arise from the assumed DSD model and thereby to pro-
vide guidance on the choice of DSD model that is ap-
propriate for the DPR retrieval algorithm.
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Note that, in addition to the choice of DSD parame-
terization, the DPR algorithm requires modeling of
environmental conditions, making use of path-attenuation
constraints, hydrometeor-phase identifications, and particle-
scattering models while accounting for nonuniform beam
filling among other considerations (Meneghini and Liao
2013; Seto et al. 2013). The focus of this study is solely on
the impact of DSD parameterizations on the DPR re-
trieval of rainfall rate, however.

In this paper, a brief description of the dual-wavelength
radar technique that is used to infer DSD parameters and
rain rate is given in section 2. The DSD data used in this
study are described in section 3, and the procedures
used to evaluate dual-wavelength radar estimates are
outlined in section 4. In section 5, comparisons of the
DPR-estimated rain rates and specific attenuations with
those that were directly computed from measured DSD
spectra as well as relative errors of different DSD models
are given, followed by remarks and a summary of the
study in section 6.

2. Dual-wavelength techniques

The measured or apparent radar reflectivity factor Z,,
of the hydrometeors at wavelength A can be described as
(e.g., Battan 1973)

Zm=dexp<—2J kdr>, (1)
0

where specific attenuation k and effective radar reflec-
tivity factor Z, are expressed by

A4 J“
=——— | ND)o.(D,A)dD and 2
=K b VOO @

k= J: N(D)o(D.A)dD, 3)

with N(D) being the DSD and o4(D, A) and o.(D, A)
being the backscattering and extinction cross sections,
respectively, of a particle with diameter D. The di-
electric factor K,, is related to the complex refractive
index of water. By convention, |K,,|? is taken to be 0.93.

The gamma distribution is widely used to describe the
DSD in the retrieval of the microphysical properties of
hydrometeors (e.g., Ulbrich 1983). A form of the gamma
size distribution of N(D) is expressed as (Bringi and
Chandrasekar 2001)

N(D) =N, f(w)(D/D,, )" exp(~=AD), 4)

where N,, is a scale factor of DSD,
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and where I' is the gamma function, u is the shape factor,
and D, is the mass-weighted diameter of the particles,
defined by

D
J D*N(D)dD
D _.
R —— ?
J D3N(D)dD
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D
1D, 1)) =4.343x1073 J f(u)(DID, Y exp(—=AD)a (D,A)dD.

min

Note that N,, is suppressed in the above equations be-
cause it is assumed to be unity; D ;, and Dy, are taken
at the nominal values of 0.1 and 8 mm, respectively. For
arbitrary values of N,,, the integral-scattering parame-
ters can be determined from the following equations:

DFR(D,,,w) = 1,(D,,, i1, A)) =1, (D, . 1,A,), (11)
Zy(N,,,D, ,u,A)=10log, N, +1I,(D, ,u,A), and

(12)

k(NW,Dm,,lL,)\):NWIe(Dm,I.L,/\), (13)

Dnax
R=67x10"* JD N, f(u)(DID, )* exp[—(4 + p)DID, 1D*V(D)dD,

min

where V(D) is raindrop fall velocity and is expressed as
a function of the particle diameter. Note that I, and I,
are important scattering quantities that are repeatedly
used in dual-wavelength techniques to compute D,,,, N,,,,
and the attenuation coefficients.

Figure 1 shows the results of the integral-scattering
lookup table where I, [Eq. (9)] and DFR [Eq. (11)] are
plotted versus D,, and temperature for the gamma
distribution of rain for the case of the GPM Ku- and
Ka-band DPR. The raindrops are prescribed as oblate
spheroids, and their axis ratios follow the shape-size
relations reported by Thurai et al. (2007). The T-matrix
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Here D, and D, are the minimum and maximum
diameters of raindrops, respectively. The radar DFR
(dB), describing the difference of the radar reflectivity at
two wavelengths, is defined as

DER = 10log(Z,/Z,), (8)

where Z; and Z, are the radar reflectivity factors at
wavelengths of Ay and A,, respectively. Note that the
DFR is independent of N,,. For dual-wavelength radar
application, it is convenient to use N,,-normalized radar
reflectivity I, and specific attenuation I, (i.e., N,, =
I1mm ™' m™?). Thus, we have

and 9)

(10)

where DFR, reflectivity factor Zgg, and k are in units
of decibels, reflectivity decibels (dBZ), and decibels
per kilometer, respectively; I, and I, are precomputed
on the basis of particle-scattering models and are
stored in integral-scattering tables that are organized
in terms of wavelength, D,,,, and u (or u—A relations).
From the attenuation-corrected DFR and Zig(A),
D,, is first solved from Eq. (11) under an assumption
of u, and then N,, is obtained from Eq. (12). Specific
attenuations are easily computed from Eq. (13) if
DSD parameters are known. The rain rate is com-
puted by

(14)

method is used to compute the scattering properties
of single particles (Mishchenko and Travis 1998). At a
fixed u, D,, is solely dependent on the DFR over the
range in which D, is greater than ~1 mm. The one-to-
one relation between D,,, and DFR provides a means to
estimate D,, once attenuation effects have been cor-
rected. A double root of D,, occurs for liquid water
particles when the DFR is less than 0, however, with
one solution from the lower branch of the DFR-D,,
relation and another from the upper branch. This fea-
ture leads to an ambiguity in the estimate of D,,,, but the
ambiguity can be resolved to a large extent if the radar
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FIG. 1. Integral-scattering lookup table showing (top) the Ku-band radar reflectivity factor with N,, = 1mm ™ 'm™
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as a function of D,, and temperature and (bottom) DFR vs D,, for different temperatures. For all results, a constant
shape factor (u = 3) of the gamma distribution DSD model is assumed.

reflectivity is used in the selection of the proper root
(Liao and Meneghini 2005).

3. DSD measurement data

The DSD data used in this study are primarily from
measurements made by Particle Size and Velocity
(Parsivel) disdrometers during the IFloodS field exper-
iment from 1 May to 15 June 2013. The Parsivel dis-
drometers are used to measure rain DSD and fall
velocities of particle sizes from 0.3 to 20 mm. During
IFloodS, 14 OTT Hydromet GmbH Parsivel® instru-
ments were operated at 13 different sites. The OTT
Parsivel® is an improved version of the OTT Parsivel.
The OTT Parsivel severely underestimates small drops

(<0.8mm in diameter) and overestimates large drops
(>3 mm in diameter), especially in heavy rain (Tokay
et al. 2013). A comparative study by Tokay et al. (2014)
documented the improvement reached by the OTT
Parsivel?, showing that the issues at both ends of the
spectrum are largely resolved with the new design.

At 10 of the 13 Parsivel® sites, Met One Instruments,
Inc., tipping-bucket rain gauges were collocated with the
Parsivel® disdrometers. Tipping-bucket gauges are often
employed as a reference for event rain totals (Tokay et al.
2013, 2014). Our comparative study reveals that there is
generally very good agreement between the gauges and
Parsivel” disdrometers. Data from 11 of the 14 Parsivel®
disdrometers were selected for this study on the basis of
either the degree of accuracy with which the rain rates
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F1G. 2. Example of a time series of DSD measurements from the Parsivel disdrometer.
Shown are (top) the size spectra (mm 'm >) and the corresponding (middle) rain rate
(mmh™') and (bottom) mass-weighted mean diameter D,, (mm).

inferred from disdrometer data agree with those from
collocated tipping-bucket gauges or agreement of the rain
rate from selected disdrometers with those from other
collocated disdrometers. The criterion used was that the
event rain total derived from the disdrometer data be
within 10% of that obtained from the collocated rain
gauge. Seven of the Parsivel® disdrometers meet this
standard, with the majority having errors that are within
5% of the gauge values.

The disdrometer observations are stored at 1-min
resolution, and the data from all units are merged into
a single file. Mass-weighted particle diameter D,,, can be
directly computed from the DSD by Eq. (7), and rain
rate R is obtained from

D,
R=6mx10"* J " N(D)D*V(D)dD.  (15)
D

min

Figure 2 shows an example of DSD measurements
versus time taken from one of the Parsivel disdrometeors
over approximately 1000 min of data. The image of the
DSD spectra (mm ' m™ '), given in the top panel of Fig. 2
with the color scale on the right, is displayed in terms of
particle diameter (mm) along the ordinate and time
(minute) along the abscissa. The rain rate (mmh™') and
mass-weighted diameter computed from DSD are given
in the middle and bottom panels of Fig. 2, respectively,
for the same time period. Figure 3 shows the statistical

mean of the DSD spectra collected by all 11 Parsivel
disdrometers during the 6-week field campaign. On the
abscissa are displayed the corresponding values of rain
rate and D,,. It is evident that the DSD spectra are
broadened as the rain rate and D,, increase, implying
that D, is closely related to rain rate and D,,, (Williams
et al. 2014). While Fig. 2 offers a snapshot of DSD time
series measurements, Fig. 3 reveals details of the statis-
tical properties of the DSD spectra in terms of rain rate
and D,,,.

4. Procedures for evaluation of DPR retrieval
uncertainties

An overarching goal of GPM DPR is to obtain
three-dimensional rain structures. As such, accurate
estimates of rain rate from the DPR are critical to the
success of the GPM mission. Because the DPR, oper-
ating at Ku and Ka bands, is subject to rain attenuation,
accurate attenuation correction is crucial to ensuring
the accuracy of rain estimates using dual-wavelength
techniques. To assess effectively the uncertainties in the
DPR profiling algorithms with respect to DSD parame-
terizations, comparisons of Ku- and Ka-band specific
attenuations, in addition to rain rate, are made between
the retrieved and true values. A comparison of D, is
also included because it is one of the important physical
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FIG. 3. Mean DSD spectra (color scales) obtained from the full set of measurements of 11
Parsivel disdrometers during IFloodS with respect to (top) rain rate and (bottom) D,,,.

parameters of the DSD and can be derived directly from
DSD spectra.

A flowchart is shown in Fig. 4 that outlines the pro-
cedure used to evaluate DPR estimates by comparing
them with the same quantities obtained from measured
DSD. As described previously, measured DSD data can
be used to compute rain rate and D,, by using Egs. (7)
and (15), respectively. Moreover, specific attenuations
can also be derived from the measured DSD by using

Integral Scat. Tables
at p=0,1,2,3,...
(Dual-A Technique)

Z(Ku), Z(Ka)
DFRy, x.

COMPARE

Eq. (3) and single-particle-scattering tables that provide
the extinction cross sections. These results, independent
of DSD parameterizations, follow directly from the
measured DSD spectra and therefore serve as truth to
the radar retrievals. Likewise, the Ku- and Ka-band
radar reflectivity factors [Z(Ku) and Z(Ka)], which are
generated from the DSD data by using Eq. (2) along
with single-particle-scattering tables, are considered
to be the true radar reflectivity factors. The simulated

Single
Scattering Tables

FIG. 4. Flowchart illustrating the procedures for evaluation of the uncertainties in the esti-
mation of rain and attenuation from the dual-wavelength algorithms associated with the choice

of DSD model.
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Z(Ku) and Z(Ka) are first used to estimate DFR by
taking the ratio of Z(Ku) and Z(Ka). Because this ratio
is independent of N,,, the DFR yields an estimate of D,,
under an assumed shape factor of a gamma DSD dis-
tribution. From Z(Ku) and D,,, N,, is subsequently es-
timated from Eq. (2). Then, Estimates of rain rate and
attenuation coefficients are obtained from derived DSD
parameters.

Implementation of the dual-wavelength techniques
is actually achieved via the integral-scattering tables.
As mentioned in section 2, these tables contain pre-
computed DSD-weighted integral-scattering quantities
that are normalized by N,, and indexed with respect
to D,, and temperature. Since the integral-scattering
tables are DSD-model dependent, each table corre-
sponds to a particular DSD model. In particular, integral-
scattering tables prepared for different u values or for
different u—A relations are considered to be different
(gamma) DSD models. In fact, estimates of rain rate, D,,,,
kxu, and kg, from the dual-wavelength technique can be
viewed as the retrieval results derived from the particular
DSD model/table that is used. Thus, comparison of the
retrieval results with the truth, obtained directly from
the DSD spectra, provide insight as to the accuracy of the
DSD model that is employed.

5. Uncertainties of DPR algorithms

As indicated earlier, one of the important objectives
of this study is to evaluate the accuracy of the DSD
model used in GPM DPR algorithms. The DSD model
that the DPR algorithm currently adopts is the gamma
distribution with a constant shape factor (u = 3) (Seto
et al. 2013). Note that the same DSD model has been
used in the TRMM Precipitation Radar retrieval algo-
rithm (Iguchi et al. 2000). Among the DPR-derived
quantities of interest are rain rate, D,,, and specific at-
tenuations that are inferred through the precomputed
lookup tables. As noted earlier, the true values of these
quantities are those computed directly from the mea-
sured DSD spectra. The degree to which the radar es-
timates agree with these true values serves as an
estimate of algorithm accuracy with respect to this error
source. Following the procedure shown in Fig. 4, the
DPR retrievals are run from the inputs of the simulated
Ku- and Ka-band radar reflectivity factors as deter-
mined from the measured DSD. Depicted in Fig. 5 are
the scatterplots showing comparisons of rain rate, D,,,
and specific attenuations between the DPR-retrieved and
true values obtained from the spectra of the 11 Parsivel
disdrometers. For reference, one-to-one lines (red) are
shown on each plot in Fig. 5. For the radar retrieval, the
shape parameter u of the gamma distribution is fixed
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at 3. Because the DPR Ku-band sensitivity is approxi-
mately 17 dBZ, measured DSD data are used only if the
corresponding Ku-band radar reflectivity is greater than
or equal to 17dBZ. As noted earlier, D,, has two solu-
tions when DFR is less than 0. This corresponds to values
of D,, that are smaller than ~1 mm. In the retrievals used
here, the upper branch of the DFR-D,,, relations (i.e., the
range in which DFR is directly proportional to D,,) is
used for the retrieval of D,,. In an attempt to avoid or
reduce uncertainties in the D,,, dual-value region, a fur-
ther constraint is added for selection of the DSD data that
requires that D,, exceed 1 mm. The total numbers of data
points in Fig. 5 that meet these criteria are approximately
50000, where each point is derived from a minutely av-
eraged drop spectrum. It is found that correlations p be-
tween the retrieved and true values are in general very
high. This result is particularly true for the rain rates and
specific attenuations, for which p exceeds 0.98. Plots of
the data as two-dimensional probability density functions
(pdf) of rain rate, D,,,, and specific attenuations are given
in Fig. 6 using the same data as are shown in Fig. 5. The
plots make clear that the majority of data points are near
the one-to-one line (solid lines), implying the soundness
of the DSD model (u = 3) that was used for the DPR
retrieval.

Comparisons shown in Figs. 5 and 6 are made for a
fixed-uw (w = 3) gamma distribution of DSD model.
Similar comparisons can be repeated for different w
values. To quantitatively compare uncertainties in dual-
wavelength retrievals from different DSD models, the
relative error is used to describe uncertainties in the hy-
drometeor properties and scattering parameters as de-
rived from the DPR relative to the results computed
directly from measured DSD. Let x.s and X, represent
the radar-estimated and true values, respectively, of rain
rate, D,,, kxy, or kg, The bias of x, denoted by 8(x), is
defined as the mean difference of x between estimated
and true values within an interval of (x — Ax/2, x + Ax/2):

1%
8(x) = N D [xeg () = X ()],

‘ (16)
X n=1
where N, is the total number of points in the interval and
Xest(n1) and xye(n) are respectively the radar-estimated
and true values of x at the nth data point that satisfy

17)

In light of Eq. (17), the summation in Eq. (16) is carried
out only over the data points for which x. is within the
interval of (x — Ax/2, x + Ax/2), where the bin size Ax is
set to 2mmh ™!, 0.1 mm, 0.2dBkm ™', and 0.2dBkm ™'
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FIG. 5. Comparisons of retrieved rain, D,,,, and Ku- and Ka-band specific attenuations (kk, and ki,) with their true
values that are computed directly from DSD data obtained from 11 Parsivel disdrometers during IFloodS. The
correlation coefficient is p, and the number of total data points is approximately 50 000.

for rain rate, D,,, kxy, and ki, respectively. The relative
bias dg(x) is defined by

Sp(x) =8(x)/x, (18)

where Sg(x) represents the fractional error of the vari-
able x and is employed to quantify the retrieval accuracy
with respect to different DSD parameterizations.
Shown in Fig. 7 are the results of the relative biases of
rain rate, D,,, kxy, and kg, from DSD gamma distribu-
tions with w equal to 0, 3, 6, and 10. It is evident that the
retrieved rain rates at u = 0 (exponential distribution)
are greatly overestimated for rain rates up to 50mmh !
while the results at u = 6 show a small underestimation.
The DPR-estimated rain rate is within £10% bias if u is

chosen at 3 or 6. This is true for the results of the Ka-band
specific attenuation. The errors in the Ku-band specific
attenuation, on the other hand, are generally small and
show no significant dependence on u except for the re-
sults associated with DSD exponential distribution (i = 0).
Retrievals of D,,, have much larger uncertainties for D,,, of
less than 1 mm, the case in which D,,, has dual values, than
those for D,, exceeding 1 mm. This is due to the fact that
the DFR is relatively insensitive to D,, when D,,, is equal to
or less than 1 mm, as shown in Fig. 1. Thus, in this range,
a small error in DFR can lead to a large uncertainty in the
estimate of D,,. Overall, the estimates from the gamma
DSD model with u = 3 yield the best accuracy, followed by
those from w = 6 and w = 10. The results of D,, for u =
0 exhibit large underestimates when D,,, is less than 2 mm
and overestimates when D,,, is greater than 2 mm.
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FIG. 6. Two-dimensional pdfs (color scales) that correspond to the data points displayed in Fig. 5.

Analysis of the comparisons in Fig. 7 implies that
the gamma DSD parameterizations with fixed u values
that are between 3 and 6 provide consistent and fairly
accurate retrievals of rain and Ku- and Ka-band-specific
attenuations. Some studies suggest the usefulness of
gamma DSD models with u related to A, namely, u—A
relations (Zhang et al. 2001; Munchak and Tokay 2008;
Kumar et al. 2011; Williams et al. 2014). To evaluate
retrieval uncertainties from these constrained models,
Fig. 8, similar to Fig. 7, displays the relative biases of
the DPR retrievals when the DSD model is replaced by
the u—A gamma distributions reported by Zhang et al.
(2001), Kumar et al. (2011), and Williams et al. (2014),
respectively. The u—A relation found by Zhang et al.
(2001) is based on video disdrometer observations in

east-central Florida during the summer of 1998, and the
relations obtained by Kumar et al. (2011) are derived
from Joss—Waldvogel disdrometer measurements made
in Singapore from August 1994 to September 1995.
Williams et al. (2014) obtained a u—A relation from an
analysis of surface disdrometer data and a statistical
relationship between DSD spectrum mean diameter and
mass spectrum standard deviation. Note that the u—A
relations were fitted according to ranges of rain in-
tensities in the Kumar et al. study. The relation used in
Fig. 8 from Kumar et al. is for the case in which rain is
greater than 1mmh™'. To compare with the fixed-u
gamma models, the results of Fig. 7 for w = 3 are
replotted in Fig. 8. Comparison of the results indicates that
the retrieval errors from the u—A relations are generally



NOVEMBER 2014

TTTT

50 TTT [T T[T T[T T T[T T[T [TrTT

P R R B R B

LT

Relative bias, %
o

[\
o

=

I
I
I
TR

- O W o

o

=

£ o

'50 RS FRRTI SRS ARRR] AN ERNNE SRRTY ARET

0 10 20 30 40 50 60 70 80
R (estimate), mm/h

50 L T T 11 I LI I | ] T T 11 I L 1 LU T_
Jr+ - 4
@ A ~y N
o] r A X
-g 0 ?—?:'-v.. V'—E
© L ]
o i =0 4
o “
25F s H=3 -
i - = u=8 ]
E O e u=10
"50 _I 11 | I 11 1 1 | 11 1 1 I 111 1 ‘ 11 1 \_
0 2 4 6 8 10

K, (estimate), dB/km

LIAO ET AL.

2533

So\ll\llllllllllllill

25

LA N B L B B
Jllllllll

Relative bias, %
o

N
[8)]
LI B B I B B B

=3 i

'50 cvv Al v b v Ly ]

0 1 2 3 4
D,, (estimate), mm

50 L UL I LI I LI l L I LI I | ]

25 =

i1 1

Relative bias, %
o

=
=

=

- O W o

1
1
1
=

o A
TR BT o

|
1
1
=

0 2 4 6 8 10
Ky, (estimate), dB/km
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from the DSD measurements. A fixed-u gamma distribution is assumed for the DPR retrieval for u values of 0, 3, 6,

and 10.

small and are comparable to the results from the fixed-p
gamma models with u equal to 3. The u—A relation
proposed by Kumar et al. (2011) seems to provide
slightly better accuracy than the others for estimates of
rain rate and attenuation.

The lognormal distribution has also been used to de-
scribe the rain DSD (Ajayi and Olsen 1985; Feingold
and Levin 1986; Maciel and Assis 1990; Tian et al. 2010)
and is given by

N2
N(D)=0D]\\I}2_Wexp {_; <lnDo M) } (19)

where N, is the number concentration (m >) and & and o
are, respectively, the mean and standard deviation of
InD. Diameter D,, is related to i and o by

InD, =j+350°. (20)
One of the important properties of the lognormal distri-
bution is that all of the moments of the distribution are
themselves lognormally distributed. To use the lognormal
DSD model for dual-wavelength radar retrievals, three
parameters of lognormal distribution need to be reduced
to two. One possible choice is to fix o. Williams et al. (2014)
have recently developed a relation of DSD mass spec-
trum standard deviation o, and D,,, that is based on two-
dimensional video disdrometers, which is expressed by
o, =03D}%. (1)
The o,,-D,, constraint described above leads to the
following relationships for the lognormal DSD model:
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o=

=N

(InD,, — @) and (22)

o= —3.51n(D,,"%56 +0.09D9:54). (23)
Equations (22) and (23) imply a relationship between o
and . The DSD with such a constraint will be referred
to as the pi—o-constrained lognormal DSD.

Figure 9 displays the relative biases of the estimated
parameters to the true values when DSD is modeled as
a lognormal distribution with fixed o values of 0.3, 0.35,
and 0.5; also shown are results from the ji—o-constrained
relation given by Eqgs. (22) and (23). Of these models,
the lognormal DSD with o = 0.35 and the constrained
fi—o relation apparently yield the best agreement in rain
rate and attenuation coefficient despite the fact that all of

them are somewhat biased in estimates of D,,,. As shown
in Fig. 9, the results derived from the lognormal distri-
bution with o = 0.35 and a lognormal distribution using
a p—o relation yield nearly identical error statistics.

6. Summary

A framework has been developed for an assessment of
the accuracy and uncertainties of DSD models employed
in dual-wavelength radar retrievals. The principle of our
approach is based on measured DSD data, from which
GPM DPR reflectivity signatures are generated through
use of single-scattering tables. The simulated Ku- and
Ka-band radar reflectivity factors are considered as DPR
measurements and are used as inputs to a dual-frequency
radar technique, using the DPR frequencies, for the
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Williams et al. (2014), are shown.

retrieval of D,, and N,,. The rain rates, D,,, and spe-
cific attenuations obtained from the measured size
distributions are compared with the same quantities
computed directly from the data so that the accuracy
of DPR algorithms with respect to the DSD parame-
terization can be evaluated. Comparisons of the rel-
ative biases of the DPR-retrieved rain and attenuation
coefficients among different DSD models provide an
effective means to identify appropriate DSD models
to be used in the dual-wavelength radar retrieval of
rain profiles.

A large set of DSD measurement data (approximately
50000 minutely averaged spectra), taken from 11 Parsivel
disdrometers during the IFloodS field campaign, are
employed in this study for assessment of retrieval un-
certainties in connection with the choice of DSD model

within the context of dual-frequency retrievals. Two
types of the gamma distribution, one with fixed p and
another using a u—A relation, are examined. Analysis of
the comparisons of different DSD models reveals that
dual-wavelength retrievals using the fixed-u gamma
distributions with u ranging from 3 to 6 as well as the
p—A relations generally yield the smallest error. It is
anticipated that the DPR at-launch algorithms that use
the fixed-u (. = 3) gamma distribution will provide
fairly accurate and consistent estimates of rain rate and
attenuation.

Note that the framework described in this study for
evaluation of DSD models is distinct from studies that
concentrate on modeling DSD spectra, such as the work
reported by Williams et al. (2014). The approach here is
algorithm dependent and selects those DSD models that
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best represent the DFR and other radar-measured
quantities, whereas the goal of the latter type of ap-
proach is to determine how best to model the measured
spectra from a mathematical and physical perspective
using parameterizations that are independent of a par-
ticular algorithm or radar measurement. Note also that
the choice of DSD model is just one of many issues in
the DPR profiling algorithm that include, but are not
limited to, path attenuation, hydrometeor particle scat-
tering, storm classification, phase identification, envi-
ronment assumptions, and nonuniform beam filling.
Success of the DPR algorithm will depend not only on
the accuracy of each of these modules but on their in-
tegrated performance.

Although the procedures described in this study are
aimed at evaluation of uncertainties for Ku- and Ka-band
dual-wavelength radar, the method should be applicable
to polarimetric measurements or different combinations
of radar frequencies including single-, dual-, or triple-
frequency radar and possibly radar-radiometer com-
bined algorithms. Because the DSD data used in this
study were collected in Iowa during the summer, our
findings might not be representative of other climato-
logical behavior. In future studies we hope to apply the
approach to different DSD models and to DSD datasets
representing different climatological regimes.
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