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ABSTRACT

Millimeter-wave Doppler spectra obtained from the dual-frequency Cloud Profiling Radar System (CPRS) are
used to retrieve both the drop size distribution and the vertical air motion in rain. CPRS obtains collocated
spectra at W and Ka bands through a single 1-m-diameter lens antenna. The vertical air motion is determined
primarily from the 95-GHz Mie scattering from rain, whereas turbulence effects are minimized by correlating
the drop size distributions measured at both the 95- and 33-GHz frequencies. The authors describe an iterative
procedure that estimates the drop sizes and vertical motions with range and horizontal resolution of 60 m and
temporal resolution of 2 s. Model drop size distributions are used to initiate the procedure, but the retrieved
distributions and vertical air motions are seen to be independent of the particular model used.

Data were gathered to test the procedure during the Ground-Based Remote Sensing Intensive Observation
Period (GBRS IOP) sponsored by the Department of Energy Atmospheric Radiation Measurement (DOE ARM)
program. The measurements represent the first simultaneous Doppler spectra of rain at these frequencies. The
experiment took place in April 1995 at the Cloud and Radiation Testbed (CART) site in Lamont, Oklahoma.
Radiosonde and surface measurements of temperature and pressure were used in the retrieval algorithm. Rain
events from stratiform and transition region (i.e., decaying from the convective region toward the stratiform
region of a storm) clouds were observed and are analyzed in this paper. The rain rate for the stratiform rain
case was relatively uniform with small amounts of vertical air motion. Variations of the vertical winds for the
transition region case, however, were larger and more frequent and were accompanied by short intense downbursts.
The algorithm’s results are best for rain rates higher than 1 mm h21.

1. Introduction

Research into the drop size distribution of rain clar-
ifies the inner processes of rain development. By quan-
tifying the total amount of liquid flux in the atmosphere,
it also extends our knowledge of the ice clouds above
the melting layer. In addition, several parameters can
be accurately calculated, which can then be used to ver-
ify theoretical equations for attenuation, liquid water
content, and the like.

Several researchers have attempted the remote re-
trieval of drop size distributions aloft in rain using
ground-based, vertically oriented Doppler radar spectra
measurements (Rogers and Pilié 1962; Battan and
Theiss 1966; Caton 1966; Sekhon and Srivastava 1971;
Hauser and Amayenc 1981). The Doppler spectrum
method relates drop size to terminal velocity, assuming
a unique relationship exists between the two. Unfortu-
nately, it is impossible to independently measure the
vertical air motion from the terminal velocities of falling

Corresponding author address: Dr. Steven M. Sekelsky, University
of Massachusetts, Knowles 209C, Amherst, MA 01003.
E-mail: sekelsky@mirsl.ecs.umass.edu

drops. The vertical air motion shifts the Doppler spectra
along the velocity axis, so errors are included in the
retrieved drop size distributions. Spectral broadening
from turbulence is another limiting factor in the retriev-
als.

Extracting the vertical air motion in rain is a useful
parameter in itself because this information sheds light
on the physical processes within a rain storm. The
strength of updrafts and downdrafts can be related to
the amount of convection in a storm as well (Doviak
and Zrnić 1993). The first approach developed to extract
vertical air motion was the lower bound method, which
assumes there are a sufficient number of drops of a
minimum detectable size associated with a minimum
detectable velocity (Probert-Jones and Harper 1961).
The minimum detectable velocity can then be compared
to the measured spectra to find the error due to vertical
air motion. This method suffers from several problems,
however (Atlas et al. 1973). First, it assumes a sufficient
number of drops are present of some diameter, which
may or may not be the case. Second, fading effects
create noisy spectral shapes, making it difficult to de-
termine the lowest velocity detected in the presence of
noise. Third, the dynamic range of the Doppler spectrum
must be large enough to determine the minimum ve-
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locity. And finally, turbulent broadening is not account-
ed for in detecting the minimum bound.

Subsequently, Rogers (1964) developed a method that
assumes a unique relationship between velocity and re-
flectivity. By using a measurement of reflectivity it pre-
dicts the corresponding velocity; the vertical air motion
is the difference between the measured and predicted
velocities. This method significantly improves on the
lower bound method, but errors are typically 1 m s21,
which corresponds to errors of one order of magnitude
in the estimated distribution (Atlas et al. 1973).

Hauser and Amayenc (1981) proposed a method
called the 3P approach that simultaneously adjusted
three parameters to obtain the distribution. It numeri-
cally fits simulated Doppler spectra to measured spectra
using least mean squares estimation by first varying the
vertical air motion and then the slope and offset of an
exponential drop size distribution. Although the algo-
rithm produces reasonably good results for stratiform
rain, its application is limited because it assumes an
exponential drop size distribution, and it only works if
turbulence is negligible. In stratiform rain cases the off-
set parameter can be determined effectively, but the
slope and vertical air motion estimates are questionable
(Hauser and Amayenc 1984).

During the 1980s, several researchers applied data
from wind profilers to obtain drop size information
(Wakasugi et al. 1986; Gossard 1988; Gossard et al.
1990; Rogers et al. 1993). Observations of the spectra
for low rain rates revealed that the clear-air peak and
rain peak are distinguishable some of the time. There-
fore, the vertical wind estimate can be used to remove
the effects of vertical air motion. This method can work
for stratiform rain with low rain rates, but it has limi-
tations. The averaging time of most wind profilers is 30
s or greater. If the rain drops experience both updrafts
and downdrafts during this time, the averaged spectra
have an artificially induced spread. This is difficult to
separate from turbulent broadening, but the presence of
turbulence is necessary to receive a strong enough clear-
air echo ( ; Tatarskii 1971) for air motion detection.2C n

Another problem is that the beamwidth of wind profilers
is typically large, approximately 78, causing more spread
in the Doppler spectra. Thus, wind profiler data is lim-
ited to drop size retrievals given low rain rates and
relatively uniform wind fields.

Other methods estimate vertical winds in rain from
velocity–azimuth display (VAD) scans, which collect
Doppler data in a conical scan to extract horizontal and
vertical winds (Doviak and Zrnić 1993). These methods
estimate the average wind over large areas and therefore
require fairly uniform wind fields in the resolution vol-
ume.

Thus, the above methods work best in situations of
uniform wind with small variation in time and negligible
effects from turbulence. But to fully understand rain
processes, other situations must also be accurately quan-
tified. Millimeter-wave radars have the potential to es-

timate vertical winds in rain where complex wind fields
exist, even in convective situations where changes in
wind and drop size distribution occur rapidly. Millimeter
waves are highly sensitive to small hydrometeors, al-
lowing radars to acquire data at much higher spatial and
time resolution than low-frequency systems. Mie scat-
tering effects observed at millimeter wavelengths for
large cloud particles and precipitation provide more in-
formation to extract particle size as well. Millimeter
waves also offer other practical advantages; they require
lower peak powers and antenna sizes so the radar sys-
tems can be compact, portable, and easily deployed to
remote locations across the globe (Mead et al. 1994).

Lhermitte (1987, 1988) proposed a method that uses
the location of the Mie backscattering null seen in 94-
GHz Doppler spectra to determine the vertical air mo-
tion. This work provides a better criterion to detect ver-
tical air motion, as the null location can be predicted
reliably. The algorithm uses correlation analyses be-
tween measured and simulated Doppler spectra to re-
move vertical air motion and turbulent broadening. Re-
sults for stratiform rain have been promising, and the
method also has potential when turbulence and complex
wind fields are present.

This paper presents an algorithm that builds on Lher-
mitte’s method to exploit the Mie scattering effects for
vertical wind detection and uses two Doppler spectra to
account for broadening terms to solve for the distri-
bution. The vertical air motion estimate is determined
iteratively by feeding retrieved drop size distributions
back into the algorithm in place of an initial model.
Sample results of the algorithm are presented, and the
results are qualified with theoretical justification and
self-consistency tests.

With two millimeter-wave radars, one can extract the
vertical air motion and drop size distribution with high
spatial resolution and greater independence from mod-
els. The fundamental concept is that while the two
Doppler spectra demonstrate differences, the retrieved
drop size distributions are frequency independent and
will be highly correlated once all corrupting factors are
removed. Single-frequency retrieval algorithms typi-
cally depend on fitting the measured spectra to a par-
ticular model form of the distribution. The use of two
millimeter-wave Doppler spectra provides characteris-
tics that can be used to solve for the distribution without
having to explicitly fit the Doppler spectra to one model.

The algorithm was tested on data obtained with the
Cloud Profiling Radar System (CPRS) (Sekelsky and
McIntosh 1996; Lohmeier et al. 1997), a dual-frequency
millimeter-wave Doppler radar that collects high-reso-
lution measurements of clouds and precipitation. Col-
located data are obtained with a single 1-m lens antenna
for transmitted and received signals at both frequencies.
The data were gathered during April 1995 at the
Ground-Based Remote Sensing Intensive Observation
Period (GBRS IOP), a Department of Energy Atmo-
spheric Radiation Measurement (DOE ARM) program–
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FIG. 1. Simulated Doppler spectra at 33 and 95 GHz using Mar-
shall–Palmer with a 10 mm h21 rain rate.

sponsored experiment. CPRS obtained pulse-pair and
Doppler spectra of clouds and precipitation for 3 weeks
while stationed at the DOE’s Cloud and Radiation Test-
bed (CART) site in Lamont, Oklahoma.

The organization of this paper is as follows. Section
2 discusses the basic formulation for drop size retrieval
using Doppler spectra. It also describes the major prob-
lems encountered and then presents the dual-frequency
algorithm. Section 3 discusses the GBRS-IOP experi-
ment and provides an overview of the radar system.
Section 4 presents specific rain events of interest and
discusses the consistency of the results. Section 5 con-
cludes with results of a statistical analysis to determine
the algorithm’s dependence on the initial drop size mod-
el used. Other results are also discussed that indicate
the limitations of our procedure.

2. Methodology for drop size retrieval

a. Basic formulation

The Doppler spectrum is a power-weighted measure
of a target’s backscatter per velocity bin y to y 1 dy ,
where dy is the velocity resolution (Doviak and Zrnić
1993). It can be related to the drop size distribution
N(D) by

S(y) 5 N(D)s (D)(dD/dy), (1)

where s (D) is the backscatter cross section (mm2) and
dD/dy is a relationship between the target’s drop di-
ameter and terminal velocity (mm m21 s). Extracting
N(D) from a measured S(y) relies upon knowing the
size–backscatter relationship and a unique relationship
between terminal velocity and particle size.

In the case of rain, a commonly used distribution is
the exponential form given by

N(D) 5 No
bexp(2aR D), (2)

where R is the rain rate (mm h21), D is particle diameter
(mm), No is a proportionality constant, and a and b are
constants that determine the slope of the distribution.
An empirically determined form of (2) is the Marshall–
Palmer (M–P) drop size distribution where No 5 8000
m23 mm21, a 5 4.1, and b 5 20.21 (Marshall and
Palmer 1948). Actual drop size distributions vary sig-
nificantly from this, however, and other forms of the
distribution have been proposed. Of these the gamma
distribution (Ulbrich 1983) is commonly applied:

N(D) 5 NoDm exp(2aRbD), (3)

where m is an integer from 23 to 8. The exponential
form is a special case of the gamma distribution with
m equal to 0.

Retrieving drop size information relies on knowledge
of a unique relationship between a target’s size and ter-
minal velocity. Gunn and Kinzer (1949) empirically de-
termined this relationship for rain, and several formulas
have been fit to the data. Lhermitte (1987, 1988) ref-
erences the equation

y(D) 5 9.25[1 2 exp(26.8D2 1 4.88D)], (4)

where y is in meters per second and D is in centimeters.
The Gunn and Kinzer data was taken at sea level, how-
ever, and terminal velocities increase as altitude increas-
es due to the decrease in air density (Foote and duToit
1969). The terminal velocities can be corrected by mul-
tiplication with the factor (ro/r)0.4, where ro is the air
density at sea level and r is the air density at the altitude
of the measurements.

Therefore, given relationships to associate backscatter
and terminal velocity to drop size, one can divide a
measured spectra by s (y) and dD/dy to extract N(D).
However, updrafts, downdrafts (vertical air motion), and
the effects of turbulence all bias the measurement. Ver-
tical air motion manifests itself by shifting the spectrum
up and down the velocity axis, while turbulence spreads
the velocity spectrum. As noted in the introduction, al-
gorithms developed to remove these biases from radar
data to extract N(D) have yielded varying results.

b. Dual-frequency method

The dual-frequency method (DF method) is designed
around existing algorithms and builds upon strategies to
remove biases while exploiting the advantages of Mie
scattering. The fundamental premise is that while the
shape of the Doppler spectrum is frequency dependent,
the drop size distribution is not. Millimeter-wave scat-
tering falls into the Mie resonance region for raindrops
providing highly visible differences between the spectra.
Consider Fig. 1, which shows simulated Doppler spectra
at 33 and 95 GHz for a rain rate of 10 mm h21. Whereas
the 33-GHz spectrum resembles a Gaussian shape, the
95-GHz spectrum contains several nulls and peaks. This
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FIG. 2. Mie backscatter cross section as a function of velocity for
33 and 95 GHz at 08 and 208C calculated at sea level.

can be understood by examining the Mie backscatter
equation for spherical water droplets s(y) plotted in Fig.
2 for 08 and 208C. At 95 GHz, the Mie oscillations are
within the fall velocities for rain. These oscillations mod-
ulate the Doppler spectrum producing a bimodal spec-
trum. With collocated measurements at 33 and 95 GHz,
the retrieved distributions can be correlated by properly
removing biases. An iterative procedure can accomplish
this by adjusting the estimates of vertical air motion and
turbulence until spectral distributions measured by the
two frequencies agree. A flowchart of the algorithm that
we use in this paper is shown in Fig. 3.

The first step in the algorithm is to model the Doppler
spectrum at the lowest range gate of the first time profile
using three parameters. First, the temperature of the wa-
ter must be specified in order to determine the water’s
dielectric constant. Figure 2 demonstrates the temper-
ature dependence of the scattering curves for 33 and 95
GHz for 08 and 208C. The first null location occurs
approximately 0.2 m s21 lower for 08 than for 208C.
The temperature and air pressure are also needed for
the air density correction factor. Both measurements can
be obtained using surface and radiosonde data.

The second consideration is the degree to which the
droplets deviate from sphericity. As rain drop size in-
creases, the shape deforms from a sphere to an oblate
ellipsoid, then flattens and eventually becomes concave
on the bottom for large drops (Doviak and Zrnić 1993).
Therefore, the retrieved distribution must be considered
in terms of equivolume spheres, meaning the volume of
a sphere with a diameter D will be equivalent to the
volume of an ellipsoid with major and minor axes a and
b, respectively. Each drop diameter is modified accord-

ing to Green’s model for raindrop shape (Green 1975),
and the major axis of the ellipsoid is used in the Mie
calculation. Note, a more sophisticated scattering curve
that accounts for drop shape deformities may be nec-
essary to get accurate N(D) estimates for high rain rates,
as the population of large drops increases.

The final parameter is the rain rate, which is related
to the equivalent reflectivity factor Ze through (1) be-
cause Ze is the integration of the Doppler spectrum over
all velocity bins:

`4l
Z 5 S(y) dy , (5)e E2 5|K | pw 0

where |Kw| is calculated from the index of refraction of
water and l is the wavelength of the radar. Figure 4a
shows equivalent reflectivity factors calculated at 33 and
95 GHz using an M–P drop size distribution and (5)
plotted on a dBZe scale (i.e., 10 log10Ze). However,
equivalent reflectivity factor measured at millimeter-
wave frequencies is invalid until the attenuation between
the radar and scattering rain cell is removed. Attenuation
is induced through oxygen and water vapor absorption,
off-nadir scattering, and absorption from raindrops as
the transmitted and reflected signals propagate through
the rain. The one-way attenuation rate (dB km21) can
be calculated by integrating a specified extinction cross
section and drop size distribution over all drop diam-
eters, according to Doviak and Zrnić (1993) Eq. (3.15):

`

3K 5 4.34 3 10 N(D)s (D) dD. (6)E e

0

Here se(D) is calculated using Mie formulations for
scattering and absorption. Figure 4b shows the extinc-
tion rates for 33 and 95 GHz versus rain rate using an
M–P drop size distribution at 208C. The extinction rates
are calculated for each range cell and the total attenu-
ation between the radar and a rain cell is obtained by
integrating the extinction rates from the ground up to
the rain cell. Attenuation must be calculated for each
range gate to account for temperature and variations of
extinction rates with range.

Once attenuation is removed, rain rate can be deter-
mined by comparing equivalent reflectivity factor mea-
surements with a simulation. With two frequencies there
is an extra degree of freedom, as the ratio of the equiv-
alent reflectivity factors, commonly known as the dual-
wavelength ratio (DWR), increases with rain rate, as
shown in Fig. 4c. The DWR is calculated using

DWR 5 10 log (Z /Z ).10 e e33 95
(7)

The difference between 33- and 95-GHz equivalent re-
flectivity factors increases with rain rate because Mie
resonances affect the scattering cross sections of the
drops. If attenuation effects are added, the difference
becomes larger, and DWR increases more rapidly with
rain rate, as shown in Fig. 4c, which plots DWR with
1 km of two-way attenuation from rain. The rain rate
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FIG. 3. Flowchart of the dual-frequency drop size distribution retrieval algorithm.

is determined by calculating the attenuated equivalent
reflectivity factors from (1), (5), and (6) for increasing
rain rates until the simulated DWR is equal to the mea-
surement.

Once a model of the Doppler spectrum is specified,
an analysis of the correlation between measured and
simulated Doppler spectra provides an initial estimate

of vertical air motion (Lhermitte 1987). Consider Fig.
1 again, which shows examples of spectra at the two
frequencies. The spectral shapes are preserved in the
presence of vertical air motion, as updrafts and down-
drafts merely shift the spectra along the velocity axis.
To extract the vertical air motion, the measured 95-GHz
spectrum is shifted along the velocity axis to find the
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FIG. 4. (a) Equivalent reflectivity factor vs rain rate. (b) Extinction
vs rain rate. (c) Dual-wavelength ratio vs rain rate. The solid curve
has no attenuation, and the dashed curve includes 1 km (2 way) of
attenuation from rain drops using a Marshall–Palmer drop size dis-
tribution. All data for (a)–(c) are for 33 and 95 GHz assuming a
Marshall–Palmer drop size distribution.

best correlation with the simulation using only the spec-
tral points between the first two peaks. The correlation
matches the location of the null, which is dominated by
the oscillations in the backscatter equation. It depends
weakly on rain rate, but the rain rate must be high
enough for the null to be distinguishable (about 1 mm
h21 minimum). The Mie backscatter calculations ac-
count for its temperature dependence.

The drop size model is only an approximation, and
therefore the shapes of simulated Doppler spectra differ
among models. These differences are large enough to
bias the vertical air motion estimate, however. A closer
approximation can be obtained with a retrieved drop
size distribution. Once an estimate of the drop size dis-
tribution is made, it can be used to simulate another
Doppler spectra, which is then correlated to the mea-
sured spectra. By performing several iterations of the
correlation, the vertical air motion estimate is nudged

closer to the actual value, and the dependence on the
original model is reduced. The iterations are applied
after turbulence is accounted for and a drop size dis-
tribution is retrieved using (1).

Turbulence causes a random velocity variation about
the mean, resulting in a distribution of particles falling
at the same velocity. This spreads the Doppler spectrum
and for 95 GHz smoothes the bimodal spectrum and
fills in the nulls. Turbulent broadening may be approx-
imated by the convolution of the Doppler spectrum with
a Gaussian distribution. Figure 5a shows an example of
turbulence where the Doppler spectra for the 10 mm
h21 rain-rate case have been convolved with a Gaussian
spectrum with a 0.25 m s21 width. Notice that while the
null begins to fill in, its position is nearly unaffected,
moving by only 0.035 m s21. Note also that these effects
are not as easy to observe for the 33-GHz spectrum and
could be confused with effects due to slightly altering
the model N(D).

Turbulence can be removed from the measurement
by convolving the backscatter equation with a turbu-
lence distribution of appropriate width, chosen by it-
eratively convolving the simulated Doppler spectra with
turbulence distributions of different widths and then cor-
relating it to the measurement to find the best fit (Lher-
mitte 1987). However, this still depends heavily on the
form of the distribution. Having two Doppler spectra
with at least one exhibiting Mie effects offers an alter-
native method. If a Doppler spectrum corrupted with
turbulent broadening is divided by the backscatter equa-
tion, the oscillations from Mie scattering produce sim-
ilar oscillations in the retrieved N(D). For example, Fig.
5b shows the spectra from Fig. 5a fed into (1) ignoring
turbulence. Notice the humps in the distribution and the
diverging results between 33 and 95 GHz. The broad-
ening can be iteratively solved for by convolving the
backscatter equations with turbulence spectra of varying
widths and applying (1). The resulting N(D)s can then
be correlated to find the turbulence widths and applying
(1). the resulting N(D)s can then be correlated to find
the turbulence width that produces the closest match
between the two frequencies. The final result therefore
relies less on the form of the model distribution.

The final step in our algorithm is to form one drop
size distribution by averaging the two retrieved distri-
butions. However, the distributions must be weighted
by the signal-to-noise ratio at different drop sizes. Con-
sider Fig. 1 once more. Between the two frequencies,
both high and low signal-to-noise ratios occur at dif-
ferent drop sizes. Therefore, at each drop diameter the
distributions are averaged together and weighted with
the signal-to-noise ratio of the measuement such that

s/n (D)33N(D) 5 N (D)33s/n (D) 1 s/n (D)33 95

s/n (D)951 N (D), (8)95s/n (D) 1 s/n (D)33 95
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FIG. 5. (a) Simulated Doppler spectra at 33 and 95 GHz using
Marshall–Palmer for 10 mm h21 rain rate convolved with 0.25 m s21

wide turbulence spectra. (b) Drop size distributions retrieved from
simulated 33 and 95 GHz turbulence corrupted Doppler spectra using
Marshall–Palmer with a 10 mm h21 rain rate and a 0.25 m s21 wide
turbulence spectra compared with the original N(D).

where D is diameter; s/n33(D) and s/n95(D) are the sig-
nal-to-noise ratios for the 33 and 95 GHz at each di-
ameter, respectively; and N33(D) and N95(D) are the
drop concentration estimates at each diameter, respec-
tively. Thus, when one of the spectra has a higher signal-
to-noise ratio than the other, its distribution is weighted
more in the final average distribution. If both spectra
fall into the noise, the drop concentration estimate is
thresholded to zero.

Once the drop size distribution for the first pixel is

retrieved, the adjacent pixels can be analyzed using this
distribution in place of a model. The radar measure-
ments have high spatial and temporal resolution, and
the variation in the drop size distribution is small from
pixel to pixel. Thus, a retrieved drop size distribution
from an adjacent pixel will be a closer approximation
than a simulated distribution. Therefore, the next range
cell uses the distribution retrieved from the previous
range cell to calculate attenuation and simulate a Dopp-
ler spectra for vertical air motion detection. Turbulence
is accounted for in the same way as the first pixel, and
the retrieval is iterated to remove any bias from spatial
variations.

After all the range cells of the first time profile are
analyzed, the second time profile uses distributions from
adjacent range cells of the first time profile to calculate
attenuation and simulate Doppler spectra for vertical air
motion detection. Thus, the lowest range cell in the
second time profile starts the retrieval with the lowest
range cell in the first time profile, the second range cell
in the second time profile starts the retrieval with the
second range cell in the first time profile, and similarly
to the highest range cell. Then the third profile uses the
distributions from the second profile and so on until all
the time profiles are analyzed.

c. Self-consistency of the data products

Once the drop size distribution is obtained, parame-
ters such as equivalent reflectivity factor, attenuation,
terminal velocity, and rain rate can be calculated directly
from the distribution. All four of these parameters are
either measured or are products of the algorithm. The
algorithm’s results must be compared to the original data
to ensure they are consistent. Divergent results would
suggest that biases were not properly removed and the
resulting N(D)s are not accurate.

The first parameter to compare is attenuation, which
can be calculated with (6). Accurately determining the
attenuation is crucial because the value obtained is used
to correct the amplitude of the Doppler spectra and
equivalent reflectivity factors and to determine the rain
rate. Errors in the attenuation cause offsets in the drop
concentrations between the frequencies as well. Reflec-
tivity can be calculated from the drop size distribution
with

`4l
Z 5 N(D)s (D) dD, (9)e E b2 5|K | pw 0

where sb(D) is the backscatter equation as a function
of drop diameter. This can be compared to the attenu-
ation-corrected reflectivity calculated by integrating the
measured Doppler spectra over the velocity bins. The
rain rate can be calculated with

`

3R 5 N(D)D y(D) dD, (10)E
0
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TABLE 1. CPRS system parameters.

Ka-band radar W-band radar

Frequency
Peak power
Average power
PRF

Pulsewidth
Noise figure
3-dB bandwidth
3-dB beamwidth

33.12 GHz
100 kW
120 W
200 Hz–1.5 kHz

(20-kHz bursts)
200–1000 ns
11 dB
2, 5 MHz
0.5 deg

94.92 GHz
1.5 kW
15 W
1 Hz–80 kHz

50–2000 ns
13 dB
2, 5 MHz
0.18 deg

where y (D) is (4) with the air density correction factor.
This can be compared with the rain-rate estimate re-
sulting from the DWR comparison. Mean velocity can
be calculated with

`

N(D)s (D)y(D) dDE b

0
y 5 . (11)

`

N(D)s (D) dDE b

0

This can then be compared to the measured velocity
with the vertical air motion removed.

3. Experiment and instrument

a. Ground-based remote sensing intensive
observation period (GBRS IOP)

From 17 April to 7 May 1995, CPRS participated in
the GBRS IOP, an experiment sponsored by the De-
partment of Energy as part of the ARM program. The
experiment took placed at the ARM’s CART site in
Lamont. During April squall-line systems develop to
the southwest of the CART site and move either east
or northeast, producing heavy rain and sometimes hail.
Large formations of cirrus clouds typically precede the
storms and continental stratus occur as well. This sce-
nario provides a variety of cloud and precipitation cases
to study.

During the experiment, radiosondes were launched
every 3 h from a platform 130 m away from CPRS, and
surface measurements of temperature and pressure were
recorded every minute with a Surface Monitoring Ob-
servation System (SMOS) located 280 m away. Tem-
perature and pressure profiles were extracted by ad-
justing the sonde data with the difference between the
sonde’s ground readings and the SMOS data at the time
of observations.

b. Instrument

CPRS is a fully polarimetric Doppler radar consisting
of two subsystems at 33 and 95 GHz (Sekelsky and
McIntosh 1996; Lohmeier et al. 1997). Parameters for
the radar system are shown in Table 1. Both radar sub-
systems transmit and receive vertical- and horizontal-
polarized pulses through a single 1-m lens antenna
(Mooradd 1993). The single antenna design ensures that
both frequencies sample the same cloud volume. Note,
the different antenna beamwidths have negligible effects
when comparing data between frequencies for two rea-
sons: 1) by averaging distributed targets in time, the
sample volumes at the two frequencies are similar, and
2) the size of the sample volumes are accounted for in
the radar’s calibration constants (Sekelsky and McIntosh
1996). The transmit polarization can be selected on a
pulse-to-pulse basis, and each subsystem has receiver
channels that simultaneously record the amplitude and

phase of copolarized and cross-polarized backscattered
signals. The data acquisition system consists of six dig-
itizers to record the log-magnitude power and limited I
and Q for each receiver channel, as well as a DSP card
to perform averaging and to compute either pulse pairs
(Doppler moments) or FFTs (Doppler spectra) (Doviak
and Zrnić 1993). CPRS is capable of measuring equiv-
alent reflectivity factor (Ze), linear depolarization ratio
(LDR), mean Doppler velocity, velocity spectral width,
as well as the full Doppler spectrum. The entire radar
system is mounted on an azimuth-over-elevation posi-
tioner to perform RHI, PPI, VAD, and raster scans.

c. Doppler spectrum mode

When CPRS operates in the Doppler spectral mode,
64-point FFTs are performed for range gates from 200
m to as many as 20 range gates above the cloud tops.
Extra range gates are taken so that the maximum number
of range gates with no cloud or precipitation can be
used to calculate a noise estimate to subtract from the
data. Once the spectra are obtained, equivalent reflec-
tivity factor, mean velocity, and velocity spectral width
can be estimated with moment calculations (i.e., Ze 5
0th moment, y 5 1st moment, sy 5 2d moment).

The spatial and temporal variations of the vertical
wind in rain requires that the millimeter-wave radars be
sensitive enough to measure the backscatter and Doppler
frequency shift from rain cells having dimensions of
tens of meters. The transmitted powers and noise figures
of CPRS provide adequate signal-to-noise ratios that
allow drop size retrievals for 60-m range gates and re-
quires 2 s of integration to achieve these signal-to-noise
levels. Thus, if we assume the clouds move horizontally
at a maximum of 30 m s21, the horizontal displacement
of the precipitating clouds is less than 60 m during each
sampling interval.

4. Observations and analysis

We present two cases of Doppler spectra for rain: a
stratiform rain event occurring on 22 April 1995 and a
transition region rain event occurring on 24 April 1995.
Range and temporal resolution are 60 m and 2 s, re-
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FIG. 6. CPRS images of equivalent reflectivity factor and velocity of a stratiform region of a rain storm UTC 1927:59 22 April 1995, (a)
33-GHz reflectivity, (b) 33-GHz mean fall velocity, (c) 95-GHz reflectivity, (d) 95-GHz mean fall velocity. The images have 2-s resolution
and 60-m range gates.

spectively. The first case was used as a simple scenario
to study, as the vertical wind field appeared to be weak
and uniform. The second case presented a more complex
situation for the algorithm to resolve because greater
activity was evident in the ice clouds and the rain. Note,
the data are presented with the sign of the vertical air
motion opposite to the meteorological convention.

a. Case 1: Stratiform rain event on
1927:59 UTC 22 April 1995

Figure 6 shows images of equivalent reflectivity fac-
tor and velocity for 33 and 95 GHz, respectively. The
Doppler spectra are taken 4 h after an anvil cloud. Over
those 4 h, the cloud top descended from approximately
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FIG. 7. Doppler spectra of rain at (a) 33 GHz and (b) 95 GHz for 1929:29 UTC 22 April 1995. Notice the increase in spectral width as
the particles descend from the ice region through the melting layer into the rain.

10 to 5 km and stabilized. During the spectral mea-
surements, the rain fell lightly. Figure 7 shows an ex-
ample of the spectral measurements. The evolution of
particle phase can clearly be identified by the abrupt
changes in velocity and spectral width as ice falls
through the melting layer and converts to liquid water.
The sharp increase in velocity from 1.8 to 2.3 km in
range indicates that presence of a melting layer. Mea-
surements of LDR close in time to this file and the
detection of a 08C isotherm from a radiosonde confirm
the location of the melting layer. Animation of the spec-
tral images showed only small variations in the mean
velocity and spectral width over time. Note, the double
image in the 33-GHz Doppler spectrum is due to ve-
locity foldover caused by pulse repetition frequency
(PRF) limitations of the 33-GHz transmitter while op-
erating in the Doppler spectral mode. The 95-GHz
Doppler spectrum does not exhibit this effect because
the transmitter can be run at an adequate PRF.

Our DF algorithm was applied to spectra for range
bins of 60 m for altitudes from 0.2 to 1.6 km. Two
seconds of data were used to obtain the spectra. The
N33(D) and N95(D) were highly correlated in the drop
diameter region from 0.5 to 3 mm, but diverged at larger
drop sizes and in some cases diverged for diameters
from 0.5 to 0.65 mm, as shown in Fig. 8a. Error bars
for N33(D) and N95(D) are also shown, which were gen-
erated by retrieving distributions while adding and sub-
tracting one 95-GHz Doppler bin, 0.247 m s21, to the
vertical air motion estimate and calculating the differ-
ence between the distributions with and without the in-
duced error. Note, the units on the error graphs are the
same as the N(D) graph, just with a smaller scale. One

would expect to see the 95-GHz signal detect the smaller
drops better than 33 GHz, however, because of its in-
creased sensitivity to small particles due to the l24 de-
pendence in the backscattering equation. Although the
overall sensitivity of the 33-GHz subsystem is about 2
dB higher than the 95-GHz subsystem for any sized
drop (Sekelsky and McIntosh 1996), the 95-GHz sub-
system collects approximately 10 times the number of
spectra per second in the Doppler spectral mode, pro-
viding 5 dB more sensitivity. Thus, the 33-GHz spectral
point for small drops had an insufficient signal-to-noise
ratio to determine a drop concentration. Note, for ex-
ample, that the noise floor estimates track along with
drop size estimate from 3 to 5 mm for both frequencies
and from 0.5 to 0.65 mm for 33 GHz. The divergence
does not imply that the results are suspect or of limited
use, however. Considering that the rain rates associated
with these seemingly narrow drop estimates are rela-
tively low, the population of large drops may be very
small. Moreover, in millimeter-wave calculations in-
volving the drop size distribution, the statistically sig-
nificant contribution comes from the drop diameter
range of 0.5–3.0 mm (Lhermitte 1990). For example,
the N(D)s for 1929:29 UTC were used to calculate
equivalent reflectivity factor and velocity in range and
then compared to measured quantities as shown in Figs.
8b and 8c, respectively. Equations (9) and (11) were
applied to the retrieved N(D)s to calculate equivalent
reflectivity factor and velocity, integrating from 0.5 to
3.0 mm. The measured equivalent reflectivity factors
were corrected with attenuation calculated with (6), and
the measured mean velocities were corrected with the
vertical air motion determined from the retrieval algo-
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FIG. 9. Plots of self-consistency in time for stratiform rain at the
0.5625-km range gate. Measured quantities in (a) and (b) are rep-
resented by 33 GHz 5 solid line, 95 GHz 5 dashed line, and quan-
tities calculated with retrieved N(D )s are represented by 33 GHz 5
1, 95 GHz 5 #. (a) Attenuation-corrected equivalent reflectivity
factor compared to integrated equivalent reflectivity factor, 5sZ33

0.80 dB and 5 0.63 dB. (b) Vertical air motion corrected meansZ95

velocity compared to integrated mean velocity, 5 0.24 m s21 andsy33

5 0.16 m s21. (c) DWR-derived rain rate (solid line) comparedsy 95

to N(D )-integrated rain rate, sRr 5 0.94 mm h21.

←

5 solid line, 95 GHz 5 dashed line) and N(D )-calculated equivalent
reflectivity factor (33 GHz 5 1, 95 GHz 5 #), where 5 0.72sZ33

dB, and 5 0.54 dB. (c) Mean velocity with vertical air motionsZ95

correction (33 GHz 5 solid line, 95 GHz 5 dashed line) compared
to mean velocity calculated from N(D) (33 GHz 5 1, 95 GHz 5
#), where 5 0.13 m s21, and 5 0.12 m s21. Notice thes sy y33 95

retrieval results are consistent with the radar measurements.

FIG. 8. (a) Retrieved N33(D and N95(D) along with Marshall–Palmer
and gamma distributions for 1929:29 UTC 22 April 1995. Notice the
high degree of correlation from 0.65 to 3.0 mm. Also notice the
retrieved distributions do not strictly follow either model. (b) Com-
parison of attenuation-corrected equivalent reflectivity factor (33 GHz

rithm. The measurements and calculations compare well
for both quantities at both frequencies. The standard
deviations between equivalent reflectivity factors were
0.72 and 0.54 dB, and for mean velocities were 0.13
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FIG. 10. Waterfall plot of retrieved N(D)s for 22 April 1995. (Top) The 33-GHz
reflectivity. (Bottom) The rain rate at 0.4425 km.

and 0.12 m s21 for 33 and 95 GHz, respectively. Figure
9 shows that comparisons between measured and cal-
culated quantities demonstrate similar agreement in
time. A single range gate at 0.5625 km for all the time
profiles was analyzed similarly for equivalent reflectiv-
ity factor and velocity, and (10) was used to estimate
rain rate. The standard deviations between equivalent

reflectivity factors were 0.80 and 0.63 dB, and for mean
velocities they were 0.24 and 0.16 m s21 for 33 and 95
GHz, respectively. The standard deviation for rain rate
is 0.94 mm h21. Notice also the rain-rate estimate tracks
along with the equivalent reflectivity factor, increasing
until about 1.4 min and then decreasing.

Figure 10 shows a waterfall plot of several retrieved
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FIG. 11. Estimated vertical air motion initializing the algorithm with a Marshall–Palmer drop size distribution. The
vertical wind is close to 0 m s21 for most range gates. Small updrafts and downdrafts (ø1 m s21) occur in the bottom
500 m.

N(D)s along with a 33-GHz equivalent reflectivity factor
image and a rain-rate estimate. The bold vertical lines
indicate the times that these samples were taken. The
rain-rate estimate is taken from the 0.4425-km range
gates. Higher drop concentrations and flatter slopes are
observed for the higher rain rates. The band of low
equivalent reflectivity factor at the low range gates in
the beginning of the file are seen in the distributions for
1928:29 UTC as well. The 0.4425-km range gate has
lower drop concentrations than the range gates above.

Figure 11 shows the vertical wind for this case. For
the most part, the winds are at or near zero, as one
would expect for precipitation from stratiform clouds.
In the bottom 500 m we see small updrafts and down-
drafts with values on the order on 1 m s21. Small de-
viations from the mean velocity were observed while
animating the spectra consistent with the vertical air
motion estimates. Figures 6b and 6d compare well to
the location of updrafts and downdrafts in Fig. 11, and
the mean fall velocities corrected with the vertical air
motion estimates in Figs. 8c and 9b show similar agree-
ment as well.

The rain-rate estimate used to initialize the algorithm
can be compared to a rain gauge on a larger timescale
by comparing total precipitation. Doppler spectra were
only collected a few minutes at a time, and pulse-pair
measurements were taken in between. Longer time se-
ries are required for a rain-gauge comparison. However,
the pulse-pair measurement provide the same sample

pair of equivalent reflectivity factors at 33 and 95 GHz
needed to estimate DWR, so (7) can be used to estimate
rain rate over a larger timescale to compare to the rain
gauge. Using the DWR curve in Fig. 4c and the atten-
uation curve in Fig. 4b, rain rates were estimated from
1800 to 2030 UTC, which corresponds to approximately
1.5 h before to 1 h after the Doppler spectral measure-
ments. A single frequency rain-rate estimate was gen-
erated using 33-GHz equivalent reflectivity factor and
Figs. 4a,b as well. The rain rates were then integrated
over time for a total precipitation estimate. The rain
gauge, located on the SMOS, provided total precipita-
tion estimate in 0.254-mm increments. Total precipita-
tion was calculated by adding the bucket count over
time. Figure 12 shows the total precipitation estimates
from the SMOS rain gauge, DWR, and estimates.Ze33

The rain gauge and dual-frequency (DWR) estimates
show excellent agreement from 1800 to 1900 UTC. Dis-
crepancies after this can be accounted for by two factors.
First, surface winds can knock over the rain bucket,
causing it to empty prematurely. Second, the rain gauge
is located 280 m from the radar, and the storm motion
was nearly perpendicular to a line connecting the two.
In contrast to the DWR estimate, the single-frequency
(33-GHz equivalent reflectivity factor) estimate is con-
sistently lower than the rain-gauge estimate. This may
be due to a greater dependence on the drop size distri-
bution model used to derive the relationships in Fig. 5
by virtue of the ratio in the DWR calculation, which
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FIG. 12. Comparison of total precipitation estimates derived from
CPRS DWR, 33-GHz equivalent reflectivity factor, and rain-gauge
data from the SGP CART site for 1800–2030 UTC 22 April 1995.
Notice the dual-frequency estimate is closer to the rain-gauge data
than the single-frequency estimate.

diminishes the dependence on the magnitude offsets in
the model.

b. Case 2: Transition region rain event on
2059:29 UTC 24 April 1995

The second case studied was in the region of a storm
about 50 min after the leading edge of an anvil cloud.
The storm had not progressed into the stratiform rain
state observed in case 1, but instead the convection was
decaying. In this case, several variations in the wind
and rain rate were noted in the log book, thus this case
poses a more difficult scenario. Equivalent reflectivity
factor and velocity images plotted in Fig. 13 indicate
the presence of a melting layer located from 1.0 to 1.5
km AGL and above that large formations of swirling
ice and snow, sometimes causing regions of increased
precipitation. This is clearly evident from 1.5 to 2.0 min,
where the equivalent reflectivity factor becomes higher
in the rain while lower in the clouds, indicating an in-
crease in extinction. One can infer the particle phase by
examining a time profile of the spectra such as shown
in Fig. 14. As the particles fall from the top of the cloud
to the melting layer, the reflectivities gradually increase
and mean velocities vary around a value of 1 m s21 for
both frequencies. The onset of melting is identified by
the sharp increase in equivalent reflectivity factor and
velocity progressing to raindrops as the spectral width
broadens. Animation of the spectra revealed that the
mean velocity varied significantly over time and in
range, implying the presence of multiple updrafts and
downdrafts. For example, the mean velocity in Fig. 14
varies by as much as 2 m s21, while the equivalent
reflectivity factor is relatively flat. Changes in the rain
rate cannot account for these large velocity variations.

Our DF algorithm was applied to spectra for the range
gates from 0.2 to 1.0 km AGL in 60-m range increments
and from 2059:29 to 2106:25 UTC in 2-s time averages
for both frequencies. In most cases, the N33(D) and
N95(D) were highly correlated. Figure 15a shows re-
trieved distributions for 2100:25 UTC along with noise
estimates, an M–P distribution, and a gamma distribu-

tion (m 5 1). Error bars were generated in the same
way as the stratiform case. The two frequencies show
excellent agreement in shape and magnitude. However,
they do not strictly follow the shape of either of the
models. For instance, the distributions match M–P for
the small drop region (0.5 to 0.9 mm), but they match
the gamma distribution for the larger drops (1.5 to 4
mm). The dip at 1.4 mm is interesting as well. At first
this may seem to be an artifact of the algorithm caused
by an inappropriate turbulence calculation, such as dem-
onstrated in Fig. 5. However, only one dip occurs over
the distributions and at the same location for both fre-
quencies. If the effect were an artifact, several dips and
peaks should appear in N95(D), and only one should
occur in N33(D) at about 4.25 mm.

The N(D )s for 2100:25 UTC were used to calculate
equivalent reflectivity factor and fall velocity using (9)
and (11), respectively, and then compared to the mea-
sured quantities as shown in Figs. 15b,c. The measured
equivalent reflectivity factors were corrected with at-
tenuation calculated with (6), and the velocities were
corrected by subtracting the vertical air motion esti-
mate from the measured mean velocities. The standard
deviations between equivalent reflectivity factors were
0.65 and 0.60 dB and for mean velocities were 0.31
and 0.28 m s21 for 33 and 95 GHz, respectively. The
high degree of correlation between the measurements
and calculations at both frequencies implies that the
results are self-consistent. Figure 16 shows a similar
comparison, where (9), (11), and (10) were used to
compare (a) equivalent reflectivity factor, (b) velocity,
and (c) rain rate over time for the 0.4425-km range
gate. The standard deviations between equivalent re-
flectivity factors were 2.3 and 1.1 dB and for mean
velocities were 0.55 and 0.27 m s21 for 33 and 95 GHz,
respectively. The equivalent reflectivity factors and ve-
locities at both frequencies agree reasonably well ex-
cept in the time from 4.3 to 5.3 min. The error is due
to the low rain rate in this time interval, making it
difficult to distinguish the Mie null and casting sus-
picion on the vertical air motion estimate. Consider
Fig. 16c, which compares rain rates, with a standard
deviation of 2.5 mm h21 . The rain rate dips below 1
mm h21 , and the equivalent reflectivity factor and ve-
locity comparisons do not compare well. Thus, below
a minimum rain-rate threshold of about 1 mm h21 ,
which corresponds to a peak signal-to-noise ratio of
15.5 dB in the 95-GHz Doppler spectra, the retrievals
suffer large errors. This number can vary, however,
depending on turbulence: with higher turbulence, high-
er rain rates are required to distinguish the Mie null.
Figure 17 shows a waterfall plot of several retrieved
drop size distributions. The slope of the distributions
are clearly evident at different rain rates. For example,
the distributions at 2101:29 UTC occur during in-
creased precipitation, and they have a higher concen-
tration of large drops. The rain rate is much higher at
this time as well. The steep distributions at 2104:29
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FIG. 13. CPRS images of equivalent reflectivity factor and velocity of a rain storm on 2059:29 UTC 24 April 1995. (a) 33-GHz equivalent
reflectivity factor, (b) 33-GHz mean fall velocity, (c) 95-GHz equivalent reflectivity factor, and (d) 95-GHz mean fall velocity. The images
have 2-s averages and 60-m range gates. A region of increased precipitation is seen from 1.5 to 2.0 min in the file as the equivalent reflectivity
factors increase in the rain and decrease in the ice clouds. Also notice the variations in velocity fromn 0.2 to 1.0 km AGL.

are in a region of light rain and drizzle, where the
estimated rain rate has fallen to approximately 1 mm
h21 . Notice also that the drop concentration estimates
are consistent in range for all three time profiles.

Figure 18a shows an image of the estimated vertical
air motion, and Fig. 18b shows sample profiles of ver-
tical air motion where five profiles (10 s) were grouped
every 60 s, starting from 2059:29 UTC. The velocity

scale on each set of profiles is 65 m s21, except for the
first set, which only extend from 0–5 m s21. The profiles
at the beginning of the file show a consistent downdraft
with decreasing intensity from the melting layer to the
ground. This is expected as the vertical velocity must
be zero at the ground. Just after this, the wind pattern
resembles a saw tooth, with a downdraft from 0.2 to
0.4 km and then again at 0.7 to 1.0 km with an updraft
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FIG. 14. Doppler spectra of rain at (a) 33 GHz and (b) 95 GHz for 2100:25 UTC 24 April 1995. Large variations
in mean velocities are observed, while the reflectivities are relatively smooth.

in the middle. This progresses to a stronger (higher ve-
locity) uniform downdraft, which occurs during the
heavier rain. The sawtooth pattern returns after the cell
of intense precipitation passes, but 7 min after this, the
orientation of opposing updrafts and downdrafts switch-
es as an updraft occurs close to the ground and near the
top of the precipitation. This progresses to a uniform
updraft and then a downdraft that reverts back to the
sawtooth at the end of the file, which now varies about
0 m s21. Figures 13b and 13d compare well to the lo-
cation of updrafts and downdrafts in Fig. 18, and the
mean fall velocities corrected with the vertical air mo-
tion estimates in Figs. 15c and 16b show similar agree-
ment as well.

5. Conclusions

A primary source of error in the algorithm is from
the vertical air motion estimate, which is determined by
correlating measured and modeled Doppler spectra
based on the Mie null location. This error can be as
large as the dimension of the 95-GHz Doppler velocity
bins, 0.247 m s21, which was demonstrated in the error
bars presented in Figs. 8a and 15a. The effect that the
drop size distribution model used to initialize the al-
gorithm has on our results is also of interest. The it-
erative steps that use retrieved drop size distributions
in place of the initial model should lead to a closer
approximation to the measured Doppler spectra and a
better estimate of the vertical air motion. To determine
if this is true, the estimated vertical air motion was
compared after initializing the algorithm with different
models and iterating with retrieved distributions. This
effect was also analyzed by simulating Doppler spectra
while adding vertical air motion and varying amounts
of turbulence. Vertical air motion was then extracted

from these simulations and compared to the actual value.
The resulting drop size distributions were also analyzed
for both the experimental and simulated Doppler spectra
to determine how vertical air motion differences affect
drop concentration estimates.

a. Vertical air motion estimates

The vertical air motion estimates were relatively in-
dependent of the model distribution used to initialize
the algorithm. Results using an exponential model were
compared to those using gamma models with m 5 1
and 21 after iterating the correlation five times. The
vertical air motion estimates presented in Figs. 11 and
18 were obtained initializing with an exponential model.
After rerunning the algorithm using the gamma models,
the shape of the vertical air motion profiles agreed well
when all three drop size distributions were used to in-
itialize the algorithm for both the stratiform and tran-
sition region rain cases. By using retrieved drop size
distributions for adjacent pixels, any bias from the initial
model is removed and the difference between vertical
air motion estimates is negligible, as in most cases the
mean and standard deviation of the differences between
the vertical air motion estimates converged to zero.
When the vertical air motion did not converge, the dif-
ferences were less than 0.1 m s21. It was also discovered
that the m 5 21 gamma model gave a higher estimate
and the m 5 1 gamma model gave a lower estimate of
vertical air motion than when using an exponential mod-
el.

Doppler spectra were simulated with an exponential
model and altered with velocity shifts and turbulence.
The analysis covered turbulence widths varying from
0.0–2.0 m s21 and rain rates from 0.1 to 20 mm h21.
Then the three drop size distribution models previously
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FIG. 16. Self-consistency in time for transition region rain at the
0.4425-km range gate. In (a) and (b), measured quantities are rep-
resented by 33 GHz 5 solid line, 95 GHz 5 dashed line, and quan-
tities calculated with retrieved N(D )s are represented by 33 GHz 5
1, 95 GHz 5 #. (a) Attenuation-corrected equivalent reflectivity
factor compared to integrated equivalent reflectivity factor, where

5 2.3 dB and 5 1.1 dB. (b) Vertical air motion–correcteds sZ Z33 95

mean velocity compared to integrated mean velocity, where 5sy33

0.55 m s21 and 5 0.27 m s21. (c) DWR-derived rain rate (solidsy 95

line) compared to N(D )-integrated rain rate, sRr 5 2.5 mm h21. These
plots show self-consistency except when the rain rate falls below
approximately 1.0 mm h21.

←

flectivity factor (33 GHz 5 solid line, 95 GHz 5 dashed line) com-
pared to equivalent reflectivity factor calculated with retrieved N(D )s
(33 GHz 5 1, 95 GHz 5 #), where 5 0.65 dB and 5s sZ Z33 95

0.60 dB. (c) Mean velocity with vertical air motion correction (33
GHz 5 solid line, 95 GHz 5 dashed line) compared to mean velocity
calculated from retrieved N(D)s (33 GHz 5 1, 95 GHz 5 #), where

5 0.31 m s21 and 5 0.28 m s21.s sy y33 95

FIG. 15. (a) Retrieved N33(D ) and N95(D ) along with Marshall–
Palmer and gamma distributions for 2100:25 UTC 24 April 1995.
Notice the two distributions are highly correlated over the range of
drop diameters but do not strictly follow the shape of the models
(e.g., the dip at 1.4 mm). (b) Attenuation-corrected equivalent re-
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FIG. 17. Waterfall plot of retrieved N(D)s for 24 April 1995. (Top) The 33-GHz
reflectivity and (bottom) rain rate.

discussed were used to initialize the retrieval algorithm,
and the vertical air motion estimate was compared to
the induced velocity shift. When the algorithm was in-
itialized with the exponential model, the vertical air mo-
tion estimate had no errors on the first iteration for rain
rates greater than 1 mm h21 when turbulence was less
than 1.5 m s21. Below 1 mm h21, the vertical air motion

estimate diverged after iterating the correlation. Similar
results were obtained from retrievals initialized with
gamma models. For rain rates higher than 1 mm h21,
the vertical air motion converged after two or three it-
erations when turbulence was less than 1.5 m s21. At
rain rates lower than 1 mm h21, the m 5 21 vertical
air motion error diverged with additional iterations,
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FIG. 18. (a) Estimated vertical air motion initializing the algorithm with a Marshall–Palmer
drop size distribution. (b) Profiles of vertical air motion plotted every 60 s. The first 10 s (5
profiles) are plotted about the dotted lines (0 m s21 reference lines for each 60-s interval), starting
at 2059:29 UTC. The velocity scale in the upper-left-hand corner applies to each dotted line. The
progression of the updrafts and downdrafts can be identified by examining the image and profiles.

while the m 5 1 case decreased to 0.07 m s21 but did
not converge to zero.

b. Drop concentration estimates

The drop size distributions retrieved using different
initial models showed small variations in concentration
as well. The differences in drop concentrations were
analyzed by calculating the normalized-integrated dif-
ference with

|N (D) 2 N (D)| dDE i j

N I D 5 , (12)i,j

1/2(N (D)N (D)) dDE i j

where Ni(D) and Nj(D) are the drop size distributions
retrieved initializing the algorithm with an exponential
model, a gamma (m 5 1) model, or a gamma (m 5 21)
model, and i and j refer to the constant m. The nor-
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FIG. 19. Normalized-integrated difference between retrieved N(D )s
initializing the algorithm with exponential and gamma models for (a)
22 April 1995 and 24 April 1995.

malized integrated differences were then averaged over
time and range. Figure 19 shows the normalized-inte-
grated difference between drop size distributions for the
drop range between 0.5 and 3.0 mm for both sets of
experimental data presented in the previous section. Af-
ter iterating the algorithm, the difference between re-
trieved drop size distributions decreased, in some cases
to zero.

The simulated Doppler spectra were put through the
retrieval algorithm initialized with the three models, and
the results were compared to drop size models used to
generate the Doppler spectra. Error increased with rain
rate because the total drop concentrations increased. It
also increased the turbulence due to errors deconvolving
the spectra.

c. Discussion

For stratiform and transistion region rain events, our
algorithm was able to resolve the drop size distributions
and vertical air motion with high temporal and range
resolution. The drop concentration estimates for both
frequencies agreed well in shape and magnitude for the

most statistically significant portion of the drop diameter
range. A rain-rate comparison showed that the dual-
frequency estimate compared well with the CART site’s
rain gauge and outperformed a single-frequency esti-
mate. Calculation of several parameters using the re-
trieved distributions showed excellent agreement with
initial radar measurements as well, except in cases
where the rain rate dropped below 1.0 mm h21, which
corresponds to a peak signal-to-noise ratio of approxi-
mately 15.5 dB in the 95-GHz Doppler spectra. The
signal must be high enough to distinguished the Mie
effect in the presence of noise and turbulence. As ex-
pected, our results show that retrieved distributions do
not strictly follow either an exponential or gamma mod-
el over the entire range of drops. Therefore, dual-fre-
quency millimeter-wave radars have significant poten-
tial for improving estimates of drop size distribution.

For both the stratiform and transistion region rain,
the shape of the vertical air motion profiles were highly
correlated to each other, regardless as to which model
was used to initialize the algorithm. The vertical air
motion estimate is relatively insensitive to the initial
model given that the rain rate is high enough to distin-
guish the Mie null in the presence of turbulence. Re-
trieved drop size distributions were also relatively in-
dependent of the initializing models except when the
drop size was small. However, to reduce the number of
iterations, the initial drop size model should be as close
to the actual drop size distribution as possible.
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