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ABSTRACT

A question arising from the recent interest in spaceborne weather radar is what methods can be used to
estimate precipitation parameters from space. In this paper, dual-wavelength airborne radar data obtained from
flights conducted during 1988 and 1989 are used to compare rain rates derived from backscattering and attenuation
methods. We begin with a survey of path-averaged rain rates estimated from six methods over four flights. The
fairly large number of high rain-rate cases encountered during these experiments allows for the first tests of the
surface-reference method applied to the low-frequency (10-GHz) data. To help interpret the results the surface
reference methods are studied by means of scatterplots of the surface cross sections at the two frequencies under
rain and no-rain conditions. Approximate criteria are given on combining attenuation and backscattering methods
to increase the effective dynamic range of the radar. The dual-wavelength capability of the radar is also used to
examine the vertical structure of the precipitation: critical to the success of most methods is the ability to
distinguish rain from mixed-phase precipitation. Another factor affecting the accuracy of the methods is the
drop-size distribution. In the final section of the paper a procedure to estimate the profiled drop-size distribution
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is applied to the measured radar data.

1. Introduction

In this paper we report on the results of an airborne
radar experiment conducted during 1988-89 at Wal-
lops Flight Facility. This is a continuation of a previous
experiment conducted jointly by the Communications
Research Laboratory of Japan (CRL) and the Goddard
Space Flight Center for the purpose of evaluating
methods of rain estimation from spaceborne radar. We
begin with a brief description of the experiment and
follow this with comparisons among the path-averaged
rain rates as derived from several estimation methods.
The remainder of the paper is devoted to understanding
the behavior of the methods using the dual-wavelength
radar data. Insight into the surface reference methods
can be gained by analyzing scatterplots of the surface
cross sections at the two wavelengths under rain and
no-rain conditions. Some of the discrepancies among
the various methods can be traced to the vertical struc-
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ture of convective precipitation where the phase state
of the hydrometeors is difficult to identify. Another
source of error arises from our inexact knowledge of
the drop-size distribution: in the final section of the
paper an estimation procedure is described that at-
tempts to extract the profiled raindrop-size distribution
by combining the path attenuations and measured ra-
dar reflectivities.

A dual-wavelength radar and radiometer, built by
CRL in the late 1970s, was installed in the NASA P-3
aircraft in 1985 (Nakamura and Meneghini 1988;
Meneghini et al. 1989). Although the experiments
provided valuable data, the cruising altitude of the air-
craft (between about 5 and 6 km) precluded overflights
of most convective cells so that most of the data were
collected over stratiform precipitation with light to
moderate rain rates. To correct this situation the in-
strument was modified for its installation in a high-
altitude jet aircraft where the scanning parabolic an-
tennas were replaced by horn-lens antennas with a fixed
nadir stare. Other modifications included a new data
acquisition system allowing for flexibility in selecting
the maximum observable range and the sampling rate
of the radar return, One other difference between this
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and the previous experiment was the addition of an
18.7-GHz radiometer; in this paper, however, we will
be concerned only with the radar data. The character-
istics of the radar are given in Table 1; additional details
can be found in Kozu et al. (1991).

2. Comparisons of path-averaged rain rates
a. Background

The three methods of rain-rate estimation that are
used to generate the results shown in Figs. 1-4 are the
backscattering or Z-R, the surface reference (SRT),
and the dual wavelength (DWT). Since the Z-R
method is very familiar and the other methods have
been described elsewhere (Meneghini et al. 1983; Fujita
et al. 1985; Meneghini et al. 1989), we limit ourselves
to a brief description. The surface-reference technique
(SRT) is based on the assumption that the scattering
cross section of the surface, ¢°, is the same both outside
and within the raining region so that any decrease in
the apparent value of ¢° can be attributed to the at-
tenuation caused by the hydrometeors within the radar
beam. To convert the path attenuation into specific
attenuation k (dB km™') we divide by the pathlength
as determined by the slant range from the surface up
to the highest altitude at which the 10-GHz radar re-
flectivity factor (dBZ ) exceeds 25. The path-averaged
rain rates are obtained from power-law relations be-
tween the rain rate R and the specific attenuations at
10 GHz k (X) and at 35 GHz k (Ka). As with all the
empirical relations used in this paper, the R-k rela-
tionships were obtained by power-law fits to a set of
measured drop-size distributions (Atlas and Ulbrich
1977). (An exception is the R-Zx law, which is based
on the Marshall-Palmer drop-size distribution.) Thus,

R = 43k (X)), (1a)
R = 4.3k (Ka)®%, (1b)
TABLE 1. Characteristics of the dual-wavelength radar.
X band Ka band
Frequency 10 GHz 35 GHz
Antenna:
Type Horn lens Horn lens
Aperture diameter 42 cm 13¢cm
Beamwidth 5.2° 5.1°
Transmitter:
Peak power 20 kW 10 kW
Pulse repetition frequency 440 Hz 440 Hz
Pulse width 0.5 us 0.5 us
Receiver:
Noise figure 5.3dB 9.6 dB
Detection logarithmic logarithmic
Dynamic range 80 dB 80 dB
Signal processing:
Range window 22.5 km 20.25 km
Samples per observation 128 128
Sampling rate 0.2 us 0.2 us
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The dual-wavelength SRT is formulated in a manner
similar to the single-wavelength version. In this case,
however, the estimated quantity is the differential spe-
cific attenuation, k£ (X, Ka) = k (Ka) — k£ (X), which
is related to R by

R = 4.6k (X, Ka)®%. (2)
It might be noted that because of the presence of intense
rain rates during portions of the flights the surface-
reference method at 10 GHz can be tested.

For the application of the dual-wavelength technique
(DWT) (Joss et al. 1974; Eccles and Mueller 1971,
Eccles 1979) we search, beginning at the storm top,
for the point beyond which the quantity [dBZ,,(X)
— dBZ,,(Ka)] increases monotonically. This point, at
range r,, is taken to be the top of the rain column. To
find the endpoint of the interval, r,, we begin just above
the surface and locate the first point above which the
10- and 35-GHz returns are all greater than some level
above the noise power. In the simplest application of
the method, the differential specific attenuation k (X,
Ka) is given by (Eccles and Mueller 1971)

k (X, Ka)

= "—9‘2—' dBZ, (X dBZ,(K
_[(rz—rl)J{[ m( arZ)— m( aer)]

—[dBZ.(X, r;) — dBZ.(Ka, )]}, (3)
where the apparent or measured reflectivity factor
dBZ,, = 10logZ,, is defined in terms of the radar return
power P, the effective radar reflectivity factor Z, the
radar constant C, and the dielectric factor for water X
by the equations

2 r
P= (E-Ll—fz‘—z—)exp(—o.Z lnlOf kds)
0

_ CIK|’Z,,

2 (4)

The rain rate averaged over the interval is given by
Eqgs. (2) and (3). To reduce the errors caused by finite
sampling, we have used a slightly more complicated
estimate based on a subinterval averaging within the
interval (Meneghini et al. 1989).

For the Z-R or backscattering method the measured
reflectivity factor at each range gate is converted into
a rain rate by using the relations

R = 0.036Z,, (X)%6% (5a)

R =0.012Z,, (Ka)®" (5b)

for the 10- and 35-GHz data, respectively. The path-
averaged estimates are obtained by summing the rain
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rates over all gates comprising the path and dividing
by the number of gates. The rain rates derived from
Egs. (5a) and (5b) will be referred to as the Zx—R and
Zx ~R methods, respectively.

b. Results

Comparisons of the path-averaged rain rates are
.shown in Figs. 1-4. In Fig. 1, for example, four sets of
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FIG. 1. Comparisons of path-average rain-rate estimates on flight
day 28 June 1989 between the Zx~R method (dotted lines) and (a)
the Zx-R (solid line), (b) SRTx (solid line), and (c) DWT (solid
line).
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TABLE 2. Statistics of path-averaged rain-rate estimates for flight
day 28 June 1989. Number of observations is 1630.

Standard
Mean deviation SEE rms
Method (mmh™?) (mmh?') p (mmh?) (@@mmh)
Zx—R 6.1 5.0 — -
Zx-R 1.2 0.3 44 44 6.9
SRTx 9.7 7.1 75 33 6.0
SRTx 7.1 4.9 91 2.1 2.3
DSRT 6.8 4.8 .90 2.2 2.3
DWT 5.3 3.6 .65 37 3.9

results are shown for the rain overflights measured on
28 June 1989 where each observation consists of a 128-
sample average (approximately 1/3 s). An approximate
time scale is also shown along the abscissa. However,
because no-rain cases and off-nadir observations are
not displayed, the time scale is nonlinear. Nevertheless,
a crude distance scale can be obtained by taking a
cruising speed of 200 m s™! so that each minute of
data corresponds approximately to 12 km.

In Fig. 1a a comparison is shown between the back-
scattering methods based on the 10-GHz (Zx~R) and
35-GHz (Zx-R) data; in this, as in most cases, the
backscattering method applied to the high-frequency
data yields a negatively biased estimate of rain rate
caused by the attenuation of the signal by the precip-
itation. If the 35-GHz data is processed using the SRT
method, a more accurate rain-rate estimate is obtained.
For the data shown in Fig. 1b the correlation coefficient
between the rain rates estimated from the Zx-R and
SRTk methods is .91, where the mean values over
the 1630 observations are 6.1 mm h~! for the Zx-R
and 7.1 mm h™! for the SRTx methods. A final com-
parison is shown in Fig. 1c between the Zx-R and
DWT, which gives a correlation coefficient of .65. The
statistics for the various estimates are given in Table
2; included are the results for the dual-wavelength sur-
face reference (DSRT) and the SRT as applied to the
10-GHz data, SRTx. The first two columns of the table
give the mean and standard deviation of the 1630 ob-
servations for six path-averaged rain-rate estimates. The
third column lists the correlation coeflicients between
Zx—R and each of the five remaining methods. In the
final columns the standard error of estimate (SEE) and
the rms error are listed where

N 05
2 i~ J;i)z]

i=1

SEE = [——1—— (6)

(N —2)
1 N , 0.5
rms = [ﬁ z (yi—x:) ] (7)

and where N is the number of observations and y; is
the rain-rate estimate derived from the Zx —R method
[Eq. (5a)] for the ith observation. The quantity Xx; is
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FI1G. 2. Comparisons of path-average rain-rate estimates on flight
day 13 July 1989 between the Zx~R method (dotted lines) and (a)
the SRTy (solid line), (b) SRTx (solid line), and (c) DWT (solid
line).

the corresponding rain-rate estimate derived from one
of the other five methods (e.g., Zx-R, SRT) and ;
= ax; + b, where a and b are parameters of the regres-
sion between the set of (x, y) estimates.

Figure 2 shows the results for the SRTx, SRTk, and
DWT versus Zx-R method for the flight on 13 July
1989. Using the Zx-R method as a standard of com-
parison it can be seen that for the relatively light rain
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cases (observation numbers between about 300 and
900) the SRTx method performs well while the SRTx
yields an unreliable estimate of rain rate. At higher
rain rates, however, both surface-reference methods
and the DWT are fairly well correlated with the back-
scattering method. The statistics for the full dataset are
given in Table 3.

The results from flights conducted on 1 November
1988 and 2 June 1989 are shown in Figs. 3 and 4. For
the very light rain rates measured on 1 November (Fig.
3a, observation numbers 1-700) the correlation is
highest between the two backscattering methods. The
SRTx and SRTxk (Figs. 2b and 2c), on the other hand,
are poorly correlated with the Zx~R results. Despite
the variability in the dual-wavelength method over this
span (not shown), it tends to track the Zx—R-derived
rain rates better than do the SRT methods. For the
slightly higher rain rates (observations 800 to 1450)
the correlation between SRTx and Zx-R improves
while the effects on attenuation on the Zx ~R method
become evident. The SRTx, however, continues to ex-
hibit a large variation about the nominal rain-rate curve
(Fig. 3c). For the high rain-rate cases (observation
numbers 700-800 and 1450-1630) the rain rates de-
rived from the attenuation-based methods are fairly
well correlated with those from the backscattering
method. Statistics for the dataset are given in Table 4.

The highest rain rates encountered over the course
of the experiment were obtained on 2 June 1989, where
almost all the cells overflown were convective in nature.
(For the purposes of this paper, convective rain is de-
fined by the absence of a well-defined radar signature
of the melting layer.) For this flight we find large dis-
crepancies between the estimated rain rates. For ex-
ample, with respect to the Zx—R-derived rain rates, the
SRTyx and DWT results clearly exhibit a negative bias
(Table 5). Moreover, the ratio of the SEE to the mean
rain rate for the SRTx and the DSRT is significantly
higher here than for the flights on 13 July and 28 June
1989. On the other hand, the mean values of path-
averaged rain rate based on the SRTx and Zx~R meth-
ods are in fairly good agreement. As will be pointed
out later, the qualitative behavior of the estimates at
high rain rates can be understood in terms of the signal-
to-noise ratios.

TABLE 3. Statistics of path-averaged rain-rate estimates for flight
day 13 July 1989. Number of observations is 1054,

Standard

Mean deviation SEE rms
Method (mmh™) (mmh') p (mmhbh') (@mmh?)
Zx-R 7.2 6.5 — —
Zx-R 1.2 0.2 21 6.3 8.8
SRTx 5.9 12.5 93 2.4 7.1
SRTx 8.0 8.3 92 2.6 3.6
DSRT 8.3 8.0 .89 3.0 3.9
DWT 7.5 5.2 .66 4.9 5.0
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FI1G. 3. Comparisons of path-average rain-rate estimates on flight
day 1 November 1988 between the Zx-R method (dotted line) and
(a) the Zx-R (solid line), (b) SRTk (solid line), and (c) SRTx (solid
line).

3. Dual-wavelength diagnostics

Defining a path-average rain rate as in the preceding
section allows direct comparisons among rain-rate es-
timates derived from the backscattering and attenua-
tion methods. The quantity has several disadvantages,
however. In convective situations, where the rain is
not easily separable from the snow, graupel, or mixed-
phase precipitation, the quantity that is computed does
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not usually represent the path-averaged rain rate. Even
in instances where it is a well-defined quantity, it is
inadequate: in particular, we should expect the radar
to provide information on the phase state of the hy-
drometeors and on the characteristics of the storm
structure such as the profiled rain rate or liquid water
content. A more general criticism of the procedure de-
scribed above is that it does not answer the question
of which method provides the most accurate path-av-
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FIG. 4. Comparisons of path-averaged rain-rate.estimates on flight
day 2 June 1989 between the Zx~R method (dotted lines) and (a)
the SRTx (solid line), (b) SRTx (solid line), and (¢) the DWT (solid
line).

8QDXWKHQWLFDWHG _

'RZQORDGHG



AUGUST 1992

TABLE 4. Statistics of path-averaged rain-rate estimates for flight
day 1 November 1988. Number of observations is 1628.

Standard
Mean deviation SEE rms
Method (mmhbh™) (@mh') p (mmh?') (mmh)
Zx-R 43 5.6 — —
Zx~-R 1.6 0.5 77 3.5 5.8
SRTy 4.0 6.9 83 3.1 3.9
SRTy 4.0 5.4 .90 2.5 2.5
DSRT 42 5.2 .88 2.7 2.7
DWT 5.3 6.2 .86 2.9 3.4

eraged rain rate: to do this we need to either decide
which of the methods to use under particular circum-
stances or combine the methods in a unified way.

We begin by using the dual-wavelength data to un-
derstand the range of applicability of the different
methods. This serves to identify the primary error
sources of the methods and how we might decide when
a particular method should be used. In the final section
of the paper a more constructive approach is taken by
combining the attenuation and reflectivity measure-
ments in an attempt to obtain more accurate and de-
tailed information on the precipitation.

a. Surface cross sections

The key parameter in the surface-reference tech-
niques is the normalized surface scattering cross section
&°. This can be defined in terms of the surface return
power Ps and the radar range to the surface r, by the
equation

Py = (C5°r;?) exp(—-0.2 In10 f: kds) (8)
o

where, in general, C; is a function of the radar param-
eters, the range, and the incidence angle (Meneghini
and Kozu 1990). The last term in Eq. (8) represents
the two-way path attenuation from the radar to the
surface where & is equal to the sum of the specific at-
tenuations due to atmospheric gases, cloud, and pre-
cipitation. We can define an apparent or measured
surface cross section ¢° in much the same way that the
measured reflectivity factor is defined in Eq. (4):

o0 = 30 exp(—O.Z In10 fskds) . 9)
0

In the following discussion we use the notation o} (the
measured cross section under rain conditions) to rep-
resent Eq. (9) when dBZ,,(10 GHz) exceeds 25 over
at least a 150-m interval along the path and oz (the
measured cross section under no-rain conditions) when
this criterion is not satisfied.

Figure 5 shows scatterplots of o (10 GHz) versus

MENEGHINI ET AL.

369

o%r (35 GHz) (5a) and ¢% (10 GHz) versus o% (35
GHz) (5b) for the flight on 13 July 1989. The statistics
for this and two other flights are given in Table 5. All
data were measured over an ocean background for in-
cidence angles between 4° and 8°. To emphasize the
effects of attenuation, we have plotted the two sets of
data on the same scale. To accommodate the larger
attenuation effects at 35 GHz, the horizontal scale cov-
ers a greater dynamic range (70 dB) than does the ver-
tical scale (20 dB). For the no-rain case of Fig. 5a the
mean values are given by o%r(10) = 7 dB and
or(35) = 6.3 dB. The data show a fairly tight clus-
tering about the mean values but with a low correlation
coefficient; in particular, the standard deviations of ¢°
at 10 and 35 GHz are 0.7 and 1.44 dB, respectively,
with p = .52. The scatterplot of the apparent cross
sections with rain present is shown in Fig. 5b. To un-
derstand the behavior of the SRT (35 GHz) we divide
Fig. 5b into several regions:
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FIG. 5. Scatterplots of ¢® (10 GHz) versus o° (35 GHz) over the
ocean at near-nadir incidence on 13 July 1989 under (a) no-rain and
(b) rain conditions.
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 TABLE 5. Statistics of path-averaged rain-rate estimates for flight
day 2 June 1989. Number of observations is 837.

Standard
Mean deviation SEE rms
Method (mmh™) (mmh?') p (mmh') (mmh™)
Zx-R 16.3 20.2 — —
Zx-R 1.3 0.7 .02 20.2 25.1
SRTx 17.8 29.9 .85 10.8 16.8
SRTx 12.5 134 .92 7.8 10.1
DSRT 12.0 11.8 .90 8.8 11.7
DWT 9.4 10.6 .36 18.9 20.4
- (i) o%(35) > oRwr(35) — 3s(35) (10a)
(ii) —55dB < d%(35) < o%r(35) — 3s(35) (10b)
(ii1) 0%(35) < —55 dB, (10c)

where the overbar represents the mean value and s(35)
the standard deviation of 6% (35).

Region (i) includes those points for which the ap-
parent cross section is greater than the mean value of
o%r(35) minus three times the standard deviation of
oQr(35). Substituting the values ‘of these quantities
into Eq. (10a) for the flight on 13 July shows that region
(i) contains all points for which the measured cross
section is greater than about 2 dB. For points falling

. into this region the fluctuations in the actual cross sec-
. tion are comparable to the path attenuation so that the
" surface-reference method will be generally unreliable.
We can convert this into an approximate rain-rate
" threshold by assuming a uniform rain rate over a
4-km path, giving the result that R(35) should fall
within region (1) if the rain rate is less than about 2.4
mm h~!. Satisfaction of this criterion also implies that
. the attenuation is sufficiently small that a backscatter-
ing method can be applied. Thus, for this case we con-
clude that for a single-wavelength radar at 35 GHz the
SRT should be used when the rain rate exceeds 2.4
mm h ! and the backscattering method if it does not.
This simple rule hides a number of implicit assump-
tions, perhaps the most important of which is that the
average values of surface cross sections within and out-
side the rain differ only by the two-way attenuation. It
has been shown experimentally that the effects of rain-
drops striking the surface may significantly alter the
surface cross section (Manton 1973; Moore et al. 1979;
Giovanangeli et al. 1991). This effect is not easily
quantified, however, because of its apparent depen-
dence on radar frequency, sea state, incidence angle,
and rain rate. Other effects that change the threshold
rain rate include attenuation effects of cloud, water
vapor, and partially melted drops; variations in the
storm height; and changes in the background (e.g.,
ocean to land) and incidence angle. Despite these dif-
ficulties, the results in Figs. 1 and 3 show that for near-
nadir incidence over the ocean the criterion is at least
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approximately correct and that a combination of the
two methods provides better estimates of R than either
method alone.

Region (iii) defines the opposite extreme, where the
path attenuation is large enough to obscure the surface
return. The cluster of points along the vertical at about
o%(35) = —55 dB are simply the receiver noise powers
converted into apparent values of the cross section. If
we assume, as before, a uniform rain over a 4-km path,
then the maximum rain rate that can be estimated is
that which corresponds to a two-way path attenuation
of 61.3 dB [6.3 dB — (—55 dB)] or about R = 29
mm h~'. Examination of Figs. 2 and 4 shows a number
of cases for which the SRTk underestimates the
Zx-R results. The clearest evidence for this is seen on
2 June 1989 (Fig. 4a) for observation numbers between
200 and 600. Nevertheless, we do not see a clearly de-
fined upper limit on the SRTx of 29 mm h™! as we
might expect. It might be noted, however, that the lim-
iting factor on the SRT is dictated by the path atten-
uation, so that in cases where the pathlength is shallow,
the method is able to estimate higher path-averaged
rain rates, and the converse is also true. It also might
be noted that while the dynamic range of 61 dB ob-
viously depends on the radar design parameters, be-
cause of the very large values of attenuation at this
frequency only modest increases in the maximum rain
rate‘can be achieved by changing the radar parameters.
For example, a factor-of-10 increase in the transmit
power would raise the maximum rain rate only from
29 to about 34 mm h~!. With appropriate changes,
the preceding discussion applies to the surface reference
technique at 10 GHz. Because the attenuation is much
smaller, however, the rain-rate thresholds increase.
Region (i), for example, contains those points for
which ¢%(10)is greater than 6% (10) — 3s(10). Using
o%r(10) = 7 dB and s(10) = 1 dB gives a ¢%(10)
threshold of 4 dB. At 10 GHz a 3-dB attenuation (two-
way) over a 4-km path corresponds to a rain rate of
about 18 mm h™!, so that at 10 GHz we can use the
approximate rule that the Zx-R method should be used
for rain rates below about 18 mm h~! and the SRTx
above. Notice that at 10 GHz, at near-nadir incidence
over the ocean, the maximum detectable rain rate is
extremely high so that the SRTx should be applicable
to virtually any rain rate above 18 mm h™'.

Taken together these results imply that several re-
gions exist where the various methods are well corre-
lated; the Zx—R and SRTx for R between about 3 and
20 mm h™', the SRTx and SRTk between about 20
and 30 mm h™!, and the two backscattering methods
for rain rates below about 2 mm h™'.

Before turning to the dual-wavelength method we
briefly discuss the dual-wavelength version of the sur-
face-reference technique (DSRT). It has been recog-
nized that the DSRT is more accurate than the SRT
if there exists a high degree of correlation in.surface
cross sections at the two wavelengths. In particular, for
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a large number of independent samples, the variance
in the path attenuation estimates 4 for the DSRT and
SRT are given by (Meneghini et al. 1987)

var(Apsrt) = 0.5[52(35) + 52(10) — 2ps(10)s(35)]
(11a)

var(Adsgt) = 0.55%(35). (11b)
The quantities s and p in these equations refer to the
standard deviation and correlation coefficient of the
actual (nonattenuated) surface cross sections in the
presence of rain. Because these quantities cannot be
measured we use the sample statistics under no-rain
conditions. From Table 6 for the 13 July flight we ob-
tain from Egs. (11a) and (11b) [var(Apsr1)]%* = 0.87
dB and [var(4sg1)]%° = 1.02 dB, so that for the low
correlations at near-nadir incidence the DSRT offers
only a modest reduction in the error variance relative
to the single-wavelength implementation. The situation
normally changes at off-nadir angles. Figure 6 shows
the scatterplots under no-rain and rain conditions for
incidence angles between 8° and 12° measured over
ocean on 28 June 1989. In this case s(10) = 2.3 dB,
5(35) = 2.8 dB, and p = .9, giving [var(4psg7)]*’
= (.86 dB and [var(A4sg1)]%> = 1.98 dB so that we
would expect a significant improvement in accuracy
by using the dual-wavelength version of the method.

b. Dual-wavelength reflectivity signatures

Generally speaking, the correlations among the rain-
rate estimates are higher in moderate stratiform than

TABLE 6. Statistics of ¢° at 10 and 35 GHz under no-rain and rain
conditions at near-nadir incidence over ocean.

No rain Rain
13 July 1989
Number of observations 873 3679
¢%(10) 7.0 4.6
6°(35) 6.3 -14.6
std dev{s%(10)] 0.7 1.58
std dev[¢%(35)] 1.44 30.3
o 52 42
28 June 1989
Number of observations 1971 2078
a%(10) 6.8 6.1
0%(35) 6.8 —4.5
std dev[¢®(10)] 0.97 1.5
std dev[¢%(35)] 1.38 12.1
p .64 .78
2 June 1989
Number of observations 1494 840
d%(10) 7.1 29
a°(35) 10 -14.0
std dev[c%(10)] 0.86 6.1
std dev[a°(35)] 1.72 24.0
p .46 .83
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FIG. 6. Scatterplots of ¢° (10 GHz) versus ¢° (35 GHz) over the
ocean for incidence angles between 8° and 12° on flight day 28 June
1989 under (a) no-rain and (b) rain conditions.

in convective rain. The primary difficulty in convective
precipitation is in distinguishing regions of frozen and
partially melted hydrometeors from those of rain. For
the dual-wavelength method the problem is com-
pounded by high values of attenuation that limit the
detectable portion of the signal to the storm top.
Figure 7 shows four observations measured during
a 9-min period on the flight of 13 July. Two cases of
stratiform rain are shown in Figs. 7a and 7b: the solid
and dashed lines represent the measured reflectivity
factors (dB) at 10 and 35 GHz, respectively, and the
dotted line represents their difference d, where d
=dBZ,,(10) — dBZ,,(35). This quantity is also re-
ferred to as the dual-frequency ratio, or DFR, and has
been used in conjunction with polarimetry measure-
ments in the study of hail and mixed-phase precipi-
tation (Aydin et al. 1984; Bringi et al. 1986a; Bringi et
al. 1986b). The plots are shown as a function of the
range r as measured from the aircraft; to convert this
into the vertical height above the surface z, the ap-
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FIG. 7. Measured radar reflectivity factors at 10 GHz (solid line)
and 35 GHz (dashed line) and their difference (dotted line) as a
function of range from the aircraft for (a) and (b) stratiform and (¢)
and (d) convective rain.

proximate formula z = 11.6 — r can be used. The dif-
ference curves in Figs. 7a and 7b can be divided into
. three parts: a snow or graupel region from the storm
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‘top to a range of about 7 km, a melting layer between

about 7 and 8 km, and a rain layer just below this. In
both cases a simple algorithm can be used to separate
the regions: for example, the top of the rain layer is
identified as the range beyond which d increases
monotonically.

Despite the similarity in the difference curves in Figs.
7a and 7b, a distinction should be made. In Fig. 7a the
value of d just below the melting layer at the range of
8 km is nearly zero. If the scatterers in this region are
approximately Rayleigh at both frequencies it follows
that the snow and melting layer contribute very little
to the path attenuation and that the positive values of
d within the snow and melting layer are caused entirely
by non-Rayleigh scattering. In Fig. 7b, the difference
curve falls to a minimum of 6 dB just below the melting
layer, after which it increases monotonically up to
about 16 dB. Again assuming that the Rayleigh scat-
tering predominates within the rain, we conclude that
the snow and melting layer contribute about 6 dB of
attenuation out of a total of 16 dB and that the positive
values of d between 4 and 8 km result from the com-
bined effects of non-Rayleigh scattering and attenua-
tion.

Many of the qualitative features of the difference
curves in Fig. 7a and 7b can be seen in the simulated
difference curves in Figs. 8a and 8b. The simulated
curves were obtained by taking measured raindrop-
size distributions at the surface (Atlas and Ulbrich
1977), converting them into spherical snow aggregates
of density 0.2 g cm™>, and letting them melt in accor-
dance with the concentric spherical model of Yokoya-
ma and Tanaka (1984). As no coalescence or breakup
of particles is assumed to occur, the raindrop-size dis-
tribution reproduces the measured distribution. For
these examples a uniform 3-km layer of snow is as-
sumed so that the effects of non-Rayleigh scattering
can be separated from those of attenuation; that is, the
non-Rayleigh scattering is given by the value of d at
—3 km while the specific attenuation is proportional
to the slope of the curves between —3 and 0 km. In
the cases of light rain rate (Fig. 8a) the minimum d
(just below the melting layer at the top of the rain
column) is usually near zero, whereas for the moderate
rain-rate cases (Fig. 8b) the minimum is offset from
zero. The value of d at this minimum depends on the
cumulative differential attenuation up to this point and
on the effects of non-Rayleigh scattering at the top of
the rain column. These two effects can be separated by
comparing d[=dBZ,,(10) — dBZ,,(35)] with dBZ(10)
— dBZ(35) (i.e., the difference between reflectivity
factors excluding attenuation effects). For the measured
drop-size distributions that have been examined, the
effects of non-Rayleigh scattering normally account for
less than 4 dB, so that if the interval attenuation over
the rain exceeds 12 dB, the fractional standard devia-
tion in the dual-wavelength technique (from this error
source) is less than 0.3. Because non-Rayleigh scatter-
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F1G. 8. Simulated curves of DFR = [dBZ,,(10) — dBZ,,(35)] using measured
drop-size distributions for (a) light and (b) moderate rain rates.

ing is crucial to the method described in section 4 we
will return to this subject.

Figs. 7c and 7d show the radar observations over
high-intensity convection. In Fig. 7c¢ the difference
curve exhibits a “bump” centered about a range of 7.5
km. This feature appears to be identified with a region
of melting particles just as in Figs. 7a and 7b. What is
not clear is whether the partially melted hydrometeors
persist below this level. One way to investigate this
question is through the SRT, where we obtain a path
attenuation of greater than 60 dB at 35 GHz as com-
pared with a DWT-derived interval attenuation be-
tween 8 and 11 km of 24 dB. Although we face the
difficulty in apportioning the 60-dB SRT-derived at-
tenuation along the path, if we take an effective path-
length of 5 km we obtain a specific attenuation of 6
dB km™! as compared with a DWT-based estimate of
4 dB km™! over the interval from 8 to 11 km. This
apparent underestimate in the DWT coupled with the
large values of dBZ,,(10) at about 8 km suggests that
the value of d (r = 8 km) = 14 dB is, in part, due to
non-Rayleigh scattering and indicates the possible
presence of large, partially melted hydrometeors in this
region.

An approximate separation between rain and mixed-
phase precipitation is even more difficult for cases such
as that shown in Fig. 7d. The rapid increase in the
slope of the difference curve from about 6.5 to 7.5 km
and the large values of dBZ,,(10) probably indicate a
region containing wet hail or graupel. Between the
ranges of 7.5 and about 10.2 km the difference curve
meanders about with only a small net increase in d.
This erratic behavior might be caused by non-Rayleigh
scattering in the region between 7.5 and 8.5 km, which
would mask the positive slope caused by attenuation.
The bump centered at about 10.5 km suggests a con-
centration of large particles just above the surface. In

cases such as this the simple algorithm used to locate
the rain interval for application of the DWT breaks
down either by incorrectly identifying a region of rain
or by failing to locate any interval. Indeed, this is the
primary reason for the poor correlation between the
backscattering and DWT methods illustrated in Fig.
4c. By contrast, the accuracy of the attenuation estimate
from the SRT is unaffected by the nature of the pre-
cipitation. Like the backscattering method, errors
caused by the misidentification of phase state arise at
the next stage where the path attenuation (or dBZ,,)
is converted into a meteorological quantity.

4. A method to estimate the raindrop-size
distribution

a. Description of method

A dual-wavelength radar at widely separated wave-
lengths should provide a region of substantial overlap
between the various methods; for example, between
the SRT at 35 GHz and the backscattering method at
10 GHz. Although the various methods are often in
agreement in this intermediate range of rain rates, there
are discrepancies. Possible reasons for the lack of
agreement were discussed earlier in a qualitative man-
ner. These include the difficulty in distinguishing re-
gions of rain from those of snow, graupel, or partially
melted drops; the problem in the SRT where the total
attenuation is measured rather than the rain attenua-
tion; the sensitivity of the Z-R relation to the drop-
size distribution; and the assumption of Rayleigh scat-
tering inherent in the dual-wavelength method. In fact,
none of these methods takes advantage of the full set
of information that is available. Next, we describe a
method that does use this information in the attempt
to estimate the profile of the DSD; to the extent that
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it is successful the method not only provides more de-
tailed information on the precipitation but serves as a
diagnostic tool in understanding the behavior of the
other methods.

A number of investigators have recognized the im-
portance.of this type of problem for spaceborne weather
radar although from a slightly different point of view:
if the rain-estimation method, such as the SRT, pro-
vides only path attenuation, then an additional algo-
rithm is needed to reconstruct the rain rate or liquid
water content profile. Although many variations of the
procedure exist, most can be categorized into two types:
those that employ a modified version of the Hitschfeld—
Bordan algorithm (Hitschfeld and Bordan 1954;
Meneghini et al. 1983; Meneghini and Nakamura 1990;

.Marzoug and Amayenc 1990; Weinman et al. 1988;
:Weinman et al. 1991) and those that first attempt to
-estimate the DSD (Goldhirsh and Katz 1974; Kozu et
al. 1991; Kozu and Nakamura 1991; Meneghini et al.
:1990). The method described below is of the second
‘type. It differs from previous approaches in two re-
:spects: it provides 2n + 1 parameters of the profiled
: DSD (where n is the number of range gates), and it
uses a recursive procedure beginning at the range gate
near the surface progressing backward toward the
'storm top.

We begin by assuming that the DSD follows a
gamma distribution of drop diameters D given by (Ul-
brich 1983) :

: N(D, r;) = No(r;)D™ exp[—G(r;)D] (m™3 mm™"),
: (12)

"where r; is the range from the radar to the center of
the jth gate. The units of D and G are, respectively,
- millimeters (mm) and inverse millimeters (mm™'). For
convenience we write Ny (r;) [m™2 mm~"*"D] as N;
‘and G(r;) as G;. The objective of the estimation pro-
- cedure is to obtain m, Ny;, and G; where the last two
quantities are allowed to vary with range j, while m is
assumed to be fixed. The procedure begins at the range
gate just above the surface (nth gate) and uses the
measured reflectivity factors and estimates of the path
* attenuation to extract the parameters of the DSD. Once
these are found, the attenuation out to the (n
* — 1)th gate can be obtained. This backward recursion
is continued until the storm top is reached. A constraint
© on the value of m is obtained by noting that the atten-
vation should tend toward zero as the storm top is
approached. The advantage of beginning the profiling
at the far gate is that the uncertainties in the relation-
ships between the radar measurables and the meteo-
rological parameters within the snow and melting layer
have only a minor influence on the retrievals within
. the rain layer.
To make the discussion general we consider an ar-
bitrary dual-wavelength radar with A; < \,; in the ap-
. plication of the method to the data we will set A, = 0.87

JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY

VOLUME 9

cm and A\, = 3 cm. At the nth gate, just above the
surface, the relationship between the true Z and mea-
sured Z,, effective radar reflectivity factors for the ith
wavelength A; is

Zon (N = Zn () exp[—O.Z ]nlOf"k(x,», s)ds]
0

=Z,(M)A4a(N), (13)

where k(\;, §) is the specific attenuation (dB km™!)
and A4, isthe attenuation factor out to the nth range gate.
In terms of the backscattering cross sections of the par-
ticles, o, (mm?), and the DSD, Z,()\;) (mm® m?) is
defined by

Z,(N) = Nowcz(M)Ip(N;, G, m),

where ¢z = M} (7°|K|?)"! (mm*) and

(14)

Iy(\;, G,, m) = f os(X;, D)D" exp(—G,D)dD.
(15)

Using Eq. (13) the ratio of Z,(A;) and Z,(A;) can be
written

f(Gn: m) = [Zmn()\I)An(>‘2)][Zmn(>‘2)An(>‘l)]—]a

(16)
where, from Eq. (14), fis given by
f(Gn, m)=[ez(M) (A1, Gy M)]
X [ez(M)p(Az, Gn, m)]™H. (17)

To obtain f in terms of measurable quantities, the
attenuation factors in Eq. (16) must be estimated. Al-
though a dual-wavelength radiometer can supply these
estimates, in this paper the path attenuations are es-
timated from the surface reference technique. Assum-
ing that these estimates are available, then the right-
hand side of Eq. (16) involves only measurable or es-
timated quantities, while the left-hand side [defined by
Eq. (17)]is a function only of the particle cross sections
and the parameters Dy and m of the drop-size distri-
bution.

Using the approximate relationship GDy, = 3.67
+ m where D, is the median mass diameter (Ulbrich
1983), f[Eq. (13)] versus Dy is plotted in Fig. 9 for
values of m = 0, 1, and 2 at a temperature of 10°C
with A\; = 0.87 and A\, = 3 cm. Notice that ftends to
one as D, goes to zero so that in this limit of Rayleigh
scattering the radar reflectivity factors are wavelength
independent and the method is inapplicable. The
function f, moreover, is not a monotonic function of
Dy unless this quantity is greater than about 1 mm.
Although this condition will usually be satisfied at
moderate and high rain rates, it is a possible source of
ambiguity in the method described in the following.
Another feature of Fig. 9 is that for D, greater than
about 3 mm small measurement errors in f translate
into large errors in Dy.
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FiG. 9. Curves of f [Eq. (17)] versus median drop diameter Dy at T = 10°C
for three values of the DSD parameter n1.

To solve Eq. (16) for G we fix m and assume that f the DSD [ Ny(,—1), G(»—1,] are obtained in an identical

is a monotonic function of G (i.e., that Dy > 1 mm)
so that f has a unique inverse. This solution for G,
can be written symbolically as

Gn=f~l(Hn)> (18)

where H, is given by the right-hand side of Eq. (16).
The parameter Ny, follows from Eqs. (13) and (14)
and the estimates A4, and G,. Although N,, can be
obtained from either wavelength we choose A; in the
following equation, giving

Non = Zpn (M) [An (M) ez M) (M1, Gy m)] 7
(19)

To recover the remainder of the profile we use a back-
ward recursion by expressing the attenuation factor at
the (n — 1)th gate in terms of the estimates at the nth
gate:

An—l(xi)
= A,(N) exp[0.2 In10hcy No,1,(N;, G,, m)], (20)

where ¢; = 4.343 X 1073, h is the range resolution and
I = f a,(\;, D)D" exp(—G,D)dD, (21)

where ¢, is the extinction cross section (mm?) of the
drop. From this equation and the ratio of the measured
reflectivities at the (n — 1)th gate the parameters of

manner to that given by Eqs. (18) and (19).
The procedure can be summarized for an arbitrary
gate (1 < j < n) by the following set of equations:

G =/f""(H) (22)

Noj = Zmj(AM)[A;(M) ez (M) (N, Gy, m)] ™! (23)
A;(N) = Ay(N)

X exp[0.2 In10hck NoijsnyI (Ai, Gjvry, m)]  (24)

where
H; = [Znj(N)A; (A Zmj (M) A; (M)

These results along with Egs. (18) and (19) provide
the set (G;, Ny;), i = 1, » + +, n for each value of the
DSD parameter m. To choose among the solution sets
we note that as the storm top is approached, the atten-
uation factor should tend toward unity. In other words,
we choose that value of m and the corresponding so-
lution set that best approximates the following con-
dition:

(25)

An(N) exp[0.2 In10hc;, > NoiI, (N, Gj, m)] = 1.
Jj=1
(26)
There is a difficulty in applying this constraint, how-

ever. In generating the curves of f versus D, the as-
sumption was made that the drops are liquid spheres.
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This causes an underestimate of the attenuation (par-
ticularly at the shorter wavelength) in regions with
partially melted drops. Despite this problem we will
use Eq. (26) to analyze the experimental results.
From the preceding estimation procedure, several
-estimates of the profiled rain rate can be formed. The
most direct is that which is obtained from the estimated
DSD:

‘: Rj =0.6 X 10_37I'N0jf Dm+3
. 0

Xexp(—G;DYyv(D)dD (j=1,--+,n), (27)

~where the rain rate R; is in units of millimeters per

" hour (mm h™!) and the velocity distribution of drops
v(D) (m s7!) is taken from the approximation of

. Lhermitte (1989). Two other estimates follow from
R-k and R-Z relationships. The first of these is ob-
tained by letting R = ak® and by noting that the specific
attenuation at the jth gate for the wavelength A, is given
approximately by

k(M) = (0.2 In10A) ™" In[4; (A)/A (jony(M)]

so that

Rj = a(02 lnth)'b{ln[Aj()\l)/A(jﬂ)(kl)]}b.
(29)

. The second follows from a R-Z relationship of the
- form R = ¢Z“. Noting that Z is equal to Z,, 4 for the
highly attenuating wavelength radar A, this becomes

R = Zmi(N)/ A;(M)1. (30)

Estimates based on the 10-GHz data can be obtained
from Eqs. (29) and (30) by replacing A, with \,.

(28)

" b. Results

In processing the experimental data we have at-
tempted to reduce the effects of finite sampling by per-
forming an average over a 2-s interval (approximately
. 640 samples) followed by a second average of these
' data over groups of three adjacent range samples. The
standard deviation of the power estimate (dBm) for a
logarithmic receiver is given by 5.57N%° where N is
" the effective number of independent samples (Marshall
' and Hitschfeld 1953). Taking the aircraft speed to be
200 m s™! and recalling that the pulse repetition fre-
quency ( PRF) is 440 Hz, it follows that the radar moves
a distance of about 45 cm during the interpulse period;
since this is larger than either of the antenna diameters
(Table 1), the samples are effectively independent
(Marshall and Hitschfeld 1953). Using N = 640 in the
preceding equation yields a standard deviation in dBZ
of 0.22 dB. Although averaging in the range direction
will further reduce the fluctuations, because the return
waveform is oversampled (the pulse duration of the
transmitted pulse is 0.5 us while the return is sampled
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every 0.2 ps) the effective number of independent
samples is smaller than 640 X 3.

To avoid low signal-to-noise ratios caused by atten-
uation effects at 35 GHz, we eliminate from consid-
eration cases of high rain rate. At light rain rates the
method often fails because of the presence of smail
values of Dy and the ambiguity this introduces into the
method. For these reasons we have restricted the
method to moderate rain rates between about 5 and
25 mm h~!. The results of the computations are shown
in Figs. 10 through 13. In each case the topmost plot
shows dBZ,, versus range for 10 (solid line) and 35
GHz (dashed line). Below these are shown the rain-
rate estimates as a function of range. Five estimates
are shown in each plot. The solid and (short) dashed
lines represent the Z,-~R method as applied, respec-
tively, to the 10-GHz and 35-GHz radar data without
attenuation compensation [Eq. (5)]. The remaining
three curves represent the estimates previously given:
the dash—dot curve corresponds to the DSD estimate
given by Eq. (27), the (long) dashed curve to the
R-klaw [Eq. (29)], and the dotted curve to the atten-
uation-corrected R-Z relation [Eq. (30)]. Generally
speaking, the agreement among all three methods is
good. The third panel of each figure shows the median
mass diameter Dy; versus range j as determined from
the estimated values of G; and m and the relationship
G;Dy; = 3.67 + m. For purposes of comparison we
have also plotted the Marshall-Palmer (M-P) resuit
(Marshall and Palmer 1948). Using the empirical re-
lationship G = 4.1 R=%2! and noting that GDy = 3.67
for an exponential DSD, then

Do (M-P) = 0.895R%?! (mm), (31)

where the rain rate R is obtained from a Zx —R rela-
tionship [Eq. (5a)]. In the final plot of each set the
quantity log(N7) is plotted versus range where Ny is
the number density (m~>) that can be defined as the
integral of the DSD over all drop diameters. Using the
gamma distribution and extending the limits of inte-
gration from zero to infinity gives

Nz = NoI'(m + 1)/G ™", (32)
where I' is the complete gamma function. Evaluating
the right-hand side of this expression using the param-
eters estimated from the DSD procedure yields the re-
sults represented by the solid line in Figs. 10d, 11d,
12d, and 13d. The dashed lines in each of these figures
represent the Marshall-Paimer (M-P) result where we
have used N, = 8000 m~ and the aforementioned re-
lationship between G and R to obtain

Nz (M-P) = 1.951 X 10°R%*", (33)

As in Eq. (31), the rain rate in this equation is com-
puted by using a Zx-R relationship.

Of the four examples, the first two are stratiform
and last two convective. The first example, shown in
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