452

JOURNAL OF APPLIED METEOROLOGY

VOLUME 36

Sensitivity of the Estimated Monthly Convective Rain Fraction to the Choice of Z–R
Relation
MATTHIAS STEINER

AND

ROBERT A. HOUZE JR.

Department of Atmospheric Sciences, University of Washington, Seattle, Washington
(Manuscript received 1 February 1996, in final form 2 October 1996)
ABSTRACT
This study investigates the sensitivity of the estimated monthly convective rain fraction— that is, the percentage
of the areal rain accumulation contributed by precipitation identified as convective—to variations of the Z–R
parameters used in radar-based rainfall estimation. Accurate knowledge of the fractions of precipitation that are
convective and stratiform is important for climatological studies estimating the heating of the atmosphere.
Extensive datasets from two climatologically different precipitation regimes, Darwin, Australia, and Melbourne,
Florida, are used. The potential uncertainty of using (i) an arbitrary choice of the power factor b and (ii) either
single or multiple Z–R relations (stratified by precipitation type) for converting radar reflectivity to rain rate is
investigated quantitatively.
The analyses reveal that estimates of the monthly convective rain fraction are sensitive to the choice of Z–
R parameters. A maximum sensitivity is found for precipitation regimes with an approximately equal mix of
rainfall from convective and stratiform precipitation systems. For example, estimates of the convective rain
fraction for monsoonal rainfall at Darwin may range from 30% to 80%, solely depending on the choice of Z–
R parameters, even though all of these Z–R relations are tuned to produce the same total rainfall. In contrast,
for the highly convective, sea-breeze-triggered, multicellular storms around Melbourne, the estimates of the
convective rain fraction may range from 80% to 100%.
Different approaches to how the appropriate parameters of the Z–R relation(s) may be obtained are discussed.
Varying the Z–R parameters to maximize the correlation of the radar-estimated monthly rainfall at the gauge
sites and the rain gauge accumulations does not reveal enough sensitivity to make any choice significantly better
than a single Z–R relation for both convective and stratiform rain. Multiple Z–R relations may be justified, but
apparently not on the basis of a convective–stratiform separation.

1. Introduction
The basic modes of precipitation are convective and
stratiform (Houghton 1968; Battan 1973; Rogers 1979;
Houze 1993). Most precipitation systems can be decomposed into these elements, although the distinction
might not always be sharp. The physical grounds for
making such a separation are based on the magnitude
of the in-cloud vertical air motions (Houze 1993, chapter
6; Steiner et al. 1995). Differences in precipitation type
may lead to distinctly different vertical profiles of the
latent heat release to the atmosphere (Houze 1982, 1989;
Mapes and Houze 1993, 1995). Implications of the different heating profiles in convective and stratiform
regions for the large-scale circulation of the Tropics are
discussed by Hartmann et al. (1984), DeMaria (1985),
Lau and Peng (1987), and Mapes and Houze (1993,
1995). To estimate the effects of these different heating
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profiles on the large-scale circulation and climate, it is
important to have accurate knowledge of the fractions
of precipitation that are convective and stratiform
(Simpson et al. 1988; Tao et al. 1993). These fractions
may be estimated using radar data; however, they exhibit
an uncertainty, which we seek to quantify. Steiner et al.
(1995) investigated the uncertainty arising from the classification of radar echoes into convective and stratiform
elements. In this paper, we focus on the sensitivity of
the estimated monthly convective rain fraction—that is,
the percentage of the areal rainfall accumulation contributed by precipitation identified as convective—to the
choice of how radar reflectivity is converted to rainfall
rate.
Radar enables three-dimensional observation of precipitation with excellent areal coverage and high resolution in space and time. The radar reflectivity factor Z
is physically related to rainfall rate R. However, the rain
detected by the radar is not identical to the rainfall reaching the earth’s surface since the radar beam is generally
well above the ground. Moreover, reflectivity measurements are complicated by beam geometry, range, and
attenuation (Zawadzki 1984; Austin 1987; Joss and
Waldvogel 1990). In addition, the relation between the

MAY 1997

453

STEINER AND HOUZE
TABLE 1. Some characteristics of the radars used in this study.
Period

Radar

Darwin, Australia

Site

February 1988
December 1993–March 1994

NOAA/TOGA
BMRC

Melbourne, Florida

July–August 1993

NEXRAD
WSR-88D

radar reflectivity and rainfall rate is dependent on the
raindrop size distribution, which may vary significantly
from storm to storm and even within storms. Since the
radar generally measures some distance above the
ground, up- and downdrafts and size sorting due to wind
shear may play a significant role, especially in convective rainfall (e.g., Battan 1976; Austin 1987; Atlas et
al. 1995). Low-level growth of raindrops or evaporation
may also affect the radar rainfall estimation.
Because of the above factors, it is common practice
to use data from rain gauges to calibrate the radar rainfall estimates from reflectivity in the vicinity of the
gauge. The more rain gauges there are in a network, the
more points can be calibrated in the radar area. This
adjustment with rain gauges can be made by means of
matching mean accumulations of the radar rainfall estimates at the gauge sites with the gauge totals—this
may be done on different timescales, ranging from instantaneous radar-estimated and gauge-based rain-rate
pairs to hourly, daily, weekly, monthly, seasonal, or
even longer-term accumulations (Hitchfeld and Bordan
1954; Smith et al. 1975: Wilson and Brandes 1979;
Klazura 1981; Steiner et al. 1995)—by matching percentiles of reflectivity and rain-rate cumulative frequency distributions (Miller 1972; Calheiros and Zawadzki 1987; Atlas et al. 1990; Rosenfeld et al. 1993,
1994) or by correlating radar and rain gauge measurements (Ciach et al. 1997). Statistical methods such as
multivariate analysis of rain gauge and radar data (e.g.,
cokriging) have also been explored to optimize the radar- and gauge-based rainfall estimation (Krajewski and
Ahnert 1986; Krajewski 1987; Ciach et al. 1997).
For this study, we approximate the relationship between Z (mm6 m23) and R (mm h21) by an exponential
expression of the traditional form:
Z 5 ARb,

(1)

where A and b are positive empirical constants. Typical
values of the multiplicative factor A may range from a
few tens to several hundreds (Battan 1973), while the
power factor b is limited to 1 # b # 3 (Smith and
Krajewski 1993), with typical values ranging between
b 5 1.2 and b 5 1.8 (Battan 1973; Ulbrich 1983). In
a particular application of (1) to a 1-month set of radar
data, we may use a fixed power factor b and adjust the
value of A to guarantee that the radar-based rainfall
estimates will agree with the available rain gauge data.
This removal of the mean bias of the radar rainfall estimates at the gauge sites is commonly refered to as a

Wavelength

Peak power

Beamwidth

5 cm
5 cm

400 kW
250 kW

1.658
1.08

10 cm

750 kW

0.958

rain gauge adjustment. The resulting estimate of the
convective rain fraction is not dependent on the multiplicative factor A, but it is dependent on the exponent
b. Since the choice of b is somewhat arbitrary, this
results in an uncertainty of the estimated convective rain
fraction.
An additional uncertainty arises because multiple Z–
R relationships (according to precipitation type) may be
used to attempt to improve the radar rainfall estimation
(Joss and Waldvogel 1970; Battan 1973; Austin 1987).
Short et al. (1990) and Tokay and Short (1996) have
suggested that separate Z–R relations should be used for
convective and stratiform rain. As far as the monthly
rainfall accumulation is concerned, the point may be
moot; Steiner et al. (1995) showed that estimates of the
monthly areal rainfall are not sensitive to whether one
or two Z–R relationships are used, given that a proper
rain gauge adjustment is made. However, using multiple
Z–R relations, the estimated convective rain fraction becomes a function of the power factor b and the ratio of
the multiplicative factors A. Thus, as long as one school
of thought is that separate Z–R relations should be used
to convert reflectivity obtained in convective and stratiform regions to rain rate, there remains an additional
component of uncertainty in the estimated fraction of
the total rain that is convective.
The primary objective of this study is to determine
the uncertainties in the radar-estimated convective rain
fraction arising from (i) uncertainty in b and (ii) whether
one or two Z–R relations are used. In addition, we attempt to find the optimal radar reflectivity–rain rate relationship to reduce that uncertainty. The analyses use
data collected by the radar and rain gauge network at
Darwin, Australia, and data collected by the Melbourne
NEXRAD [Next Generation Weather Radar (Baer 1991;
Crum and Alberty 1993; Crum et al. 1993; Telesetsky
1995)] WSR-88D [Weather Surveillance Radar—1988,
Doppler (Heiss et al. 1990)] radar in central Florida and
the surrounding rain gauge networks (Table 1).
2. Data and methodology
a. Darwin, Australia
Darwin is located within the Northern Territory of
Australia and exhibits a monsoonal climate with pronounced wet and dry seasons (Holland 1986; Keenan
et al. 1988). The rainy season, which is characterized
by ‘‘active’’ (low-level westerly winds) and ‘‘break’’
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TABLE 2. Estimates* of areal mean rainfall and convective rain fraction for three time periods at Darwin, Australia, and two time periods
at Melbourne, Florida.
Site

Period

Days

A

Rain

Convective

Darwin, Australia

February 1988
December 1993–January 1994
February 1994–March 1994

28
25
20

164
77
86

163 mm
245 mm
374 mm

59%
51%
48%

Melbourne, Florida

July 1993
August 1993

20
20

809
601

45 mm
76 mm

94%
94%

* The amounts were computed by using single gauge-adjusted Z–R relations with a fixed power factor b 5 1.25 and multiplicative factor
A, as shown above.

periods (easterly winds) of the monsoon, normally begins during late December and extends through March
(Drosdowsky 1996). The rest of the year has little rainfall. The precipitation seen on the Darwin radar, located
at Berrimah, Australia (128279260S, 1308559310E, about
20 km east-southeast of Darwin), is of the following
three main types.
1) During active monsoon periods, the precipitation
typically occurs in oceanic mesoscale convective
systems (MCSs), which consist of ensembles of convective lines and stratiform regions (Mapes and
Houze 1992, 1993). These systems are similar to the
tropical oceanic MCSs observed in the GARP (Global Atmospheric Research Program) Atlantic Tropical
Experiment (Houze and Betts 1981) and the Monsoon Experiments (Johnson and Houze 1987).
2) During break periods, the precipitating cloud systems are less frequent and are typically of a continental origin. They may be intense and are often in
the form of squall lines with trailing stratiform precipitation (Drosdowsky 1984).
3) Pronounced diurnally forced thunderstorms locally
known as ‘‘hectors’’ occur over Bathurst and Melville Islands to the north of Darwin (Keenan et al.
1989, 1990; Simpson et al. 1993).
A variety of precipitation systems observed in the
vicinity of Darwin are discussed by Keenan and Carbone (1992).
For this study, we use Darwin radar and rain gauge
data collected during February 1988 and the 4-month
period December 1993–March 1994. The February
1988 data were collected by the mobile National Oceanic and Atmospheric Administration (NOAA) Tropical
Ocean Global Atmosphere (TOGA) Program1 C-band
research radar, while the 1993–94 data were collected
by a C-band radar installation of the Australian Bureau
of Meteorology Research Center (BMRC). Table 1 provides some details about these radars. The results of
February 1988 (28 days) are based on four radar volume
scans per day (see Steiner et al. 1995). The 1993–94

1
A 10-yr program of atmospheric and oceanic observations that
ran from 1985 to 1995.

data consist of volume scans every 10 min. They are
divided into two subsets. The first consists of 25 days
of radar information collected in December 1993 and
January 1994, while the second has 20 days of data
collected in February and March 1994 (Table 2). These
subsets include only days with nearly complete records
(i.e., less than 10% of radar volumes missing per day).
The rain gauge network consisted of 22–25 sites in the
field of view of the radar (Keenan et al. 1988; Rosenfeld
et al. 1993; Short et al. 1993; and Steiner 1996).
b. Melbourne, Florida
Summer rainfall in central Florida is produced by
showers and thunderstorms (e.g., Neumann 1971; Court
and Griffiths 1986). These storms are usually triggered
by horizontal, low-level convergence resulting from sea
breezes entering the peninsula from both sides and only
rarely are associated with fronts or large-scale disturbances (Byers and Rodebush 1948; Burpee and Lahiff
1984; Blanchard and López 1985). The rainfall of these
sea-breeze-triggered multicellular storms is often heavy,
but usually lasts only for a couple of hours. Rainfall
produced by occasional landfalling hurricanes may result in significant rain accumulations. In contrast to the
more typical sea-breeze thunderstorms, hurricanes exhibit approximately equal fractions of convective and
stratiform rain (e.g., Marks 1985; Marks and Houze
1987). The sensitivity of the estimated convective rain
fraction to the choice in Z–R relation for hurricanes is
thus expected to be very similar to that observed for
monsoonal rainfall around Darwin. By selecting data
that represent rainfall from mostly sea-breeze-triggered
multicellular storms typical of summer rainfall in central
Florida, we are able to contrast the sensitivities of the
estimated convective rain fraction to the choice in Z–R
relation for two very different climatic rainfall regimes.
The Florida data used in this study were collected
during the months of July and August 1993 by the
S-band Melbourne NEXRAD WSR-88D radar (located
at 288069470N, 808399160W) and rain gauges located
within the radar range. Tipping-bucket rain gauge data
from the Kennedy Space Center and the St. John’s Water
Management District networks were used for the rain
gauge adjustment. Details about the gauges and their
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positions relative to the radar are discussed by Steiner
(1996). As for the Darwin data, only days with nearly
complete records (i.e., less than 10% of radar volumes
missing per day) are used, resulting in samples of 20
days for each month.
c. Quality control and convective–stratiform
separation
The data were first quality-control edited and then
interpolated to a Cartesian grid, as discussed by Steiner
et al. (1995). The radar data collected at Darwin during
February 1988 were manually edited to remove ground
clutter and other spurious echoes, while for the other
time periods of interest (see Table 2), we used an automated algorithm developed at the National Aeronautics and Space Administration (NASA)/Goddard Space
Flight Center.2 The quality-controlled reflectivity data
in polar space are subsequently interpolated to a Cartesian grid with 2-km horizontal resolution. For the February 1988 Darwin data, the horizontal level at 3-km
altitude MSL is used as basis for the convective–stratiform separation and surface rainfall estimation, while
for the other time periods, a Cartesian-gridded base scan
(0.48 elevation angle) is used. Each pixel in the domain
containing precipitation echoes is identified as convective or stratiform according to the classification scheme
described by Steiner et al. (1995); the remaining pixels
are labeled as ‘‘no echo.’’ This convective–stratiform
classification scheme is independent of which Z–R relationship is applied to convert radar reflectivity to rain
rate. The surface rainfall rate is estimated based on the
reflectivity value at each pixel using a Z–R relation according to the pixel’s classification of the precipitation
type.
A horizontal domain of 240 km 3 240 km was used
for the February 1988 Darwin data,3 while for the other
time periods, the data within a radius of 150 km from
the radar site were used. The differences in the 1988
and 1993–94 data are not important for the outcome
of this sensitivity study. Moreover, the convective–
stratiform separation is not a critical factor in this sensitivity analysis since every calculation using a different Z–R conversion is based on the same reflectivity
patterns that have initially been classified into convective and stratiform elements. We expect that a
slightly different separation algorithm would produce
very similar results with regard to the presented sensitivity analysis.

2
For information about the quality-control editing algorithm, the
Tropical Rainfall Measuring Mission Office at the NASA/Goddard
Space Flight Center should be contacted.
3
The actual area of valid data corresponds to a radius of 120–140
km, where the maximum range of 140 km was in the corners of the
domain (see Steiner et al. 1995).

d. Z–R conversion and rain gauge adjustment
The radar rainfall estimates are made by inverting Eq.
(1) to obtain R from Z and modifying it on the basis of
rain gauge data such that the mean bias at the gauge
sites is removed. The corrected radar-estimated rainfall
rate is then
R c 5 A21/b

1R 2Z
Rg

1/b

5 A˜ 21/b Z1/b ,

(2)

u

where Ru is the uncorrected mean rain rate estimated
by the radar at the gauge sites, Rg is the mean rate
based on the rain gauge measurements, and Ã is the
multiplicative factor after the rain gauge adjustment.
Using this adjusted Z–R relationship to convert radar
reflectivity to rain rate produces rainfall estimates at
the gauge locations that have the same mean rain accumulation as the rain gauges. The adjustment factor
is determined without considering the amounts of rain
contributed by the different types of precipitation (i.e.,
convective and stratiform). If two different Z–R relationships are used for converting convective and stratiform reflectivity to rain rate, the same correction factor
is assumed for both relations to preserve the initially
applied ratio between the convective and stratiform
multiplicative factors,
Ãconv
Aconv
5
.
Ãstra
Astra

(3)

For each choice of Aconv/Astra and b, a different estimate of the convective rain fraction is obtained. We
explore the sensitivity of the convective rain fraction
estimate over a wide range of Aconv/Astra ratios (1/4, 1/2,
1/1, 2/1, and 4/1) and power factors b (1 # b # 3 in
steps of 0.25). We assume the same value of b for both
the convective and stratiform Z–R relationship. A ratio
of Aconv/Astra 5 1 implies the use of a single Z–R relation. For each set of Z–R parameters, a separate gauge
adjustment is made to remove the bias in the overall
rainfall4 (i.e., ensure that the mean of the radar rainfall
estimates at the gauge locations equals the mean of the
gauge totals). However, this adjustment of the multiplicative factor(s) has no impact on the estimated convective rain fraction, which is determined by their ratio
Aconv/Astra and by the power factor b.

4
Rain gauge adjustments do not automatically assure improvements in the radar rainfall estimates (e.g., Cain and Smith 1977;
Zawadzki 1984; Koistinen and Puhakka 1986). Consistent improvements can be achieved only when the systematic differences (i.e.,
bias) between the gauge and radar rainfall estimates are larger than
the standard deviation of the random scatter of the gauge versus radar
comparisons (Smith and Cain 1983; Joss and Waldvogel 1990; Smith
1990). This point was of no concern for the Darwin data; however,
the Melbourne data did not satisfy this requirement.
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FIG. 1. Sensitivity of the estimated monthly convective rain fraction
to the choice of Z–R relation for the data collected by the Darwin
radar in February 1988. The different curves shown indicate lines of
constant ratio Aconv/Astra as a function of the power factor b of the Z–
R relation(s). The gray-shaded area indicates the range of most likely
values for b. The solid and open circles, labeled ‘‘S’’ and ‘‘D’’,
respectively, show the position of the single and double Z–R approaches discussed by Steiner et al. (1995) within the parameter
space.

3. Sensitivity of estimated convective rain fraction
to Z–R parameters
Table 2 contains the rainfall amounts and convective
rain fractions for the five time periods of interest, computed using single gauge-adjusted Z–R relations with
b 5 1.25. Significantly more rainfall occurred during
the three analyzed time periods at Darwin than during
the two summer months of 1993 at Melbourne. The
rainfall at Darwin had a significant proportion of stratiform precipitation. In contrast, summer rainfall in
Florida was highly convective (Table 2). The differences in the estimated rainfall amounts and convective
rain fractions among the three time periods analyzed
for Darwin (and similarly for the two periods at Melbourne) indicate differences in the frequency of the
various types of precipitation systems developing
around Darwin rather than differences in how the data
were processed.
a. Darwin, February 1988
The sensitivity of the estimated monthly convective
rain fraction to the choice of Z–R relation for the data
collected during February 1988 at Darwin is shown in
Fig. 1. For each Z–R configuration, a gauge adjustment
is made, so all the points in this figure exhibit the same
areal mean rainfall amount (163 mm; Table 2). The
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estimated convective rain fraction, however, is sensitive
to the selected Z–R relation(s). For a power factor b 5
1.5, which corresponds to an assumption of exponential
Marshall and Palmer (1948) raindrop size distributions
(Waldvogel 1975a,b), an uncertainty of b 6 0.1 results
in a 63%–4% uncertainty of the estimated convective
rain fraction. Increasing the ratio of Aconv/Astra from 1/4
to 1/2, 1/1, 2/1, and 4/1 results each time in a 10%
reduction of that estimate. The gauge-adjusted multiplicative factors of the Z–R relations(s) generally decrease with increasing power factor b (not shown).
Although Fig. 1 covers a range of 1 # b # 3, the
values of b usually indicated for rainfall are in the range
1.2 # b # 1.8 (e.g., Battan 1973; Ulbrich 1983), as
shown by the shaded region. The solid curve, representing the results for a single Z–R relation (Aconv/Astra
5 1), indicates an estimated convective rain fraction of
49% at b 5 1.5, the middle of that range; values of 61%
and 41% are obtained for b 5 1.2 and b 5 1.8, respectively. The general uncertainty in b (in the absense
of independent knowledge of b) produces an uncertainty
of about 610% in the estimated convective rain fraction.
From the work of Ciach et al. (1997) and Yuter and
Houze (1997), the most likely value of Aconv/Astra is 1.
However, as long as the discussion about using single
versus multiple Z–R relation(s) is not resolved, we must
assume an uncertainty of perhaps a factor of 2 for the
ratio Aconv/Astra. A factor of 2 uncertainty in this ratio
increases the uncertainty in the estimated convective
rain fraction over the range 1.2 # b # 1.8 by about an
additional 610%. The total uncertainty of the estimated
convective fraction over this range is then approximately 620%. According to Fig. 1, the selection of Z–
R relation(s) could lead to estimates of the convective
rain fraction as low as 32% or as high as 75%. This
implies that despite an accurate areal mean rainfall estimate, an inappropriate choice of Z–R relation can produce a serious under- or overestimate of the convective
rain fraction. This result has major implications for the
results of the TOGA Coupled Ocean–Atmosphere Response Experiment (COARE; Webster and Lukas 1992)
and the Tropical Rainfall Measuring Mission (TRMM;
Simpson et al. 1988), both of which aim to estimate the
convective and stratiform components of tropical precipitation.
Steiner et al. (1995) found that using a single Z–R
relation with a power factor b 5 1.25 or using two Z–
R relations, as suggested by Short et al. (1990), produced
very similar monthly convective rain fractions—59%
for the former approach and 60% for the latter (Table
6 of Steiner et al. 1995). The two different approaches
are indicated in Fig. 1 by the solid (single Z–R) and
open circle (double Z–R). This result can be understood
in the light of the work of Waldvogel (1975b), who
showed that the power factor b of an average Z–R relation for a mixture of different precipitation types differs from the power factors of the Z–R relations for
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FIG. 2. Same as Fig. 1 except for data collected during four different time periods at two
sites. (a) Darwin, December 1993–January 1994; (b) Darwin, February 1994–March 1994; (c)
Melbourne, July 1993; and (d) Melbourne, August 1993.

rainfall separated by type.5 Thus, it is possible to find
a single Z–R relation that will produce very similar results to those obtained by using multiple Z–R relationships—two in our case—which are optimized for certain
rainfall types.
b. Other months from Darwin and Melbourne
Figure 2 shows the results for four additional 20–25day samples. The two Darwin months (Figs. 2a,b) show
an almost identical sensitivity of the estimated convective rain fraction to the choice of Z–R relation(s). Moreover, the depicted sensitivities are almost identical to
that shown in Fig. 1. This is the case despite differences
in the datasets (data were collected by two different

5
Waldvogel (1975b) showed an example of midlatitude widespread
(stratiform) versus thunderstorm rain, where the shift in the reflectivity–rain rate relations (separated by precipitation type) is in the
opposite direction than the shift from stratiform to convective rainfall
in the Tropics, as indicated by Short et al. (1990). While the power
factor b of the average Z–R relation in Waldvogel’s case is larger
than either one of those separated by precipitation type, the opposite
appears to be true for the tropical case. An explanation for the different behavior of midlatitude versus tropical rainfall may lie in differences between the dynamic and microphysical precipitation processes determining the raindrop size distributions.

generations of radar installations at Darwin, with 3-km
gridded level versus gridded base scan and 6-h versus
10-min time resolution; see section 2). The demonstrated sensitivity therefore appears to be characteristic of
monsoon rainfall observed around Darwin.
In contrast, the data collected during July and August
1993 at Melbourne exhibit much less sensitivity of the
estimated convective rain fraction to variations of the
Z–R relation (Figs. 2c,d). The curves have a different
shape, as well as a greatly reduced range of estimated
convective fractions. The differences between time periods at the same site are much smaller than the differences observed between sites. Thus, each rainfall regime
exhibits a characteristic sensitivity to the selection of
the Z–R relation(s). The sensitivity is much smaller for
rainfall in central Florida sea-breeze convection than in
monsoonal convection at Darwin. The Florida rain occurs predominantly in convective-scale thunderstorms
and showers, which have little stratiform rainfall, while
rainfall at Darwin occurs in mesoscale systems, which
have more equal contributions by convective and stratiform precipitation.
In Fig. 2c, the solid curve, representing the single Z–
R relation (Aconv/Astra 5 1), indicates a value of 90% for
the estimated convective rain fraction at b 5 1.5, the
middle of the range of likely values for b; fractions of
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95% and 86% are obtained for b 5 1.2 and b 5 1.8,
respectively. Thus, the general uncertainty in b produces
an uncertainty of 65% in the estimated convective rain
fraction. Including an additional uncertainty of a factor
of 2 in the ratio Aconv/Astra, the overall uncertainty of the
estimated convective rain fraction over the range 1.2 #
b # 1.8 is approximately 610%. According to Fig. 2c,
the choice of Z–R relation(s) could lead to estimates of
convective rain fraction for Melbourne as low as 80%
or as high as 97%. The results for August 1993 (Fig.
2d) are very similar to those obtained for July 1993
(Fig. 2c). The implications of the sensitivity to the
choice of Z–R relation for a site with rainfall similar to
that shown for Melbourne do not appear to be as grave
as for a site like Darwin, with its more equal mix of
convective and stratiform precipitation and its greater
overall amount of rainfall.
4. Choosing the appropriate Z–R relation(s)
In light of the significant sensitivity of the estimated
convective rain fraction to the choice of Z–R relation,
it becomes very important to find the appropriate relationship for converting radar reflectivity to rain rate.
The more convincing evidence we can furnish for a
given combination of Z–R parameters, the more the uncertainty in the estimated convective rain fraction can
be reduced. There are different ways to seek information
about the relation between the radar reflectivity and rainfall rate. For example, measurements of raindrop spectra
may be explored for obtaining guidance with regard to
selecting appropriate Z–R parameters. However, Z–R relationships that are derived from raindrop size distribution observations are very idealized. They reflect the
variability of the raindrop spectra at ground level (or
flight level for airborne observations), but they do not
incorporate other factors of the radar rainfall measurement that might actually be more important, such as
beam geometry, height above ground, and wind and
range effects. Consequently, one should be cautious
about a straight application of raindrop-spectra-derived
Z–R relations for a radar rainfall estimation.
Instead of, or in addition to, using observations of
the raindrop size distribution, instantaneous gaugebased rain rates may be paired with collocated measurements of radar reflectivity. These (Z, R) pairs may
be used to determine the Z–R relation (or relations, if
the pairs are classified by precipitation type) by means
of least squares fit or probability matching methods. The
least squares fit method, however, appears to be more
sensitive to timing errors than the probability matching
approach (Rosenfeld 1995). In contrast to the drop-sizebased approach, instrumental differences between the
radar and rain gauge observations are incorporated here.
However, the scatterplots of instantaneous (Z, R) pairs
generally exhibit little correlation.
Timing errors are less crucial if one considers pairs
of radar-estimated and gauge-based rainfall accumula-
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tions rather than instantaneous (Z, R) samples. Moreover, the use of time-integrated rainfall samples enables
the incorporation of data collected by a variety of gauge
types—that is, not just those resulting from highly timeresolved tipping-bucket rain gauges. We compare
monthly radar rainfall estimates at the gauge locations
with the corresponding gauge-based rain accumulations.
For each combination of Z–R parameters, we determine
the correlation between the site pairs of radar-estimated
and gauge-based accumulations. We could also have
used a root-mean-square difference, and/or the rain accumulations might have been replaced by the monthly
mean rain rates. Systematically varying the power-law
parameters A and b, we seek the maximum correlation
between the site pairs of radar-estimated and gaugebased accumulations, which in turn would imply the
appropriate Z–R relation(s).
Figure 3 shows the correlation among the site pairs
of radar-estimated (closest pixel to gauge location) and
gauge-based totals within a parameter space defined by
the power factor b and the ratio of the multiplicative
factors Aconv/Astra, from the sensitivity analyses depicted
in Fig. 2. The data collected at Darwin generally exhibit
a much higher correlation of the radar-estimated rainfall
at the gauge sites and the gauge totals than the data of
Melbourne. This reflects the lesser difficulty of measuring rainfall in the more widespread monsoonal precipitation at Darwin, compared to the greater problems
related to rain gauge sampling of the (point) measurement of rainfall originating from multicellular thunderstorms and showers in central Florida. Apart from the
differences in the magnitude of the correlations shown
in Fig. 3, little sensitivity to variations of the Z–R parameters is found for either the Darwin or Melbourne
data. Within each panel of Fig. 3, the difference between
the maximum and mininum correlation is less than 0.15.
Based on this analysis, there is no particular combination of Z–R parameters better than any other. Moreover,
there is no apparent practical advantage (or justification)
of using a double instead of a single Z–R approach for
estimating monthly areal rainfall.
Systematically varying the parameters of the Z–R relation(s) to find the best correlation among the radarestimated rainfall at the gauge sites and the gauge totals
thus does not appear to be a satisfactory approach for
obtaining the appropriate reflectivity to rain-rate conversion. It may be that a monthly timescale is too long
to make a clear case for any combination of Z–R parameters. However, analyses by Ciach et al. (1997), who
studied the root-mean-square error (instead of the correlation as we do) as a function of Z–R parameter variations on the basis of daily rainfall accumulations, also
show very little sensitivity and thus provide a weak basis
for selecting any particular combination of multiplicative and power factors.
Although observations of the raindrop size distribution indicate that there are potentially significant differences from storm to storm and even within storms,
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FIG. 3. Correlation (contoured) between the radar-estimated rainfall accumulations at the rain
gauge sites and the gauge totals for different combinations of the power-law parameters and
four different time periods at two sites. The gray-shaded area indicates the range of most likely
values for b. (a) Darwin, December 1993–January 1994; (b) Darwin, February 1994–March
1994; (c) Melbourne, July 1993; and (d) Melbourne, August 1993.

it may be that given the way radar observes rainfall, in
particular on timescales longer than the duration of a
storm, instrumental measurement characteristics tend to
become dominant and may thus smear possible effects
of differences in raindrop spectra (causing differences
in Z–R relation) beyond recognition. Similarly, storm
to storm differences would also tend to disappear in a
Z–R scatterplot once data from multiple storms were
overlaid. Finally, in light of the Yuter and Houze (1997)
study, there appears to be no clear basis for a distinction
between convective and stratiform Z–R relations, at least
in tropical oceanic rainfall. Based on the airborne microphysical data collected in a variety of storm systems
during TOGA COARE, Yuter and Houze (1997) do not
find evidence that small- and large-drop spectra correspond uniquely to a convective–stratiform rainfall classification, as suggested by Short et al. (1990) and Tokay
and Short (1996). Yuter and Houze (1997) find that
raindrop spectra dominated by small and large drops
have different Z–R relations; however, they are not
readily distinguished in radar reflectivity data. It might
be possible, though, to distinguish between small- and
large-drop spectra in polarimetric radar data, for example, using differential reflectivity, which is related to
the median drop diameter (Seliga and Bringi 1976).

Consequently, future efforts should be directed toward combining the information provided by drop spectra observations, radar (including polarimetric radar)
and rain gauge data, and modeling to optimize the Z–
R relation(s) for a particular site and time period of
observation.
5. Conclusions
Radar-based estimates of the monthly convective rain
fraction exhibit uncertainty, which arises from (i) ambiguity in the classification of radar echo patterns into
convective and stratiform elements (see Steiner et al.
1995) and (ii) the choice of how radar reflectivity is
converted to rain rate. This study investigated the sensitivity of the estimated monthly convective rain fraction
to variations of the Z–R parameters. In particular, the
sensitivity arising from (i) an arbitrary choice of the
power factor b and (ii) whether one or two Z–R relations
(stratified by precipitation type—i.e., convective and
stratiform) are used was explored.
Extensive datasets from two climatologically distinct
precipitation regimes—Darwin, Australia, and Melbourne, Florida—were used for this study. The radar
echo patterns were classified into convective and strat-

460

JOURNAL OF APPLIED METEOROLOGY

iform areas, independent of the conversion of radar reflectivity to rainfall rate, and this classification remained
the same for all the calculations using different combinations of Z–R parameters. The method applied to
separate convective and stratiform rainfall was not a
crucial factor in this study, and we anticipate that a
slightly different classification technique would produce
very similar results with regard to the presented sensitivity analysis.
The radar-based rainfall estimates were adjusted to
the rain gauge observations within the radar coverage
by removing the mean bias of the radar estimates at the
gauge sites. This rain gauge adjustment ensured that the
mean of the radar rainfall estimates at the gauge locations agreed with the mean of the gauge-based rainfall
accumulations. However, this procedure had no impact
on the estimates of the convective rain fraction for any
particular combination of Z–R parameters. Single as
well as double Z–R approaches (i.e., the use of different
relationships for convective and stratiform rainfall) were
tested by varying the parameters of the Z–R relation(s)
over wide ranges.
The analyses revealed a significant sensitivity of the
estimated monthly convective rain fraction to the choice
of Z–R conversion. The sensitivity was greatest for a
rainfall regime with approximately equal proportions of
rainfall contributed by convective and stratiform precipitation (i.e., monsoonal rainfall at Darwin). A significantly reduced sensitivity was found for a rainfall
regime that was highly convective with little stratiform
precipitation (i.e., sea-breeze-triggered multicellular
thunderstorms in central Florida). It is anticipated that
a rainfall regime that is composed almost entirely of
stratiform precipitation with little convective rainfall
will also show significantly reduced sensitivity of the
estimated monthly convective rain fraction to Z–R parameter variations.
At Darwin, the choice of Z–R relation led to estimates
of the monthly convective rain fraction that fell within
a range of 30%–80%. An inappropriate selection of Z–
R conversion may thus result in a serious error in the
convective rain fraction, even though all the choices of
Z–R relation(s), because of a gauge adjustment, would
produce the same area-wide total (convective plus stratiform) monthly rainfall accumulation. Stratiform precipitation often accounts for some 40% of the total precipitation in tropical convective regimes (e.g., Houze
1977; Cheng and Houze 1979; Gamache and Houze
1983; Leary 1984; Churchill and Houze 1984; Houze
and Rappaport 1984; Wei and Houze 1987; Chong and
Hauser 1989; Gage et al. 1994; Steiner et al. 1995).
Therefore, the choice of Z–R relation can be a major
issue. In contrast, for a regime with highly convective
multicellular storms such as central Florida during the
summer, where the convective rain fraction was about
90%, this estimate was not so strongly sensitive to the
choice of Z–R relation, but still led to convective rain
fraction estimates ranging from 80% to 100%.
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With no prior knowledge of the values of the Z–R
parameters for a given site and rainfall regime, or with
no additional independent (maybe based on drop spectra) guidance for selecting any combination of Z–R parameters, the uncertainty of the estimated monthly convective rain fraction—solely due to an arbitrary choice
of how to convert radar reflectivity to rain rate—is on
the order of 620% for rainfall regimes with an approximately equal mix of convective and stratiform precipitation. About half of that uncertainty is contributed
by an arbitrary choice of the exponent b in Eq. (1),
while the other half is contributed by the uncertainty as
to whether one or two Z–R relations should be used.
The latter part of the uncertainty was measured by assuming that the same exponent b applies to both convective and stratiform regions and letting the multiplicative factor A in Eq. (1) be different for convective
and stratiform rainfall, allowing the ratio Aconv/Astra to
vary by up to a factor of 2. The overall uncertainty of
the estimated convective rain fraction is reduced to maybe 610% for rainfall regimes that are either predominantly convective or stratiform. Particularly for a climatic rainfall regime such as Darwin, it is therefore
necessary to find the best combination of Aconv/Astra and b.
We attempted to find the appropriate values of Aconv/
Astra and b by optimizing the correlation of monthly
accumulated rain amounts measured by gauges and estimated (using the respective Z–R parameter combination) from radar data at the gauge locations. However,
it was not possible to optimize the values of Aconv/Astra
and b because the correlation coefficient did not vary
sufficiently from one combination to another. Thus, we
found no particular combination of Z–R parameters to
be better than another. From a practical point of view,
and since there was no apparent justification for using
separate Z–R relations for convective and stratiform
rainfall, estimating monthly areal rainfall using a single
Z–R relation seems logical. Moreover, this result is consistent with the results of Ciach et al. (1997) and Yuter
and Houze (1997), who found no evidence supporting
the use of multiple Z–R relations for a rainfall estimation
based on convective–stratiform separated radar reflectivity patterns. Nonetheless, even after potentially ruling
out the use of multiple Z–R relations, which would cut
the uncertainty of the estimated monthly convective rain
fraction in half, the power factor b in Eq. (1) remains
to be determined accurately.
Future efforts need to focus on incorporating all the
available information, which may include raindrop spectra observations, three-dimensional radar volume scans,
polarimetric radar and rain gauge data, and modeling.
This appears to be the way to optimize the radar reflectivity to rainfall rate conversion for a particular site
and time period of observation, and thus to reduce the
uncertainty in the estimated convective rain fraction
caused by the choice of Z–R relation. In a previous
study, Steiner et al. (1995) found that the accuracy of
the convective–stratiform separation algorithm is better
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than 10% (in terms of a pixel classification). The ratio
of the multiplicative factors Aconv/Astra and the power
factor b both need to be determined within 610% to
achieve an accuracy of the estimated convective rainfall
fraction that would make it useful for model-based estimations of the vertical profile of heating associated
with tropical precipitation (Tao et al. 1993).
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Blanchard, D. O., and R. E. López, 1985: Spatial patterns of convection in south Florida. Mon. Wea. Rev., 113, 1282–1299.
Burpee, R. W., and L. N. Lahiff, 1984: Area-average rainfall variations on sea-breeze days in south Florida. Mon. Wea. Rev., 112,
520–534.
Byers, H. R., and H. R. Rodebush, 1948: Causes of thunderstorms
of the Florida Peninsula. J. Meteor., 5, 275–280.
Cain, D. E., and P. L. Smith Jr., 1977: A sequential analysis strategy
for adjusting radar rainfall estimates on the basis of raingage
data in real time. Preprints, Second Conf. on Hydrometeorology,
Toronto, ON, Canada, Amer. Meteor. Soc., 280–285.
Calheiros, R. V., and I. Zawadzki, 1987: Reflectivity–rain rate relationships for radar hydrology in Brazil. J. Climate Appl. Meteor.,
26, 118–132.
Cheng, C.-P., and R. A. Houze Jr., 1979: The distribution of convective and mesoscale precipitation in GATE radar echo patterns.
Mon. Wea. Rev., 107, 1370–1381.
Chong, M., and D. Hauser, 1989: A tropical squall line observed
during the COPT 81 experiment in West Africa. Part II: Water
budget. Mon. Wea. Rev., 117, 728–744.
Churchill, D. D., and R. A. Houze Jr., 1984: Development and structure of winter monsoon cloud clusters on 10 December 1978. J.
Atmos. Sci., 41, 933–960.
Ciach, G. J., W. F. Krajewski, E. N. Anagnostou, M. L. Baeck, J. A.
Smith, J. R. McCollum, and A. Kruger, 1997: Radar rainfall

461

estimation for ground validation studies of the Tropical Rainfall
Measuring Mission. J. Appl. Meteor., in press.
Court, A., and J. F. Griffiths, 1986: Thunderstorm climatology. Thunderstorm: A Social and Technological Documentary, E. Kessler,
Ed., Vol. II, University of Oklahoma Press, 11–52.
Crum, T. D., and R. L. Alberty, 1993: The WSR-88D and the WSR88D Operational Support Facility. Bull. Amer. Meteor. Soc., 74,
1669–1687.
,
, and D. W. Burgess, 1993: Recording, archiving, and using
WSR-88D data. Bull. Amer. Meteor. Soc., 74, 645–652.
DeMaria, M., 1985: Linear response of a stratified tropical atmosphere
to convective forcing. J. Atmos. Sci., 42, 1944–1959.
Drosdowsky, W., 1984: Structure of a northern Australian squall line
system. Aust. Meteor. Mag., 32, 177–183.
, 1996: Variability of the Australian summer monsoon at Darwin:
1957–1992. J. Climate, 9, 85–96.
Gage, K. S., C. R. Williams, and W. L. Ecklund, 1994: UHF wind
profilers: A new tool for diagnosing tropical convective cloud
systems. Bull. Amer. Meteor. Soc., 75, 2289–2294.
Gamache, J. F., and R. A. Houze Jr., 1983: Water budget of a mesoscale convective system in the Tropics. J. Atmos. Sci., 40,
1835–1850.
Hartmann, D. L., H. H. Hendon, and R. A. Houze Jr., 1984: Some
implications of the mesoscale circulations in tropical cloud clusters for large-scale dynamics and climate. J. Atmos. Sci., 41,
113–121.
Heiss, W. H., D. L. McGrew, and D. Sirmans, 1990: NEXRAD: Next
Generation Weather Radar (WSR-88D). Microwave J., 33, 79–
98.
Hitchfeld, W. F., and J. Bordan, 1954: Errors inherent in the radar
measurement of rainfall at attenuating wavelengths. J. Meteor.,
11, 58–67.
Holland, G. J., 1986: Interannual variability of the Australian summer
monsoon at Darwin: 1952–82. Mon. Wea. Rev., 114, 594–604.
Houghton, H. G., 1968: On precipitation mechanisms and their artificial modification. J. Appl. Meteor., 7, 851–859.
Houze, R. A., Jr., 1977: Structure and dynamics of a tropical squallline system. Mon. Wea. Rev., 105, 1540–1567.
, 1982: Cloud clusters and large-scale vertical motions in the
Tropics. J. Meteor. Soc. Japan, 60, 396–410.
, 1989: Observed structure of mesoscale convective systems and
implications for large-scale heating. Quart. J. Roy. Meteor. Soc.,
115, 425–461.
, 1993: Cloud Dynamics. Academic Press, 573 pp.
, and A. K. Betts, 1981: Convection in GATE. Rev. Geophys.
Space Phys., 19, 541–576.
, and E. N. Rappaport, 1984: Air motions and precipitation structure of an early summer squall line over the eastern tropical
Atlantic. J. Atmos. Sci., 41, 553–574.
Johnson, R. H., and R. A. Houze Jr., 1987: Precipitating cloud systems
of the Asian monsoon. Monsoon Meteorology, C. P. Chang and
T. N. Krishnamurti, Eds., Oxford University Press, 298–353.
Joss, J., and A. Waldvogel, 1970: A method to improve the accuracy
of radar-measured amounts of precipitation. Preprints, 14th Radar Meteorology Conf., Tucson, AZ, Amer. Meteor. Soc., 237–
238.
, and
, 1990: Precipitation measurements and hydrology.
Radar in Meteorology, D. Atlas, Ed., Amer. Meteor. Soc., 577–
606.
Keenan, T. D., and R. E. Carbone, 1992: A preliminary morphology
of precipitation systems in tropical northern Australia. Quart. J.
Roy. Meteor. Soc., 118, 283–326.
, G. J. Holland, M. J. Manton, and J. Simpson, 1988: TRMM
ground truth in a monsoon environment: Darwin, Australia. Aust.
Meteor. Mag., 36, 81–90.
, B. R. Morton, M. J. Manton, and G. J. Holland, 1989: The
Island Thunderstorm Experiment (ITEX)—A study of tropical
thunderstorms in the maritime continent. Bull. Amer. Meteor.
Soc., 70, 152–159.
,
, X. S. Zhang, and K. Nyguen, 1990: Some characteristics

462

JOURNAL OF APPLIED METEOROLOGY

of thunderstorms over Bathurst and Melville Islands near Darwin, Australia. Quart. J. Roy. Meteor. Soc., 116, 1153–1172.
Klazura, G. E., 1981: Differences between some radar-rainfall estimation procedures in a high rain rate gradient storm. J. Appl.
Meteor., 20, 1376–1380.
Koistinen, J., and T. Puhakka, 1986: Can we calibrate radar with
raingauges? Geophysica, 22, 119–129.
Krajewski, W. F., 1987: Cokriging radar-rainfall and rain gage data.
J. Geophys. Res., 92, 9571–9580.
, and P. R. Ahnert, 1986: Near real-time tests of a multivariate
analysis system. Preprints, 23rd Conf. on Radar Meteorology
and Conf. on Cloud Physics, Snowmass, CO, Amer. Meteor. Soc.,
JP66–JP69.
Lau, K. M., and L. Peng, 1987: Origin of the low-frequency (intraseasonal) oscillation in the tropical atmosphere. Part I: Basic
theory. J. Atmos. Sci., 44, 950–972.
Leary, C. A., 1984: Precipitation structure of the cloud clusters in a
tropical easterly wave. Mon. Wea. Rev., 112, 313–325.
Mapes, B. E., and R. A. Houze Jr., 1992: An integrated view of the
1987 Australian monsoon and its mesoscale convective systems.
Part I: Horizontal structure. Quart. J. Roy. Meteor. Soc., 118,
927–963.
, and
, 1993: An integrated view of the 1987 Australian
monsoon and its mesoscale convective systems. Part II: Vertical
structure. Quart. J. Roy. Meteor. Soc., 119, 733–754.
, and
, 1995: Diabatic divergence profiles in western Pacific
mesoscale convective systems. J. Atmos. Sci., 52, 1807–1828.
Marks, F. D., Jr., 1985: Evolution and structure of precipitation in
hurricane Allen (1980). Mon. Wea. Rev., 113, 909–930.
, and R. A. Houze Jr., 1987: Inner core structure of hurricane
Alicia from airborne Doppler radar observations. J. Atmos. Sci.,
44, 1296–1317.
Marshall, J. S., and W. McK. Palmer, 1948: The distribution of raindrops with size. J. Meteor., 5, 165–166.
Miller, J. R., 1972: A climatological Z–R relationship for convective
storms in the northern Great Plains. Preprints, 15th Radar Meteorology Conf., Champaign–Urbana, IL, Amer. Meteor. Soc.,
153–154.
Neumann, C. J., 1971: Thunderstorm forecasting at Cape Kennedy,
Florida, utilizing multiple regression techniques. NOAA Tech.
Memo. NWS SOS-8, 44 pp. [Available from U.S. Dept. of Commerce, National Oceanic and Atmospheric Administration, National Weather Service, 1325 East–West Highway, Silver
Springs, MD 20910-3282.]
Rogers, R. R., 1979: A Short Course in Cloud Physics. 2d ed. Pergamon Press, 235 pp.
Rosenfeld, D., 1995: Comparison of WPMM vs. regression methods
for evaluating Z–R relationships. Preprints, 27th Conf. on Radar
Meteorology, Vail, CO, Amer. Meteor. Soc., 23–25.
, D. B. Wolff, and D. Atlas, 1993: General probability-matched
relations between radar reflectivity and rain rate. J. Appl. Meteor., 32, 50–72.
,
, and E. Amitai, 1994: The window probability matching
method for rainfall measurements with radar. J. Appl. Meteor.,
33, 682–693.
Seliga, T. A., and V. N. Bringi, 1976: Potential use of radar differential
reflectivity measurements at orthogonal polarizations for measuring precipitation. J. Appl. Meteor., 15, 69–76.
Short, D. A., T. Kozu, and K. Nakamura, 1990: Rainrate and raindrop
size distribution observations in Darwin Australia. Proc. URSI
Commission F Open Symp. on Regional Factors in Predicting
Radiowave Attenuation due to Rain, Rio de Janeiro, The Ruth-

VOLUME 36

erford Appleton Laboratory and Empresa Brasileira de Telecomunicaoes, Brazil, 35–40.
, D. B. Wolff, D. Rosenfeld, and D. Atlas, 1993: A study of the
threshold method utilizing raingage data. J. Appl. Meteor., 32,
1379–1387.
Simpson, J., R. F. Adler, and G. R. North, 1988: A proposed Tropical
Rainfall Measuring Mission (TRMM) satellite. Bull. Amer. Meteor. Soc., 69, 278–295.
, T. D. Keenan, B. Ferrier, R. H. Simpson, and G. J. Holland,
1993: Cumulus mergers in the maritime continent region. Meteor. Atmos. Phys., 51, 73–99.
Smith, J. A., and W. F. Krajewski, 1993: A modeling study of rainfall
rate–reflectivity relationships. Water Resour. Res., 29, 2505–
2514.
Smith, P. L., Jr., 1990: Precipitation measurements and hydrology:
Panel report. Radar in Meteorology, D. Atlas, Ed., Amer. Meteor.
Soc., 607–618.
, and D. E. Cain, 1983: Use of sequential analysis methods in
adjusting radar rainfall estimates on the basis of raingauge data.
Rep. 83-2, 84 pp. [Available from Institute of Atmospheric Sciences, South Dakota School of Mines and Technology, 501 E.
St. Joseph St., Rapid City, SD 57701-3995.]
,
, and A. S. Dennis, 1975: Derivation of an R–Z relationship
by computer optimization and its use in measuring daily areal
rainfall. Preprints, 16th Radar Meteorology Conf., Houston, TX,
Amer. Meteor. Soc., 461–466.
Steiner, M., 1996: Uncertainties of estimates of monthly areal rainfall
for temporally sparse remote observations. Water Resour. Res.,
32, 373–388.
, R. A. Houze Jr., and S. E. Yuter, 1995: Climatological characterization of three-dimensional storm structure from operational radar and rain gauge data. J. Appl. Meteor., 34, 1978–
2007.
Tao, W.-K., S. Lang, J. Simpson, and R. Adler, 1993: Retrieval algorithms for estimating the vertical profiles of latent heat release:
Their applications for TRMM. J. Meteor. Soc. Japan, 71, 685–
700.
Telesetsky, W., 1995: Current status and issues of the Weather Surveillance Radar—1988 Doppler program. Preprints, 27th Conf.
on Radar Meteorology, Vail, CO, Amer. Meteor. Soc., xxxviii–
xlii.
Tokay, A., and D. A. Short, 1996: Evidence from tropical raindrop
spectra of the origin of rain from stratiform versus convective
clouds. J. Appl. Meteor., 35, 355–371.
Ulbrich, C. W., 1983: Natural variations in the analytical form of the
raindrop size distribution. J. Climate Appl. Meteor., 22, 1764–
1775.
Waldvogel, A., 1975a: Reply. J. Atmos. Sci., 32, 653–654.
, 1975b: Tropfenspektren, Niederschlagstyp und Z–R Beziehungen. Meteor. Rundsch., 28, 33–36.
Webster, P. J., and R. Lukas, 1992: TOGA COARE: The Coupled
Ocean–Atmosphere Response Experiment. Bull. Amer. Meteor.
Soc., 73, 1377–1416.
Wei, T., and R. A. Houze Jr., 1987: The GATE squall line of 9–10
August 1974. Adv. Atmos. Sci., 4, 85–92.
Wilson, J. W., and E. A. Brandes, 1979: Radar measurement of rainfall—A summary. Bull. Amer. Meteor. Soc., 60, 1048–1058.
Yuter, S. E., and R. A. Houze Jr., 1997: Measurements of raindrop
size distribution over the Pacific warm pool and implications for
Z–R relations. J. Appl. Meteor., in press.
Zawadzki, I., 1984: Factors affecting the precision of radar measurements of rain. Preprints, 22nd Conf. on Radar Meteorology,
Zurich, Switzerland, Amer. Meteor. Soc., 251–256.

