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Abstract

Estimates of any precipitation characteristics based on temporally sparse observations entail uncertainty
because of the natural variability of rainfall in space and time. This study measures the sampling-related
uncertainties of monthly mean reflectivity profile and surface rainfall distribution. Radar and rain gauge
data collected during the 1993/94 monsoon season at Darwin, Australia, are used to show the sensitivity
of monthly three-dimensional radar-echo and precipitation characteristics to the frequency of cbservation.
The data are partitioned into convective, stratiform, and anvil components according to the horizontal and
vertical structure of the echoes. The analyses of this study reveal the expected trend that the uncertainties
of estimated precipitation characteristics using infrequent observations scale with rainfall amount. The
results have implications for climatological studies using spaceborne observation platforms revisiting a
given area intermittently.

The Tropical Rainfall Measuring Mission (TRMM) satellite radar, which will revisit a given 500 km by
500 km region approximately twice daily, will likely encounter significant problems in estimating the vertical
profile of radar reflectivity in the tropics. Monthly mean reflectivity statistics (based on observations within
150 km of the Darwin radar) exhibit a sampling-related uncertainty of about 20 % in both rain and snow.
In addition, the radar signal of the TRMM satellite will be highly attenuated below the 0°C level, and
the precipitation radar will be insensitive to reflectivity less than about 20 dBZ. Therefore, the spaceborne
radarwill have an obscured view of the vertical precipitation structure. Reliable reflectivity statistics based
on TRMM satellite radar data may be obtained primarily within an altitude range of about 5-7.5 km—an
altitude range though that is important for cloud electrification because of the mixed-phase precipitation
processes taking place there. The sampling uncertainty, signal attenuation, and radar sensttivity vary
with precipitation type. Moreover, estimation of the convective rain fraction will be compromised by
uncertainties in the echo classification as well as a choice of Z — R relation. These results imply the
importance of information collected by ground validation site radars to improve upon TRMM satellite
estimates of precipitation characteristics and the derived vertical profile of latent heating.
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1. Introduction

Estimates of precipitation characteristics on a cli-
matological time scale based on temporally sparse
observations exhibit uncertainty, which is a function
of the rainfall variability in space and time. A key
question is, how often do we have to make observa-
tions to describe monthly precipitation characteris-
tics accurately? The answer is critical to the Trop-
ical Rainfall Measuring Mission {TRMM; Simpson
et al., 1988, 1996}, which will use spaceborne radar
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and other instrumentation to observe precipitation
on a global scale continuously for several years, be-
ginning with the launch of the satellite late in 1997.

TRMM will emphasize measures of monthly quan-
tities over regions approximately 500 km in horizon-
tal dimension. These quantities include vertical pro-
files of radar reflectivity and surface rainfall amount.
Moreover, algorithms will subdivide the data into
convective and stratiform components. This study
uses radar and rain gauge data collected during the
1993/94 wet season at Darwin, Australia, to de-
termine the effect of discrete temporal sampling on
the estimation of these monthly guantities. We do
not consider partial visits and assume therefore that
the region of interest is fully sampled each time the
satellite passes over.
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Fig. 1. Geographical map of the Darwin
area, centered on the radar installation
at Berrimah (12° 27’ 26” S and 130°
55" 31" E). The rain gauge network is
shown by the bold triangles and open
diamonds, indicating the location of the
tipping-bucket {TIP) and accumulation
{ACC) gauges, respectively. The dotted
circle {radius of 150 km) embraces the
study domain.

2. Methodology and data

2.1 Site description and data processing

Darwin lies just south of Indonesia and Malaysia
{the “maritime continent”; Ramage, 1968). The
region experiences a monsconal climate, with a
rainy season usually extending from late Decem-
ber through March (Holland, 1986; Keenan et al.,
1988; Drosdowsky, 1996). The precipitation ob-
served by the Darwin radar is of three main types
{e.g., Keenan and Carbone, 1992): 1) During active
monsoon periods (low-level westerly winds), precipi-
tation is produced largely by oceanic mesoscale con-
vective systems (Mapes and Houze, 1992, 1993).
2) During breaks in the monsocon (low-level easter-
lies), precipitating cloud systems are less frequent
and typically of a continental origin. They may
be intense and often form squall lines with trail-
ing stratiform precipitation {(Drosdowsky, 1984). 3)
Pronounced diurnally forced thunderstorms, locally
known as “Hectors” (Keenan et al., 198%a, 1990;
Simpson et al., 1993), occur over Bathurst and
Melville Islands to the north of Darwin (Fig. 1).

In 1993/94, the Darwin radar was operated by the
Australian Bureau of Meteorology Research Cen-
tre (BMRC), and had a wavelength of 5 cm and
a beamwidth of 1°. It was located at Berrimah
(12° 27 26” S and 130° 55 31”7 E), about 20 km
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east-southeast of Darwin. The radar site was 30 m
above mean sea level (MSL).2 The surrounding rain
gauge network, also operated by BMRC, consisted
of 20-30 tipping-buckets and another 25-30 accu-
mulation rain gauges (Fig. 1). Further details about
the network can be found in Keenan ef al. (1988),
Rosenfeld et al. (1993), Short et al. (1993), Steiner
et al. (1995), and Steiner {(1996).

Radar volume scans were recorded every 10 min.
We grouped the data into two “monthly” time peri-
ods: The first period consists of 25 days of radar in-
formation of December 1993 and January 1994 (Ta-
ble 1); the second period has 20 days of data col-
lected in February and March 1994 (Table 2). Only
days with almost complete records (:.e., less than
10 % of radar volumes missing per day) are used for
this analysis to avoid the introduction of additional
uncertainty due to data gaps. Since the selected pe-
riods are shorter than 30 days, the magnitude of un-
certainties derived in our study are somewhat higher
than those of a full month. The uncertainties for a
complete month would roughly be scaled by a factor
correspoending to the square root of the ratio of the
number of days in the sample divided by 30 days
{e.g., Bell et al., 1990; Steiner, 1996).

For this study, each radar volume is interpolated
to a three-dimensional Cartesian grid with a resolu-
tion of 2 km in the horizontal and 1.5 km in the ver-
tical. The domain is centered on the Darwin radar
and has a horizontal extent of 300 km by 300 km.3
The levels in the vertical are 1.5 km to 19.5 km
above ground. Bilinear interpolation determines the
radar reflectivity value at the grid points by means
of the Sorted Position Radar Interpolation software
(SPRINT; Mohr and Vaughan, 1979),* a software
package maintained by the National Center for At-
mospheric Research (NCAR).

The radar reflectivity echo pattern at the lowest
(0.5 degree) elevation sweep is separated into con-
vective and stratiform elements using the method
described by Steiner et al. (1995). This technique
searches for convective precipitation and lets the re-
mainder be stratiform. The basic premise is that
the signature of convective precipitation is read-
ily identifiable in the intensity and peakedness®of
the horizontal patterns of reflectivity, while strat-
iform precipitation is often not easily recognizable

2 All heights given in this paper are relative to the mean
sea level (MSL).

3  Similarly to the scaling in time, the sampling-related un-
certainties obtained on the radar-covered domain have to
be scaled to a 500 km by 500 km domain for TRMM.

4 SPRINT is available from the NCAR Mesoscale and Mi-
croscale Meteorology (MMM) Division. Please contact
William D. Anderson (email: andersnb@ncar.ucar.edu)
or L. Jay Miller (email: ljmill@ncar.ucar.edu).

5 Peakedness is not to be confused with gradients of pre-
cipitation. Peakedness is more similar to the Laplacian of
the reflectivity field than to the gradient in that we search
for maxima of a certain intensity and/or steepness.
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Table 1. Daily areal rainfall information for time period 1 based on radar and rain gauge data collected during the
1993/94 monsoon season at Darwin, Australia. The rainfall amounts are computed from the radar data using
a gange-adjusted reflectivity—rainfall rate relationship. A 24 h period following 0000 UTC is used for deriving
the daily amounts. The areal mean rainfall accumulation represents an average rainfall depth over a circular
domain with radius of 150 km centered on the Darwin radar installation. The convective rain fraction gives the
percentage of the areal rainfall that is contributed by convective precipitation radar echoes (see text for details).
The last column indicates the number of radar volume scans per day that entered the analysis.

Date Areal Rain [mm] Conv Fraction [%] Radar Volumes
93/12/24 3.98 72.61 141
93/12/25 14.01 53.53 141
93/12/26 19.68 53.66 141
93/12/28 33.69 27.49 144
93/12/29 6.93 25.83 140
93/12/30 22.78 44.51 141
93/12/31 2.28 50.88 133
94/01/01 7.44 63.04 143
94/01/02 2.47 66.40 139
94/01/03 0.35 74.29 143
94/01/04 23.00 33.30 132
94/01/05 0.54 7.41 144
94/01/06 1.15 75.65 143
94/01/07 14.82 58.10 136
94/01/08 4.01 41.90 141
94/01/09 3.78 69.84 142
94/01/10 7.69 64.24 136
94/01/11 17.74 50.23 140
94/01/12 5.66 55.65 138
94/01/18 9.04 78.10 142
94/01/19 9.68 75.31 141
94/01/20 3.76 80.85 142
94/01/21 19.73 56.77 139
94/01/22 0.84 84.52 144
94/01/23 10.99 65.15 140

Total 245.35 50.74 3506

in either horizontal or vertical distributions of re-
flectivity. This method has been thoroughly tested
by Steiner et al. {1995) and found to produce re-
sults that are consistent with the physical under-
standing of convective and stratiform precipitation
(Houghton, 1968; Houze, 1993, 1997). Any radar
echo aloft with no echo at the lowest elevation scan
is called anvil. Figure 2 illustrates schematically
how a radar volume is subdivided into convective,
stratiform, and anvil echoes.

The radar rainfall estimates are calibrated using
the rain gauge data. A single power-law relation-
ship, Z = aR®, is used to convert radar reflectivity
Z to rainfall rate R on a pixel by pixel basis at
the lowest level. Starting with the GATE® Z — R
relation (o = 230, 8 = 1.25; Austin et al, 1976;
Hudlow, 1979), the multiplicative factor e is tuned
such that the mean bias of the radar rainfall esti-
mates within small windows (i.e., closest pixel) at

6 GARP (Global Atmospheric Research Program) Atlantic
Tropical Experiment. Its field phase was in 1974.

the rain gauge sites is removed on a monthly basis.
The resulting Z — R relationships are

_ [ 77RY% (period 1)
Z= {86R1'25 (period 2) (1)

These Z — R relations are in close agreement with
the one determined by Williams et al. {1992) for
rainfall observed during the Down Under Doppler
and Electricity Experiment (DUNDEE; Rutledge et
al., 1992) in the vicinity of Darwin.

2.2 Methodology for analyzing the uncertainty as a
function of sempling frequency

The uncertainty in a monthly analysis of the
three-dimensional structure of radar echoes depends
on how many volume scans enter the analysis. To
determine this uncertainty, we subsample the avail-
able radar data at various time intervals. We use
only volumes collected at, say 30 min apart (every
third volume), to determine the quantities of interest
and compare that result with the one obtained by
using every available radar volume of a given time
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Table 2. Daily areal rainfall information for period 2, similarly to Table 1.

Date Areal Rain [mm] Conv Fraction (%] Radar Volumes
94/02/10 4.11 82.97 143
94/02/14 21.98 58.87 140
94/02/15 24.75 47.96 144
94/02/16 24.57 49.49 143
94/02/17 25.58 48.12 144
94/02/18 9.42 60.08 130
94/02/21 21.47 64.97 140
94/02/24 12.22 43.62 128
94/02/25 21.37 39.35 144
94/02/27 32.16 42.57 144
94/02/28 31.51 44.11 144
94,/03/01 32.74 37.97 144
94/03/03 8.86 58.35 135
94/03/04 10.55 53.46 144
94/03/05 6.54 68.35 131
94/03/07 10.21 69.05 144
94/03/08 13.48 53.26 144
94/03/09 23.51 37.30 144
94/03/10 17.62 40.18 144
94/03/11 18.13 44.07 144

Total 374.02 48.27 2818

Fig. 2. Schematic visualization of the classification of radar echoes into convective and stratiform ele-
ments, and anvil {no surface rainfall). The precipitation echoes are classified according to their radar
signatures at low levels and the echoes within a vertical column aloft are classified the same as the
low-level pixel. Any radar echo aloft and outside the convective and stratiform vertical columns is
assumed to be anvil. Thus, the vertical projection of anvil echo pixels fall outside the area identified
as surface rainfall. Together with a land-ocean separation {not shown}, the radar echoes may be
grouped into twelve different categories and subcategories: total, total-land, total-ocean; convective,
convective-land, convective-ocean; stratiform, stratiform-land, stratiform-ccean; anvil, anvil-land,

and anvil-ocean.

period. We consider sampling intervals of 10 min
(= full resolution), 20 min, 30 min, 1 h, 2 h, 3 h,
4h,6h 8h, 12 h, and 24 h (= one volume a
day). For each sampling frequency, we estimate the
menthly result for every possible realization. For ex-
ample, using a 30 min time interval, one could take
the first sample at 0010, 0020, or 0030 UTC and in-
clude subsequent radar volumes 30 min apart. Our
procedure is to make a separate calculation for each
possible starting time (realization). The uncertainty

for a given sampling frequency is then determined
as the standard deviation of the ensemble of differ-
ences obtained by subtracting a subsampled result
from the full resolution result. Steiner et al. {1995)
and Steiner (1996) used similar procedures.

To compute monthly precipitation characteris-
tics based on subsampled radar volumes, we as-
sume that the information in a given volume rep-
resents the time interval in between two samples
and that each velume has equal weight. Because
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of range-dependent problems intrinsic to radar ob-
servations (Donaldson, 1964; Wilson and Brandes,
1979; Zawadzki, 1984; Austin, 1987; Joss and
Waldvogel, 1990; Smith, 1990; Fabry et al, 1992;
Rosenfeld et al, 1992; Kitchen and Jackson, 1993;
Smith et al., 1996), we only use the information con-
tained within a horizontal range of 150 km.

2.3 Precipitation characteristics revealed by the
radar data

The rainfall accumulations within 150 km of the
Darwin radar for the two quasi-monthly periods are
shown in Fig. 3. The areal mean rainfall totaled
245 mm for the first (Fig. 3a, Table 1) and 374 mm
for the second time period (Fig. 3b, Table 2). Daily
average accumulations over the 150 km radius do-
main range from essentially no rain to more than
30 mm. The contributions made by convective rain-
fall range from 7 % on 5 January 1994 to 85 % on
22 January 1994 (Tables 1 and 2). Days with a
convective rain fraction of at least 65 % show areal
mean rainfall accurmulations of less than 10 mm (Fig.
4). Such rainfall typically originated from intense
island thunderstorms and infrequent isolated conti-
nental convection and occurred during breaks in the
monsoon (Troup, 1961; Holland, 1986; Drosdowsky,
1996). Most days, however, exhibited convective
rain fractions of approximately 30 %60 %, which
are typical for tropical mesoscale convective systems
(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; and others). Continental squall
lines tend to fall under this category as well. For
example, a squall line moving across the domain
on 4 January 1994 produced an areal mean rain-
fall accumulation of 23 mm of which 33 % was con-
vective. Generally, the convective rain fraction de-
creased with increasing daily rainfall amount, as in-
dicated by Fig. 4. Exceptions to that were 29 De-
cember 1993 and 5 January 1994, both affected by
the remnants of a major rainfall event the previous
day, the former by a very active monsoon spell and
the latter by a major continental squall line. Days
with a significant areal mean rainfall amount dom-
inated the overall rainfall accumulation for a given
time period as well as the convective rain fraction
thereof {Tables 1 and 2).

As in Steiner et af. (1995), we determined the frac-
tion of the radar-observed domain covered by precip-
itation echo for each individual radar volume. The
height of each bar in Fig. 5 shows the closest-to-the-
ground net area coverage (upper panels) and rain
amount (lower panels), respectively, contributed by
all the individual volumes in that category combined
and normalized to the monthly total for both peri-
ods. In addition, the plots show the cumulative dis-
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tributions of the accumulated area and rain, respec-
tively, and the fractional contributions made by con-
vective and stratiform precipitation echoes. These
statistics do not include area covered by anvil echoes
aloft, which, by definition, have no surface rainfall.

The echo area coverage distributions differ be-
tween periods 1 (Fig. 5a) and 2 (Fig. 5b) such that
the distribution for period 1 is wide {maximum area
coverage was 85 %-90 % observed on 28 December
1993) and shows significant contributions made from
radar volumes with smaller echo area coverages. The
distribution for time period 2, on the other hand,
has the most contributions made by radar echoes
covering up 20 %-50 % of the domain. Sixteen out
of the 25 days (i.e., 64 %) of period 1 have area-
average rainfall amounts < 10 mm {Table 1), char-
acteristic of monsoon break periods. The significant
contributions made by echo areas covering less than
20 % of the radar domain are largely the result of
the Hectors. In contrast to period 1, only 20 % of
the days of period 2 exhibited less than 10 mm of
rainfall {Table 2). The distribution shown in Fig.
5b represents a period of active monsoon rainfall.
Despite the differences in break versus monsoconal
regimes, the two time periods were similar in terms
of the overall convective contribution to total echo
area coverage (Figs. 5a and 5b)—in both periods the
majority of the radar echoes (~ 90 % by area) are
of stratiform nature.

The statistics with regard to the monthly areal
rainfall contribution (Figs. 5¢ and 5d) made by radar
echoes covering different proportions of the domain
are similar to Figs. 5a and 5b. However, the rainfall
contributed by smaller precipitation systems for pe-
riod 1 is more pronounced in Fig. 5¢ than the area
statistic shown in Fig. ba, primarily because of the
high rain rates observed in the island thunderstorms
to the north of Darwin. Occasional Hectors observed
during the few break days of period 2 contributed
a secondary peak in the distribution at 5 %-10 %
area coverage (Fig. 5d). Both periods show similar-
ity again in convective and stratiform rainfall con-
tributions to the monthly total (Figs. 5¢c and 5d)—
the rainfalt amounts contributed by the two physi-
cally distinct types of precipitation are about equal

{~ 50 %).
3. Vertical distribution of radar reflectivity

The vertical distribution of radar reflectivity is a
measure of the vertical distribution of precipitation
hydrometeors. Though there is no one-to-one rela-
tionship between where the precipitation-sized hy-
drometeors are observed and where the latent heat
has actually been released by condensation or vapor
deposition, reflectivity may be used as a constraint
for model estimation of the latent heat released to
the atmosphere. In addition, comparison between
the TRMM satellite precipitation radar data and
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Fig. 3. Rainfall accumulation maps for Darwin, Australia. The rainfall amounts are computed using
the gauge-adjusted reflectivity-rainfall rate relationships as shown in the text. The black contours
indicate the coastlines around Darwin. a) period 1 (December 1993-January 1994) and b) period 2
(February-March 1994).
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data collected by radars at ground validation sites
will be based on three-dimensional reflectivity in-
formation. It is important, therefore, to focus on
the vertical distribution of reflectivity, but also on
the effects of sampling limitations on the observed
structures,

3.1 Contoured Frequency by Altitude Diagram and
mean profiles

The Contoured Frequency by Altitude Diagram
(CFAD; Yuter and Houze, 1995) is a useful method
to summarize the information contained in three-
dimensional radar volume scans. The CFAD is a
contoured representation of the frequency of occur-
rence of radar reflectivity values as a function of
height. The reflectivity CFADs for periods 1 and
2 are presented in Figs. 6 and 7. At first glance,
the distributions shown for the different categories
of radar echoes are very similar for the twe periods
analyzed. The convective and stratiform CFADs
indicate a general decrease of reflectivity with in-
creasing height, particularly above the freezing level
(~ 4.5 km), while the anvil CFAD shows no such
trend. Yuter and Houze (1995) noted that the re-
flectivities tend to be narrowly distributed in strat-
iform precipitation, while convection—especially in
early stages—shows wider reflectivity distributions.
Overlaying the CFADs for periods 1 and 2 (Figs. 6
and 7) shows that the modes of the distributions are
very similar. However, there are a few noteworthy
differences: The convective reflectivity distribution
at low levels (below the melting layer) is very sim-
ilar between the two time periods. But at higher
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levels the convective reflectivity distribution of pe-
riod 1 is significantly wider than that of period 2.
The more intense reflectivities at higher levels are
contributed by the more vigorous continental and
island convection (incorporating stronger updrafts,
which can carry large particles to higher altitudes),
which were more frequently observed during period
1 than 2. This is also reflected in the mean profiles’
shown in Fig. 8 The average reflectivity decrease
with increasing height of the convective radar echoes
of period 1 is approximately —2.5 dBZ km™! in the
range of 5-9 km in altitude (0°C to —20°C) com-
pared to maybe —3.5 dBZ kim~! for period 2. The
stratiform reflectivity distributions are more simi-
lar between the two time periods, though the mean
profile of period 1 has somewhat larger intensities at
higher altitudes (Fig. 8). The average reflectivity de-
crease with increasing height for the stratiform radar
echoes is approximately —4.5 dBZ km~! within a
2 km layer above the melting layer and less further
aloft. The reflectivity distributions and the mean
profiles of the anvil echoes consist of weak echoes
(< 20 dBZ) with no significant vertical structure.

Although anvil echoes do not contribute to sur-
face rainfall, they occupy significant portions of the
three-dimensional radar echo volume. The lowest
level (1.5 km) contains by definition no anvil echoes
(Section 2.1); at that level about 10 % of the radar
echo pixels were classified as convective and the re-
maining 90 % as stratiform for the two time periods
studied (Fig. 5). Further aloft, convective echoes
contributed about 5 %-10 % to the echo area at
each atltitude level, while the remaining echoes were
about equally divided among stratiform and anvil
echoes (varying between 35 % and 60 %). Though
not explicitly shown, this may be seen from Figs. 6
and 7.

3.2 Accuracy of mean profiles of radar reflectivity
Figure 9 illustrates the uncertainty in the monthly
mean vertical reflectivity profile as a result of inter-
mittent sampling frequency (At = 1, 3, 6, 12 h).
Fig. 9a shows the six different estimates of the
monthly mean vertical reflectivity profile for convec-
tive echoes obtained by using only the radar volumes
collected one hour apart, starting at 0000, 0010,
0020, 0030, 0040, or 0050 UTC, respectively. To
the left of the mean profiles, the standard deviation
of the different mean profile reflectivity values ob-
tained at each altitude is indicated. It is noteworthy
to point out that the variability of the mean profile
estimates, as indicated by the standard deviation,
is due to a combination of physical reasons (growth
and decay of storm systems, dinrnal cycle of precip-
itation) and sampling. However, we do not attempt
to make such a distinction and thus treat the ob-

7 The mean profiles were obtained by averaging reflectivity
values in mm¥ m~% at each height level.
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indicates the percentage of the domain covered by precipitation echoes, while the ordinate on the
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that period.

served variability as being entirely due to sampling.
For most parts of the monthly mean profile, espe-
cially in the rain below the melting layer at about
4.5 km, the different estimates of the monthly pro-
file are barely distinguishable. Even with a sam-
pling frequency of At = 3 h (Fig. 9b), the different
profile estimates follow each other closely. The vari-
ability at upper levels becomes more noticeable at
At = 6 h (Fig. 9c) and quite large at At = 12 h {Fig.
9d). The latter corresponds roughly to the sampling
frequency of the TRMM satellite. However, despite
the few radar volumes entering the computation of a
mean profile at At = 12 h sampling frequencies, the
standard deviation of the estimated mean reflectiv-
ity at lower levels is not very large {< 1 dBZ below

6 km).

Thus, in principle, the TRMM satellite will sam-
ple the radar reflectivity often enough to obtain, on
average, an accurate vertical profile below the 0°C
level. However, the wavelength of the TRMM satel-
lite radar is only 2 cm and the received signals will
therefore be highly attenuated through and below
the melting layer. The vertical reflectivity profile
measured by the satellite will thus not directly be
useful helow an altitude of maybe 5 km (Fig. 9d).
Another limitation of the TRMM satellite radar is
its low sensitivity—1.¢., the minimum detectable re-
flectivity is approximately 20 dBZ. With this addi-
tional shortcoming, it is evident from Fig. 9d that
the TRMM satellite will obtain a completely unat-
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Fig. 6. Contoured Frequency by Altitude Diagrams (CFAD) for radar reflectivity volumes collected
during period 1, subdivided into a) convective, b) stratiform, and ¢) anvil echoes. The resolution is
1 dBZ in reflectivity and 1.5 km in height. The contours are at intervals of 0.5 % of data per dBZ
per kilometer, starting with the 0.5 % dBZ ! km™! contour and every 6th contour is highlighted.
The CFADs are truncated at the altitude where the total number of points (per height level) drops
below 15 % of the maximum number of points at any level, as indicated in the panels to the right.

tenuated sample of reflectivity only in the layer be-
tween about 5 and 7.5 km. Interestingly though,
this is the layer where mixed-phase precipitation
processes take place which are important for cloud
electrification.

Though there are differences in the vertical distri-
bution of reflectivity between convective and strat-
iform precipitation, and anvil echoes, the above
caveats are generally true for all types of precipi-
tation to be observed by the TRMM satellite radar.
More specifically, Fig. 8 indicates that for convec-
tive precipitation the echoes seen aloft will likely
be strong enough to be seen by the TRMM satel-
lite radar, though attenuation of the signal will
increase towards lower levels and be particularly
strong below the 0°C level in the rain-—possibly se-
vere enough that no measurements witl be obtained
down to the surface. In stratiform precipitation
some of the echoes aloft might not be seen by the
spaceborne radar due to instrument sensitivity lim-
itations and attemuation through the bright band
(i.e., melting layer) and below in the rain may again
weaken the signal (though less than in convective

rainfall). Anvil echoes will be completely missed by
the TRMM satellite radar. In short, the spaceborne
radar will get an obscured picture of the vertical pre-
cipitation structure. This emphasizes therefore that
classification algorithms based on TRMM satellite
radar data should not rely on vertical structure in-
formation alone but also make usc of horizontal in-
formation contained in the swath.

Figure 10a compiles the information contained in
Fig. 9 with the results of other sampling frequen-
cies. The symbols show that the standard deviation
of monthly mean convective reflectivity values in-
creases with increasing altitude and decreasing sam-
pling frequency. The uncertainty of the monthly
mean reflectivity profile increases more rapidly with
decreasing frequency of observations above the 0°C
level (~ 4.5 km) than within the rain. This in-
creased uncertainty aloft may in part also be caused
by the decreasing number of data with increasing
altitude, as shown in Figs. 6 and 7. The uncer-
tainties tend to be larger for the convective mean
profiles {Fig. 10a) than those composed of strat-
iform echoes (Fig. 10b), but smaller than for the



82 Journal of the Meteorological Society of Japan Vol. 76, No. 1
o
— SN} a)Period 2 - Convective N
I —
E 2
-9 = H H !
Q w Pl
T O REEERY
o
— N | b) Period 2 - Stratiform \
g o N
£ e
o
1)
T 0
o
— N | ¢)Period 2 - Anvil
E o i
CHE
£ 9 f
.9 %&\\\ \
®
I
0 10 20 30 40 50 10M 10 1007
Radar Reflectivity [dBZ] Samples
Fig. 7. Same as Fig. 6, but for period 2.
w0 |
- ———  Period 1
~—- Period 2
iy
2 o
T -20 deg C level
E L
=
5 o
S ,‘ = N\ 0 deg C lave!
I 1‘ Sy
: \
o | Anvil  Stratiform  Convective
0 10 20 30 40 50
Radar Reflectivity [dBZ]

Fig. 8. Mean profiles of radar reflectivity volumes collected during period 1 (solid lines) and period 2
(dashed lines), subdivided into convective, stratiform, and anvil echoes. The profiles are truncated
simitarly to the CFADs shown in Figs. 6 and 7. The dotted lines indicate the approximate altitude

of the 0°C and —20°C levels.

anvil echoes {Fig. 10c). The average uncertainty of
a stratiform mean profile, for a twice-daily frequency
of observation, is less than 1 dBZ up to heights of
approximately 10 km. Because of its low sensitiv-
ity, however, the TRMM radar samples will likely

not measure the reflectivity profile accurately above
~ 7.5 km. The data for the melting layer {bright
band) and below are likely not reflecting unbiased
samples either, due to attenuation.

The results obtained for period 2 are qualitatively
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Fig. 9. Mean vertical reflectivity profiles for various subsampling frequencies of radar volumes collected
during period 1 and using the convective echoes only. For each given sampling time interval all the
different realizations of estimating a monthly mean profile are shown. a) At =1h, b} Af =3 h, c)
At =6 h, and d} Af = 12 h. Each mean profile is individually truncated similarly as pointed out
for the CFADs shown in Fig. 6. To the left of the mean profiles, the standard deviation (computed
using reflectivity in linear units, but expressed again i logarithmic units) of the different mean
profile reflectivity values obtained at each altitude is indicated. The shaded area cutlined in Fig. 9d
indicates the range of values affected by the TRMM precipitation radar sensitivity (approximately
20 dBZ) and signal attenuation (below the 0°C level at about 5 km).

very similar to those of period 1, except that the
uncertainties increase less rapidly with decreasing
sampling frequency and altitude of observation {¢f.,
Figs. 10b and 11). The reason for this difference in
magnitude of the sampling uncertainty between pe-
riod 1 and period 2 can be attributed to differences
of the rainfall characteristics for the two periods.
The areal rainfall accumulation was higher in period
2, which exhibits the smaller sampling uncertainties
than period 1. It appears, therefore, that the un-
certainty of monthly mean reflectivity profiles may
be characterized by similar scaling rules as for areal
rainfall amounts (Bell et al., 1990, 1996; Steiner,
1996; and references therein).

Several important characteristics of precipitation
are empirically related to the radar reflectivity Z by
a relationship of the form

X =~2° (2)

where X may be the rainfall rate or liquid water con-
tent (snowfall intensity or ice water content above
the 0°C level), v and § are positive constants, and
0 < 4§ < 1. Using relation (2) to convert Z to X, an
uncertainty in Z {(i.e., AZ) causes an uncertainty in
X (i.e., AX). This uncertainty of the quantity X,
expressed as

AX  X(Z+AZ)-X(Z - AZ)

X 2X(2) +100 %
& _ 5
_(Z2+427) 225(2 Az) 100 % @)

is shown in Fig. 12 (in contours) as a function of
AZ and the power factor 6. The light shaded area
indicates the likely range of power factors of rcla-
tionships found in the literature for rain, while the
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Fig. 10. Standard deviation of monthly

mean reflectivity estimates as a function
of height and frequency of observation
based on radar data collected during pe-
riod 1 for a) convective, b) stratiform,
and c) anvil echoes.

heavy shaded area shows the respective range for
snow (e.g., Battan, 1973). For a TRMM-like config-
uration (i.e., sampling approximately twice daily)
and rainfall as observed in the monsoonal regime at
Darwin, the uncertainty of monthly mean reflectiv-
ity values caused by infrequent sampling may be of
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Fig. 11. Same as Fig. 10h, except for radar
data collected during period 2.

the order of £1.5 dBZ in the rain and £2 dBZ (or
larger) in the ice (Figs. 9-11). According to Fig.
12, the sampling-related uncertainty of the derived
quantity X, on the average, could therefore be as
large as 20 %, both within rain and snow. In ad-
dition, this value may likely be larger due to un-
certainties in the selection of the paramecters « and

6.
4. Surface rainfall

This section analyzes the effects of a reduced fre-
quency of observation on the accuracy of surface
rainfall estimates, in particular the areal mean rain-
fall accumulation, convective fraction, and spatial
distribution.

4.1 Accuracy of monthly areal mean rainfall

We use every radar volume scan collected during
period 1 to calculate an areal rainfall of 245 mm over
an area within a radius of 150 km of Darwin (Fig. 3a,
Table 1). If we were to use only one radar observa-
tion per day, always taken at the same time, and es-
timate the monthly rainfall based on just those sam-
ples selected, we obtain a different estimate. This
estimate, moreover, depends on what time of day
the observations were taken. If we plot the differ-
ent estimates as a function of the time of day the
samples were collected, we obtain the diurnal cycle
of the areal rainfall, as shown in Fig. 13. The bold
horizontal line at 245 mm represents the areal rain-
fall accumulation based on all the available samples,
while the other curves are estimates based on only
one sample per day. The solid curve with dots indi-
cates the diurnal rainfall signature obtained by using
the entire area-wide information, while the dotted
and dashed lines reflect the diurnal cycle of rainfall
over land and ocean, respectively. Figure 14 shows
the diurnal rainfall signature over land decomposed
into a diurnal cycle of the islands to the north of
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Fig. 12. Relative error of precipitation guantities (in contours) derived from empirical reflectivity-based
power-law relationships as a function of the uncertainty of the reflectivity observation and the power
factor of the relationship used. The shaded areas indicate the likely range for power factors of
relationships found in the literature for rain and snow. See text for details.

Darwin (peak near 1500 LST)® and the remaining
continent {peak at approximately 2200 LST). The
oceanic peak in rainfall lags the nocturnal continen-
tal peak by about 3-6 hours. These results are con-
sistent with those of Keenan et al. (1988, 1989h,
1990), Steiner et al. {1995), and Li et al. (1996).
Full resolution in time (every radar volume) ver-
sus only one sample per day (always taken at a par-
ticular time of day) represent two extreme cascs.
The latter case results in the largest uncertainty
of the monthly areal mecan rainfall estimate com-
pared to the value given by incorporating all the
data into the analysis. Figure 15a summarizes the
results obtained for period 1 by varying the sampling
frequency from one to the other extreme. This type
of plot was introduced by Steiner et al. (1995). At
the sampling time interval of At = 24 h (one sample
per day), the different estimates range from 100 mm
to over 400 mm (same as in Fig. 13). By decreasing
At to 12 h, the spread of thee values is reduced to
a range of 180-320 mm, and any further decrease
of At reduces the range of estimates. The spread
of the different estimates of arcal rainfall accumula-
tion for a given sampling frequency is a measure of
the uncertainty to be expected, on the average, for
any estimate at that particular frequency of obser-

8§ Local Standard Time (LST) for Darwin, Australia, is
UTC plus 9.5 bours.

vations. This uncertainty is quantified by the stan-
dard deviation of the different estimates for a given
sampling frequency and is shown in Fig. 15a by the
heavily (lightly) shaded bars indicating the mean
plus/minus one {two) standard deviation(s). The
increase in uncertainty of the areal mcan rainfall
estimate as a function of decreasing sampling fre-
quency is approximated by the sloping dashed line
{indicating an average uncertainty increase of 1.5 %
per hour decrease in sampling frequency), which em-
braces the mean plus/minus one standard deviation
for the various sampling frequencies. The dotted
horizontal lines show where the uncertainty reaches
50 % of the areal mean rainfall based on all the
available samples.

Figure 15b presents the results correspending to
Fig. 15a but based on the radar data collected dur-
ing period 2. The areal mean rainfall was 374 mm
for this period, compared to 245 mm in period 1,
and the sampling-related uncertainties are signifi-
cantly smaller than for period 1. This can be seen,
for example, by the sloping dashed line in Fig. 15b,
which represents the envelope characterizing the av-
erage uncertainty to be expected as a function of
the sampling frequency based on the data of pe-
riod 1. This decrease in sampling uncertainty with
increasing rainfall amount is cxpected (Laughlin,
1981; North, 1988; Bell et al, 1990, 1996; Graves
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Fig. 13. Diurnal signatures for rainfall

observed within a radius of 150 km
around Darwin during period 1. The
beold horizontal line indicates the rain
gauge-adjusted areal mean rainfall ac-
cumulation for the time period. The
solid curve with dots represents the areal
mean diurnal rainfall cycle for the entire
domain, while the dotted and dashed
lines are diurnal rainfall signatures de-
rived from using radar-rainfall echoes
over land and ocean, respectively. See
text for further details.

et al., 1993; Oki and Sumi, 1994; Weng ef al., 1994;
Bell and Kundu, 1996; Steiner, 1996; among others).

The increase in uncertainty with decreasing sam-
pling resolution, as depicted in Fig. 15, is not neces-
sarily linear as assumed here for simplicity reasons.
Tt is noteworthy to point out that the Laughlin-type
formula (Laughlin, 1981) like the one in equations
{23) and (24) of Bell et al. (1990) predicts that the
uncertainty should increase linearly with sampling
time interval At for small Ats (i.e., At small com-
pared to the correlation time of the area-averaged
rain) but that it should increase as At™® for large
At. The latter behavior is given in equation (30) of
Bell et al. (1990). In addition, Li et al. (1996) used
stationaty and nonstationary rainfall process models
to study the sampling errors associated with space-
based rainfall measurements. The results from their
nonstationary model showed that the sampling error
is sensitive to the starting sampling time for some
sampling frequencies, due to the diurnal cyel: of
rain, but not for others (Fig. 18 of Li et al., 1996).
Sampling experiments using data showed such sen-
sitivity as well (Fig. 20 of Li et al., 1996). When the
errors were averaged over starting time, however,
the results of the experiments and the stationary
and nonstationary models matched each other very
closely (Figs. 19 and 21 of Li et al., 1996).
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Fig. 14. Similar to Fig. 13, but the solid
curve with dots represents here the di-
urnal rainfall signature over land (same
as dotted line in Fig. 13), and the dotted
and dashed lines represent the cycles de-
composed into over the islands and the
remaining continent.

4.2 Accuracy of convective fraction of rainfall

Previous studies have not investigated the effect
of sampling on the accuracy of the ratio of convec-
tive to stratiform precipitation. The fraction of the
rainfall that is convective as opposed to stratiform
is relevant to the vertical profile and gradient of la-
tent heating {Houze, 1982, 1989, 1997} and thus to
the TRMM objectives (Simpson et al., 1988, 1996).
This section investigates the effect of a reduced fre-
quency of observations on the estimated monthly
convective rain fraction.

Based on only one radar volume scan observation
per day, always takeu at the same time, the esti-
mates of the monthly convective rain fraction may
range from 29 % to 76 % for period 1 (34 % to 61 %
for period 2). Plotted as a function of the time of day
they were taken, these estimates reveal the diurnal
signature depicted in Fig. 16. Over land, the maxi-
mum of the convective rain fraction is reached in the
mid afterncon (dominated by the heavily convective
island thunderstorms) and then slowly decreases to-
wards the evening before it relative rapidly drops
off around 2200 LST. As noted by Keenan et al.
{1989b), the oceanic signature is significantly less
pronounced, varying between 50 % and 70 % for
most of the day, but shows a clear minimum during
the early to mid morning hours (0300-0900 LST).

The uncertainty of the convective rain fraction es-
timate as a function of the frequency of observation
is shown in Fig. 17 for period 1 and period 2, re-
spectively. This figure is similar to Fig. 15 for the
rainfall total. The sloping dashed lines shown in
Figs. 17a and 17b indicate an uncertainty increase
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Fig. 15. a} Uncertainty of the areal rainfall as a function of sampling frequency for period 1. The
heavy (light) shaded area in each sampling time interval bin correspondls to the range of mean
plus/minus one (two) standard deviation(s) of all the different realizations shown by the dots. The
heavy herizontal line indicates the monthly areal mean rainfall accumulation for this particular time
period and site based on using all the radar volume scans collected. The 50 % uncertainty range is
shown by the dotted horizontal lines. The sloping dashed lines indicate an approximate 1.5 % increase
in uncertainty of the monthly areal rainfall estimate per hour decrease in sampling time resolution.
b) Same as Fig. 15a, except for radar volumes collected during period 2. The average uncertainty
increase as a function of sampling frequency observed for period 1 (Fig. 15a) is reproduced by the
dashed sloping line.
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Fig. 16. Diurnal signature of the convective
rain [raction for period 1, similar to Fig.
13.

of 1 % (of the monthly mean value) per hour of de-
crease in sampling frequency. For example, given
a monthly mean convective rain [raction of 50 %,
the expected uncertainty for a twice-daily sampling
(estimated based on the indicated sloping dashed
lines) would be 12 % {(s.e., £6 %). The envelope
spanned by the indicated dashed lines in Fig. 17 re-
flects approximately the uncertainties for period 1
(Fig. 17a), however, it overestimates those of period
2 (Fig. 17b). The sampling uncertainty for the con-
vective rain fraction thus behaves qualitatively like
that of the rainfall total. We again sce an inverse
dependence on the rainfall amounts, with period 2
(which accumulated much more rain) exhibiting sig-
nificantly smaller uncertainties than period 1.

Ground-based radar observations indicate that
the convective rain fraction may range between 30 %
and 60 % (Section 2.3). Figure 17 suggests that the
unicertainty of the mouthly convective rain fraction
for a twice-daily sampling (like the TRMM satellite)
may range between 10 % and 15 % of the monthly
mean, dependent on the rainfall total. Combination
of this uncertainty with other uncertainties in esti-
mating the convective rain fraction, resulting from
echo classification (Steiner et al., 1995) and a choice
of Z — R relation (Steiner and Houze, 1997), implies
that the total uncertainty in the monthly convec-
tive rain fraction, and hence in the vertical profile
of latent heating, will be substantial when estiinated
from the TRMM satellite data.

4.3 Accuracy of the spatial distribution of monthly
rawnifall
4.3.1 Coefficient of variation
The coefficient of variation is defined here as the
standard deviation of the spatial variability of a
given rainfall map divided by its areal mean accu-
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mulation, and this ratio is expressed as a percentage.
The spatial variability of the monthly rainfall distri-
bution is quite different from a variability in time,
which has been investigated in studies of sampling
problems of rainfall (e.g., Bell et al., 1990; Graves et
al., 1993 ; Li et al., 1996). The purpose of this sec-
tion is to study the impact of a reduced frequency of
observation on determining the spatial rainfall dis-
tribution on a monthly basis; the coefficient of vari-
ation is used as a measure to quantify the spatial
variability.

Figures 18a and 18b demonstrate the effect of sub-
sampling on the coefficient of variation for period 1
and 2, respectively. The coefficients of variation ob-
tained for period 1 and 2 using full time resolution
{4.e., radar volume scan every 10 min) are 30 % and
34 %, respectively. Figure 18 shows a clear trend
towards an increase in the estimated coefficient of
variation (spatial variability) with decreasing sam-
pling frequency. The dotted horizontal line in Figs.
18a and 18b indicates a spatial variability that is
twice as large as the one obtained by using full time
resolution. For period 2, where significantly more
rainfall was accumulated, that doubling of the es-
timated spatial variability of the monthly rainfall
map is reached, on the average (solid line), at a sub-
sampling rate of one observation every 6 h, while
for the less rainy period 1 that level is reached after
only 3 h. Thus, we again see that sampling-related
behavior being sensitive to the total amount of rain.
4.3.2 Correlation

Another measure of the effect of subsampling on
the spatial distribution of rainfall is the correlation
of the subsampled rain maps with maps based on
all the radar samples. The correlation is computed
on the basis of a pixel by pixel comparison for the
entire 2-km gridded domain between the full resolu-
tion rainfail map (R full) and the one produced by
subsampling (R,.»s) using the following expression

correlation =
N
> 3 | Rpwalis 3) ZRM!(% i)
i,
Rs'ubs t J ZRS‘HPJ’S(T’ J /
N 1 X 2
\ ZJ Rpuu(i.§) = 5 ;R,«u”(i,n
N 2
\ Z s’ube(i J ZRsuhc i J
)
(4)

where i and j are indices indicating the position
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Fig. 17. Uncertainty of the convective rain fraction as a function of sampling frequency for aj period 1
and b) period 2, similar to Fig. 15. The sloping dashed lines indicate an approximate 1 % increase
in uncertainty of the monthly convective rain fraction estimate per hour decrease in sampling time
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Fig. 18. Spatial variability of the monthly rainfall distribution, expressed by the coefficient of variation,
as a function of the sampling frequency. The results are based on the radar data collected at Darwin
during a) period 1 and b) period 2. The dols shown at a particular sampling frequency indicate the
different. estimates obtained for every different subsampling realization. The heavy (light) shading
indicates the mean plus/minus one (two) standard deviation(s) of those estimates. The solid line
connects the mean estimate of the coefficient of variation for different sampling frequencies. The
dotted horizontal line indicates a coeficient of variation twice as large as the value obtained using
full time resolution.
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Fig. 19. Correlation {on a pixel by pixel basis) between the subsampled and full time resolution rainfall
maps as a function of the sampling frequency. The results are based on the radar data collected
at Darwin during a) period 1 and b) period 2. The dots shown at a particular sampling frequency
indicate the different. estimates obtained for every different subsampling realization. The heavy (light)
shading indicates the mean plus/minus one (two) standard deviation(s) of those estimates. The solid
line connects the mean estimate of the correlation for different sampling frequencies. The dotted
horizontal line indicates a correlation of 0.5.
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within a given rainfall map. For each subsam-
pling time interval (At) all the different realizations
(starting at different times of day) are calculated
and plotted in Fig. 19a as a function of Af. The
solid curve indicates the mean of the different corre-
lation estimates, while the heavily {lightly) shaded
bars show the range of mean plus/minus one {two)
standard deviation(s). For period 1, the correlation
between the full resolution and subsampled rain-
fall maps decreases rapidly with increasing A¢. For
example, the monthly spatial rainfall distribution
derived from rain maps at a sampling interval of
At =1 h shows a correlation of 0.75 to the 10-min
(full resolution) rainfall accumulation. At A = 3 h,
the correlation between the true and the subsam-
pled rain maps is only 0.5 (dotted line). The corre-
lation does not drop off quite as dramatically for pe-
riod 2 (Fig. 19b}, which exhibited significantly more
rainfall, thus suggesting again a scaling with rainfall
amount.

These results imply that the monthly spatial rain-
fall distribution derived from the TRMM satellite
{approximately two observations daily) will show lit-
tle correlation with the true rainfall map, for exam-
ple, the map obtained by ground-based radar ob-
servations taken at high temporal resolution. How-
ever, the correlation between the subsampled and
full resolution rain maps depends on the horizon-
tal grid resolution of the maps as well. The drop
off in correlation is reduced not only with increas-
ing rain amount but also with decreasing resolution
of the rain map. The goal of the TRMM satellite
is to obtain accurate monthly mean rain estimates
over 500 km by 500 ki areas (Simpson et al., 1988,
1996); it is not to produce detailed spatial patterns
ot the monthly time scale. The TRMM ground val-
idation radars will, however, provide monthly data
at a high time resolution (At < 30 min). Figures 18
and 19 suggest that the monthly rain maps based
on the ground validation site data will be useful.

5. Conclusions

Spaceborne radar {such as that on the TRMM
satellite) aims to obtain accurate monthly three-
dimensional characteristics of precipitation. Since
the TRMM satellite revisits a 500 km by 500 km
region only about twice a day, and since precipita-
tion is highly intermittent in time and space, the
question arises, how accurate are the satellite-based
monthly precipitation data? The focus of this in-
vestigation has been on monthly representations of
the vertical structure of the radar reflectivity of pre-
cipitation systems, the surface rainfall (areal mean
as well as the spatial distribution), and the parti-
tioning of the radar echoes into convective, strat-
iform, and anvil (no surface rainfall) components,
all of which are important to a climatological as-
sessment of the latent heating of the tropical atmo-
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sphere. Uncertainties in these monthly representa-
tions as a function of the frequency of sanipling have
been estimated by comparing the results based on
subsampling to those obtained by using all of the
available observations. Radar and rain gaunge data
collected at Darwin, Australia, during the 1993/94
rainy season have been used for this study.

Monsoon and break periods in the Darwin precip-
itation regime can be recognized in both the verti-
cal structure products (reflectivity CFAD and mean
profiles} and the echo area statistics. Months with
a significant rainfall contribution by break {conti-
nental) precipitation systems tend to show higher
reflectivities aloft than does oceanic rainfall. The
intense island thunderstorms ( “Hectors”), which oc-
curred regularly during break periods in the Aus-
trallan monsoon over the islands to the north of
Darwin, can be recognized in the echo area statistics
and diurnal rainfall signatures.

The subsampling analyses revealed the expected
trend that the uncertainties of estimated precipi-
tation characteristics using infrequent observations
scale with rainfall amount for all the variables in-
vestigated; the sampling-related uncertainties are
smaller for months with higher rainfall amounts.
While for areal mean rainfall the sampling behav-
ior is relatively well understood (e.g.. Bell et ul.,
1990, 1996; Bell and Kundu, 1996; Steiner, 1996;
and references listed therein), the present study in-
dicates the need to explore further the sampling un-
certainttes with regard to the horizontal and vertical
structure of precipitation.

This study shows that the uncertainty of monthly
mean reflectivity values increases with increasing al-
titude (and decrcasing number of data) and with
decreasing temporal sampling frequency. The un-
certainty of the monthly mean reflectivity profile
increases much more rapidly with decreasing fre-
quency of observation above the 0°C level than be-
low within the rain. The TRMM satellite will sam-
ple a 500 km by 500 km region about twice daily.
At a 12 h sampling interval, on the average, the
uncertainty in the monthly mean reflectivity pro-
file is about +1.5 dBZ below the 0°C level (in rain)
and 2 dBZ above the 0°C level (in snow). In
addition to this difficulty, the radar signal of the
TRMM satellite will be highly attenuated below the
0°C level, and the TRMM satellite radar will be in-
sensitive to reflectivity less than about 20 dBZ. Be-
cause of these limitations, the only altitude range in
which the TRMM radar may give reliable reflectivity
statistics is between about 5 and 7.5 km (Fig. 9d).
Within this altitude range, however, mixed-phase
precipitation processes take place that are very im-
portant for cloud electrification.

Because of differences in vertical structure and
intensity, however, the uncertainties and caveats
peinted out above may vary between convective and
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stratiform precipitation and anvil echoes. The un-
certainties in reflectivity tend to be larger for the
convective mean profiles than those composed of
stratiform echoes. The stratiform regions do not
show much variation from one region to another.
This result is consistent with Houze's {1989) sug-
gestion that the greatest uncertainty in precipitating
cloud systems in the tropics is in the vertical struc-
ture of the convective echo regions. Nonetheless, the
TRMM satellite radar will obtain an obscured pic-
ture of the vertical precipitation structure. Classi-
fication algorithms based on using TRMM satellite
radar data should therefore incorporate horizontal
precipitation structure as well, rather than rely on
vertical structure information alone.

The vertical gradient of heating in the tropics is
sensitive to the convective rain fraction. This study
shows that the convective rain fraction for Darwin
would be uncertain up to £10 % if sampled only
two times per day. Combination of this uncertainty
with other uncertainties in estimating the convec-
tive rain fraction, for example, resulting from echo
classification (Steiner et al., 1995) and a choice of
Z — R relation (Steiner and Houze, 1997), indicates
that the uncertainty in the derived vertical gradient
of latent heating will be substantial when estimated
from TRMM satellite data only. This result means
that the ground validation radars in TRMM, which
sample about every 10 min and with high sensitiv-
ity, must be used to improve upon TRMM satellite
estimates of the convective rain fraction.

The horizontal rainfall distribution is very sen-
sitive to sampling frequency. Subsampling signif-
icantly increases the difference between estimated
and the true rainfall distribution (.e., that based on
continuous observations). The correlation between
a subsampled rainfall map and the map based on all
available radar observations drops rapidly with de-
creasing sampling frequency; for example, at Darwin
the 2-km resolution monthly rainfall maps become
meaningless if precipitation is sampled at 1-3 h in-
tervals or less frequently. This decrease in correla-
tion (or increase of spatial variability) scales with
rainfall amount and with the horizontal resolution
of the rainfall maps.

Overall, the results of this study suggest that the
TRMM satellite radar data will be useful only with
certain restrictions. The radar echo data will be
most useful in the altitude range 5-7.5 km and par-
ticularly if they arc used in conjunction with more
sensitive and continuously sampling ground valida-
tion site radar data. The challenge will be to re-
trieve quantitative information about precipitation
and its three-dimensional structure over the entire
depth of the troposphere, given the constraints of
the TRMM satellite radar data due to instrument
sensitivity and signal attenuation. This emphasizes
the need for a careful treatment of the data, develop-
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ment of applicable attenuation correction schemes,
and combining data from various sources.
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