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ABSTRACT

This work uses raindrop size spectra measured at the surface in tropical continental storms to determine
the associated parameters of the best-fit gamma distributions. The physical processes responsible for those
parameters and their relations to the measurable radar reflectivity Z and differential reflectivity ZDR are
then explored. So too are their relations to quantitative measurements of rain. Comparison is then made
with corresponding features previously reported in tropical maritime regimes. The storms observed in Brazil
and Arecibo, Puerto Rico, have been divided into convective (C), transition (T), and stratiform (S) seg-
ments. The raindrop size distribution (DSD) parameters are clearly defined on a gamma parameter diagram
(GPD) that shows 1) how median volume drop size D increases from S to T to C segments of the rain while
2) the range of the spectrum breadth parameter p increases, and the range of the slope parameter A
decreases in the same sequence of S to C. Drop growth occurs predominantly below the 0°C level by
collision, coalescence, and breakup in the C rains. The median volume diameter D, grows as more of the
water is concentrated near that size and so the DSD narrows; that is, both w and A increase. In both
maritime and continental storms the DSD in the convective portion of the storm approaches equilibrium.
The coefficient A in the Z = AR relation increases with D, while the exponent b approaches unity. The
D, and A pair increase with, and appear to be determined largely by, the updraft strength, thus providing
a possible means of determining the appropriate algorithms for rainfall measurement. Although the small
drop number samples measured by the surface disdrometer relative to the large volumes sampled by a radar
tend to truncate the DSD at both small and large drop sizes, narrow distributions with w = 5 to 12 cannot
be attributed to such an effect. Such narrow DSDs accord with common experience of monodispersed large
drops at the beginning of a convective storm. There is also remarkable agreement of the surface-based
observations of ZDR-Z-D,, with the time-space variations from C to T to S rain types observed by radar
in England and elsewhere. Because the C region of a storm often accounts for a major share of the rain
accumulation despite its shorter duration, it is particularly important to measure that region more accu-
rately. There are distinctive clusters of the generalized number parameter Ny, versus D, between maritime
and continental storms. Methods for remote sensing and parameterization must partition the rainstorms
into convective, transition, and stratiform segments.
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Microphysics of Raindrop Size Spectra: Tropical Continental and Maritime Storms

1. Introduction

In a prior work by Atlas and Ulbrich (2006, herein-
after AU1), we dealt with the nature of the parameters
of the gamma distribution of raindrops in maritime
tropical convective storms. In the current paper we fo-
cus on continental tropical convective storms and their
comparison with their maritime counterparts. In par-
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ticular we shall deal with drop size distributions (DSDs)
observed during the Tropical Rainfall Measuring Mis-
sion Large-Scale Biosphere—Atmosphere (TRMM
LBA) experiments in Rondonia, Brazil (Atlas and Wil-
liams 2003, hereinafter AW), and near Arecibo, Puerto
Rico, in 1998 (Ulbrich et al. 1999). The convective
storms in both places are more intense than those found
in the oceanic regions and produce larger raindrops.
The ultimate goal is to define the dominant properties
of the drop size distribution, their microphysical origin,
and their association with the physical characteristics of
the storms responsible for their generation in the ex-
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pectation that one may determine a matrix of radar-
rainfall algorithms matched to those physical features.

The attempt to make such a match has a long and
rich history starting with Marshall and Palmer (1948),
Wexler (1951), Imai et al. (1955), Atlas and Chmela
(1957), Mueller (1965), Fujiwara (1965), Cataneo and
Stout (1968), Tokay and Short (1996), Testud et al.
(2001), and so on. All these and more are summarized
in a notable comprehensive review and synthesis by
Rosenfeld and Ulbrich (2003). They have shown how a
variety of physical processes such as coalescence,
breakup, evaporation, size sorting by drafts, and wind
shear affect the DSD. They have also ordered the me-
dian volume diameters D, and water contents based
upon DSDs and Z-R relations in 12 regions ranging
from maritime to continental. What they and other in-
vestigators have omitted, however, was the fact that
most of the studies on which they draw failed to parti-
tion each storm into their Z—R relations according to
convective (C), transition (T), and stratiform (S) rain,
so that those relations are a nonlinear combination of
the various rain types. Even the work of Fujiwara
(1965), which classified the storms as “continuous rain,
rain showers, and thunderstorms,” failed to divide the
thunderstorms into their C, T, and S subsets. One of our
main goals is to overcome such oversights.

Another important recent contribution is the work of
Bringi et al. (2003, hereinafter BRAL). They used po-
larimetric radar and surface-based DSD observations
to find distinct clusters of the “generalized” drop num-
ber concentration and the mean volume diameter for
maritime and continental convective storms. This has
led us to determine the specific features of the DSDs
and the nature of the physical storm characteristics cor-
responding to such clusters.

Still another perceptive critical review of precipita-
tion measurements by radar from ground and space is
the paper by Chandrasekar et al. (2003). They point out
the variety of practical factors that limit the use of
DSD-based Z-R relations for actual rainfall mea-
surements. Nevertheless the latter relations remain an
important point of departure for understanding the
physical processes. Throughout this work we also refer
frequently to the exceptional book by Bringi and Chan-
drasekar (2001, hereinafter BC).

The instrument used in the observations reported
here is the Joss—Waldvogel Disdrometer (JWD, also
known as the RD-69; Joss and Waldvogel 1967). The
pros and cons of the JWD and references thereto have
been discussed in AUL. All the samples are of 1-min
duration. The instrument dead time correction was ap-
plied to calculations performed in this work, including
those described in the next section, and it was found to
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have only a minor effect on integral parameters calcu-
lated from the DSDs. We shall refer again to the limi-
tations of small samples observed by the JWD relative
to the very large volumes observed by the radar pulse
volumes later.

Throughout this study we use the well-known gamma
function to represent the DSD (Ulbrich 1983) given by

N(D) = NyD" exp(—AD), (1)

where D is the drop diameter, w is the shape parameter,
which increases as the breadth of the DSD decreases,
and A is the slope parameter, which increases with the
slope of the large size portion of the spectrum and also
affects the DSD breadth.

Chandrasekar et al. (2003) cast some doubt on the
validity of Eq. (1). They believe the downward curva-
ture and therefore decreased numbers of small drops
relative to an exponential distribution is merely an at-
tempt to fit an experimental DSD in which the small
diameter drops are underestimated by the instrument.
They conclude that this is especially true for the dis-
drometer. However, as shown in Atlas and Ulbrich
(2000), the gamma DSD is a realistic representation of
the actual DSDs observed at the surface during the
convective regions of thunderstorms, especially when it
appears that equilibrium DSDs exist in upper levels of
the storm. Because of the size sorting by the updraft
aloft, the numbers of small drops can be considerably
less than that predicted by an exponential DSD. Sau-
vageot and Lacaux (1995) also conclude that the small
drop masking effect “is only of minor consequence and
cannot explain the rarity of small drops in tropical rain-
fall.”

For ease of the reader, Table 1 includes the set of
equations that are used in this work. It is an extension
(with corrections) of Table 10.4 in Rosenfeld and Ul-
brich (2003).

Section 2 describes the environment, the drop growth
processes, and the properties of the DSDs observed in
Brazil during the TRMM LBA (hereinafter simply
LBA or Brazil) experiment and those at Arecibo. The
latter section also deals with the physical interpretation
of the behavior of the parameters of the gamma distri-
bution and how they influence the relations between
radar reflectivity (Z at horizontal polarization), differ-
ential reflectivity (ZDR) and the properties of the rain-
fall. Section 3 focuses on the climatological variations
of the raindrop size spectra in convective portions of
storms in maritime and continental regimes and the
responsible physical mechanisms. Section 4 treats the
resulting Z—R relations and section 5 presents the sum-
mary and conclusions.
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TABLE 1. Relations between sets of rainfall parameters as found from their theoretical definitions in terms of a gamma drop size
distribution. All relationships involving R assume a power-law fall speed relation of the form v(D) = 16.7D°%7 (Atlas and Ulbrich 1977),
where v(D) is in meters per second and D is in centimeters.

Parameters Relation Equation No.
Gamma DSD N(D) = NyD* exp(—AD) (T1)
Dy, 1, A D, = (3.67 + w)/A (T2)
Dy, D,,,, n D, /Dy = (4.0 + p)/(3.67 + ) (T3)
D2, o2 /D2, = 1/(4 + p) (T4)
Z, R 7Z = AR®, 106F(7 4 M)Naz.33/(4.67+m y T+ (T5)

T [3331T (467 + )] 767+ T 467+
Dy, R D, = R, B 3.67+ 5 1 (T6)
¢ [33.31N,I(4.67 + w)]"/ 67w 4.67 + p
Ny, R N, = £R", [(1 + p)NZOE6T4w 14 (T7)
- [33.31T(4.67 + )] F#/@67+mw =467+
W, R W = (R, al(4 + p)NOSTA46T+1) d+np (T8)
- 6[33.311°(4.67 + )]+ #/@67+m “TaeT+
Nw. W.D,, 44 /w (T9)
M= (D—)
Ny Nz _ 441+ w2+ wE+ p (&) (T10)
" 64 + )’ D,
F(w) 6 (3.67+ w? (T11)
fw) =

3.67 T4+

2. Observations
a. Brazil—LBA

1) THE ENVIRONMENT AND MICROPHYSICS

The storm treated here was discussed in greater de-
tail by AW; however, they omitted the in-depth treat-
ment of the DSDs. The storm passed over the profiler
radar at the Ji Parana airport (Rondonia, Brazil) on the
afternoon of 17 February 1999. The large-scale easterly
wind regime was controlled by the ITCZ located to the
north of the Rondonia region; however this storm had
a southwest trajectory over the airport. Easterly wind
regimes transport more aerosols and higher convective
available potential energy air (CAPE = 2158 JKg ') as
a result of the dry continental fetch than do westerly
wind regimes in which the airflow is over the moist
aerosol-poor environment of the Amazon basin (Hal-
verson et al. 2002). The storm was intense; it reached a
height of 14 km and the maximum updraft exceeded
24 m s~ '. However, most of the precipitation develop-
ment occurred by warm processes (AW). AW concen-
trated on the anatomy of the storm as observed by the

array of instruments; here we focus on the characteris-
tics of the drop size spectra.

Figure 1 shows the time record of the rain rate R
(dBR), radar reflectivity factor Z (dBZ), the median
volume diameter D, (mm), and the parameter Ny,
(dBN) throughout the 27 min of the storm {Ny,
(dBN) = 10 X log;o[Ny(m > cm™')]}. Here, N,y is the
normalizing constant defined as the intercept of an
equivalent exponential DSD with the same water con-
tent W (Testud et al. 2001; BC). See Table 1 for the
relation of Ny, to the conventional total drop number
concentration N,, and the parameters mean volume
diameter D,,,, liquid water content W, and the shape p.
Except for the first two and last three minutes, the
entire period is marked by very large D, (2-3 mm),
large Z (45-53 dBZ), and large R (R, ~ 120 mm h™').

The method of calculating the DSD parameters is
described by Zhang et al. (2003). They used the second,
fourth, and sixth moments of the distribution. This
method tends to place emphasis on the middle of the
drop size distribution and thus avoids any difficulties
associated with undercounting of small and large drops.
Nevertheless, as mentioned earlier, the decreasing
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FiG. 1. Time dependence of R (dBR), Z (dBZ), D, (mm), and Ny, (dBN) at Ji Parana,
Amazonia, Brazil, during the LBA experiment on 17 Feb 1999, in local time. Note ordinate
scales for each parameter {Ny,(dBN) = 10 X log;o[Ny, (m~> cm™1)]}.

numbers of small drops is considered to be real for the
tropical storms and cannot be explained entirely by in-
strumental effects.

As indicated above, the entire period of rain is con-
vectively generated as shown by simultaneous observa-
tions made with the vertically pointing 915-MHZ radar
profiler (AW, their Fig. 1). Reflectivity exceeded 43
dBZ, and the mean upward Doppler velocity exceeded
8 ms~' from near the surface up to the 0°C level
throughout most of this period.

AW showed that the dominant particle growth oc-
curs almost entirely below the 0°C level during the ini-
tial phase (i.e., leading edge) of the storm between 1700
and 1715 local time (LT). The major growth takes place
where the drops are approximately balanced by the up-
draft. The near balance of the drops extends the resi-
dence time for operation of the collision, coalescence,
and breakup (CCB) process so that the DSD reaches
equilibrium. It is evident from the profiler observations
for 1410 LT (not shown) that all the growth is occurring
below the 0°C level.

The draft also partitions the DSD into small parti-
cles that rise and fall out elsewhere if they survive, and
large ones that reach the surface in narrow distribu-
tions. From the base of the updraft to the surface the
fall speed of the large drops is nearly constant and
corresponds approximately to the updraft speed. This
is particularly relevant because it suggests that the
largest drops and the associated radar reflectivity are
controlled by the updraft so that the appropriate
Z-R relation may be estimated from the storm inten-
sity.

In the later stage of the storm, following 1715 LT, the
updraft rises above the 0°C level and increases in speed
so that one finds ice particles balanced in the 6.5- to
8-km layer, and the largest particles have fall speeds

of ~9 to 18 ms™ ' corresponding to maximum hail size
of about 1.5- to 2-cm diameter. This condition is asso-
ciated with the onset of a sharp increase in lightning.
Although the melting particles contribute to the rain
during this period, the 0°C level is sufficiently high (5
km) that the CCB dominates the nature of the DSD at
the surface. This is supported by the continued nearly
constant values of Z and D, between 1705 and 1730 LT.
The reader is referred to Hu and Srivastava (1995),
Atlas and Ulbrich (2000), AU1, and AW for further
discussion of the mechanisms responsible for the
growth of the large drops and near-equilibrium DSDs
and for other references.

2) PROPERTIES OF THE DROP SIZE DISTRIBUTIONS

Figure 2 shows the pu—A-D, plot following the
method used in AUL. For simplicity we shall refer to
this as the gamma parameter diagram (GPD). The lines
of constant D, depict the relation D, = (3.67 + n)/A in
Table 1. As indicated in Fig. 1, all but one point fall in
the range 2.0 < D, < 3.0 mm. The shape parameter w
ranges from p ~ 3 to 11.5 while the slope parameter A
ranges only from 2 to 7 mm ', respectively. The value
of w = 11.5 corresponds closely to the very narrow
DSD reported by Atlas and Ulbrich (2000, their Fig.
2¢). The D, and p values are the largest found in any of
the four storms considered here and in AUI.

Figure 3 is a plot of ZDR versus Z for this storm.
Because of the uniformly large Dys on the right-hand
ordinate, ZDR ranges from about 0.9 to 2 dB for 40 <
Z < 53 dBZ and falls along the relation ZDR =
0.0937°2% almost identical to that for the Arecibo
storm (as shown later in Fig. 6). The differential reflec-
tivity values are based upon the ZDR-D,, relation of
BC (section 7.1) shown in the legend.

The ZDR-D,, relation depends upon w, D, and the
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F1G. 2. Plot of w vs A with isopleths of D, on the GPD for LBA
on 17 Feb 1999. The entire period is classified as convective. Sym-
bols correspond to drop diameters indicated in legend. Note that
all but one sample falls in the range of 2-3 mm. All samples are of
1-min duration.

maximum diameters in the DSD. The larger the drops,
the greater the polarization shape effect. BC have de-
veloped a mean fit assuming —1 < u = 5,05 = Dy =
2.5 mm, and the DSD intercept N, chosen to be con-
sistent with thunderstorm rainfall rates. Clearly, the
narrower the DSD (i.e., larger p), the larger the num-
ber of drops in the larger sizes, the greater the drop
shape effect, and the larger the ZDR. This is very likely
the reason for the somewhat larger values of ZDR
shown by Bringi et al. (2002, their Fig. 2) and the very
large ZDR values reported by Zhang et al. (20006, their
Fig. 4) for the leading edge of convective rain. Similar
behavior of the ZDR values will be seen later (in Fig. 6)
for Arecibo, where the data are constrained within a
narrower range of large Z and corresponding large
drop sizes of 2.0 < D, < 3.0 mm. We shall discuss this
further in section 2b(3). In view of the large scatter in
the ZDR-D,~Z relations found by BC (their Figs. 7.20
and 7.23) and by Zhang et al. (2006, their Fig. 4) we
shall continue to use the ZDR-D,, relation shown in
Fig. 3 while recognizing its limitations for the large u
and D, values.

b. Puerto Rico—Arecibo

1) THE ENVIRONMENT

The next set of drop size distribution observations
was acquired at the National Astronomy and Iono-
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FIG. 3. Plot of ZDR (dB) vs Z (mm® m ) for LBA data as in
Figs. 1 and 2. The scale of D, on the right ordinate is based upon
the ZDR-D,, relation in the legend along with the ZDR-Z re-
gression relation. The points with the legend in the top right cor-
respond to the time sequence of observations made with the
NCAR CP-2 radar in Alabama (Fig. 7.27 of Bringi and Chan-
drasekar 2001). The solid curve is that of Illingworth and Caylor
(1989). See text for details.

sphere Center (NAIC) in Arecibo during October
1998. The data were collected as a part of an experi-
ment in which the NAIC dual-wavelength (UHF and
VHF) Doppler radars, a UHF interferometer, an elec-
tric field mill, and surface meteorological instrumenta-
tion were used to observe tropical thunderstorms. The
goal of the experiment was to determine the transport
of NO, formed in lightning flashes into the stratosphere
by circulation patterns in and around thunderstorms.
Preliminary results from the experiment were described
in Ulbrich et al. (1999).

Drop size distributions observed by the JWD were
collected at NAIC on 20 days during September and
October 1998. The instrument dead time correction was
applied to calculations performed in this work, and it
was found to have only a minor effect on integral pa-
rameters calculated from the DSDs.

Only seven days on which data were collected in-
volved storms with total precipitation depth exceeding
10 mm. The strongest of the storms occurred on 15
October and involved a total depth of rainfall of 47.2
mm and displayed a structure similar to that which has
been observed for tropical storms in Tropical Ocean
and Global Atmosphere Coupled Ocean—Atmosphere
Response Experiment (TOGA COARE; hereinafter
TOGA) as described by Atlas et al. (1999). The storm
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F1G. 5. Time dependence of R (dBR), Z (dBZ), D, (mm), and Ny, (ABN) at Arecibo, Puerto
Rico, on 15 Oct 1998 in local time. Note ordinate scales for each parameter. The record has
been divided into the large-drop, large-Z region of convective segments (C1, C2), the pro-
gressively decreasing Z in the transition (T) region, and the remaining stratiform (S) rains {Ny,

(dBN) = 10 X log;o[Ny (m™2 cm™H)]}.

had fairly well defined periods that could be classified
as C, T, and S as shown in Fig. 4. The rules for the latter
classification are as follows: 1) the C region is marked
by Z > ~45 dBZ and D, > 1.5 mm, 2) the S region is
marked by considerably smaller values of Z and D,,
and 3) the T rain was identified as that between C and
S. When the radar profiler or scanning radars were
available we also used the structure of the reflectivity
and Doppler velocity patterns.

On 15 October, convection was initiated on the wind-
ward (eastern) slopes of the interior mountains of Pu-
erto Rico at about 1315 LT with individual cells propa-
gating toward the west-northwest. By 1430 LT the cells
had grown to maturity as they passed over the location
of the disdrometer, attaining maximum altitudes of ap-
proximately 14 km, equal to those observed in the LBA
storm. The lowest-level (0.4°) plan position indicator
(PPI) at 1456 LT is shown in Fig. 4a along with the
Range Height Indicator (RHI) at 289° azimuth, which
passes over the JW disdrometer (Fig. 4b). The white
dots on both the PPI and RHI correspond to the posi-
tion of the JWD. The PPI and RHI are discussed fur-
ther below.

A sounding of meteorological parameters for San
Juan, Puerto Rico, at 1600 LT (not shown) showed the
lower-level environmental winds out of the east-
southeast at about 10-15 kt (1 kt ~ 0.5 ms™'); indi-
vidual cells in the storm moved at 15 kt in the same
direction. Environmental winds backed into the north
at about 10 km and eventually at higher levels to the
west-northwest at about 15 km. This is reflected in the
structure of the upper-level clouds associated with the
storm that turn to the south in the middle levels and
eventually toward the east in the highest levels. The
CAPE = 3348 J Kg ™!, thus indicating a very unstable
atmosphere. The surface dry bulb and wet bulb tem-
peratures were 28° and 24°C, and the 0°C level is at 4.8
km, also close to that in Brazil. As noted in the Brazil
case, the constancy of Z and D, during the first 20 min
of the record (Fig. 5) suggests that the CCB process is
effectively in control despite the likelihood of melting
hail from above. Since the thunderstorm cells on this
date were formed on the windward slopes of the inte-
rior Puerto Rican mountains and not over the ocean, it
has been concluded in this work that the storm was of
continental character.

«—

FI1G. 4. (a) PPI display of reflectivity factor for the Arecibo storm at 1456 LT. The colors corresponding to the Z(dBZ) are shown
on the scale to the left. The red areas correspond to Z levels of 50-55 dBZ. The scale shown at the top of the display indicates the
distance scale. The white arrow shows the direction of movement of the cells to the west-northwest at 8 m s~! (=16 kt). The solid white
dot indicates the location of the disdrometer. The labels C1 and C2 indicate cells associated with the C1 and C2 convective regions
referred to in the text. The numbers associated with these labels are the altitudes of the 50-dBZ contours. (b) RHI display of reflectivity
factor for the Arecibo storm along the 289° azimuth for the time 1517 LT. The solid white dot at the bottom of the diagram is the
location of the disdrometer. The horizontal purple line is the 0°C level. The horizontal white lines are lines of constant altitude above
sea level and are labeled with their height in kilometers. The horizontal axis is labeled with the distance from the San Juan National
Weather Service radar (km). The color scheme for the reflectivity-factor levels is the same as that used in (a).
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2) PROPERTIES OF THE DROP SIZE DISTRIBUTIONS

Figure 5 presents the time plot of Z, R, D,, and the
generalized total number concentration Ny, The rain
lasted for a period of 2.5 h, longer than any other of the
storms treated here or in AUL. It began with a 20-min
convective (C1) burst of large drops with Z ~ 50-53
dBZ, R ~ 100 mm h™!, and D, ~ 2.5-3 mm. This was
followed by a 38-min period with fluctuating values of
all the parameters. However, Z exceeds 45 dBZ and
D, > 2 mm for most of this period; thus, it corresponds
to a convective period, which we have labeled C2. This
is consistent with the existence of an adjacent convec-
tive cell such as occurs in a multicell storm (Chisholm
1973). Cells C1 and C2 at 1517 LT are shown in the PPI
and RHI of Fig. 4. We have compared the sequence of
Z values over the JWD on 22 successive low-level PPIs
between 1425 and 1615 LT (not shown) and found them
to be in very good agreement with those computed
from the drop size spectra. The period 1534 to 1610 LT,
during which Z and D, fall precipitously, is the transi-
tion period, and the remainder of the record corre-
sponds to the stratiform rain. (The associated Z-R re-
lations and cumulative contributions of each zone to
the total rainfall are presented in Table 3, to be dis-
cussed later.)

Note that Ny, ~ 10° m~* cm ™' during the C1 period,
oscillates around that value during C2 and falls slightly
lower during the lengthy T and S rains. This N, is as-
sociated with N, ~ 500-1000 drops m > during the C1
and C2 periods. The sharp changes in N, and D, during
C2 are consistent with those in Z and R for an equiva-
lent exponential DSD. Moreover, although D, varies
between 2 and 3 mm, the DSDs during this period are
reasonably close to equilibrium.

Figure 6 shows the Gamma Parameter Diagram
where rain types are colored red (C1), purple (C2),
green (T), and blue (S). Except for one sample, the C1
period is marked by 2.5 < D, < 2.9 mm, very close to
those in the Brazil storm. It is likely that the 1-min
samples reflect the actual physical variations and are
not due to sampling errors. During the stratiform (S)
period the D, values range from about 0.5 to 1.6 mm
and are reasonably consistent with the regression curve
reported by Brandes et al. (2003) and shown in Fig. 6
that we have previously suggested is due to the strati-
form and transition rains with 0.5 < D, < 1.5 mm in
their Oklahoma storms (AU1).

3) DIFFERENTIAL REFLECTIVITY VERSUS
REFLECTIVITY

Figure 7 displays the relation between the differential
reflectivity ZDR versus Z in colors corresponding to
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FIG. 6. Plot of . vs A and D, on the GPD at Arecibo on 15 Oct
1988. The color code corresponds to the C, T, and S regions of Fig.
5. The symbols correspond to the drop sizes shown in the legend.
All samples are of 1-min duration. Note that the convective D,
samples (C1: red, C2: purple) are mostly close to 3 and 2 mm,
respectively. The one sample at 4.1 mm has been omitted (see
text). The smooth black curve corresponds to the regression re-
lation of Brandes et al. (2003) and falls between about 0.5 and 1.5
mm in the region of stratiform rain.
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those in Fig. 6. With few exceptions log(D,) and log-
(ZDR) increase linearly with log(Z) from S to T to C
rains as expected from Fig. 6. This contrasts with the
TOGA behavior where the T rains showed the smallest
D, and ZDR values. The relation is ZDR = 0.1092%%".
The large scatter in ZDR during C2 reflects that in D,
shown in Fig. 6. The purple curve corresponds to the
relation determined by Illingworth and Caylor (1989,
hereinafter IC) and is based on theoretical calculations
of ZDR and Z using a gamma DSD with w = 0 and a
maximum diameter D,,,, = 8 mm. The IC paper also
shows actual measurements of ZDR and Z made with
the giant Chilbolton (England) 10-cm radar. That ra-
dar, with a 0.25° beam, used a typical sample volume of
300 m? so that it is expected that it would have included
a few of the largest drops up to 8- or even 10-mm di-
ameter. Also, IC indicate the accuracy of the ZDR
measurements to be =0.1 dB, and they show average
incremental values of Z and ZDR as determined by the
Chilbolton radar spanning an approximate range of
30 < Z < 60 dBZ. Those data are not shown in Fig. 7;
however, their theoretical purple curve shown in Fig. 7
is in excellent agreement with their experimental data.
In IC, it is suggested that the agreement of this curve
with that expected for an exponential DSD with u = 0
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FiG. 7. The ZDR-Z-D,, scattergram for Arecibo data of Fig. 6.
The color code is the same as in Fig. 6 and the symbols correspond
to the drop size ranges shown in the legend. Note the ZDR-Z
regression relation in legend and close correspondence to the
purple curve based upon theory and radar observations of Illing-
worth and Caylor (1989). The black curve is that of Zhang et al.
(2003).

and D,,,, = 8 mm indicates the probable existence of
such large drops in the huge radar pulse volumes. One
notes remarkable agreement between the IC averaged
data and the present Arecibo regression relation based
upon surface-measured drop size data in a single storm.
The same is true for the Brazil observations in Fig. 3.
This could be a coincidence. Nevertheless, it is sugges-
tive that the small-sample surface drop size measure-
ments are reasonably representative of what is mea-
sured by a radar of high resolution. The one caveat
follows.

On the other hand, one must raise the question as to
whether or not the narrow DSDs observed by the JWD
are due to truncation of the small numbers of both large
and small drop sizes resulting from the small samples by
the JWD. There was one sample with D, = 4.1 mm,
which may be an indication of such an effect. However,
it was the very first sample and is due to the very small
number of giant drops at the leading edge of the storm.
We believe that it is unrepresentative of the subsequent
samples and have omitted it from the time record in
Fig. 5. Otherwise, the variability of the D, points within
the 20 min of the CI1 period is so small as to indicate
that the sample size is adequate. Thus, we suggest that
the near-equilibrium large D, values in Figs. 1 and 5
imply that they are representative of the large radar
volumes aloft. Although the breadth of the DSDs is
probably reduced by the small sample sizes, it is diffi-
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cult to imagine that the small JWD sample sizes would
have resulted in as narrow a DSD as p = 6-12. We
therefore believe that the spectrum breadths in the C
periods of Brazil and Arecibo are only slightly broader
aloft than indicated by the range 3 < w < 12 observed
by the JWD at the surface. Again, one must recall the
common experience of monodisperse large drops that
occur in the early stages of convective storms every-
where.

With regard to the prior discussion, we refer to Fig.
7.27 of BC that shows the evolution of the ZDR-Z
during an intense storm observed by the 10-cm wave-
length, 1° beam of the National Center for Atmo-
spheric Research (NCAR) CP-2 radar in Alabama. We
have overlaid their data on Fig. 3. One sees that the
observations begin at 1534 (open squares) with a period
of moderate Z < 40 dBZ, but large drops (=24 <
D, < 3.0 mm) and large ZDR. The Z values are small
because of the small number of drops. Eleven minutes
later at 1545 (plus signs) Z,... reaches 55 dBZ and
2.0 <ZDR < 4.0dB (i.e.,, = 2.0 < D, < 3.0 mm). This
corresponds to what we have identified as the C1 and
C2 periods with near-equilibrium DSDs in the present
work. Three minutes later at 1548 (filled squares) ZDR
decreasesto 1.4 < ZDR < 3.4 dB (i.e.,, ~1.7 < D, < 2.7
mm), the transition period, and finally at 1555 (open
circles) to the values corresponding to the Marshall-
Palmer (1948) relation for stratiform rain. Such behav-
ior is consistent with our division of the rain into peri-
ods of C, T, and S segments. If plotted on the ZDR-Z
graph of Fig. 7, the Alabama data mimic the behavior
of the Arecibo storm with the exception of the initial
observations of 1534. However, the 1534 Alabama data
correspond closely to the 1704-1705 LT initial observa-
tions of reduced D, and Z in the LBA storm (Fig. 1).

It is also interesting to compare the vertical cross
sections of Z and ZDR observed in what is described as
a “tropical” storm that produced a flash flood in Fort
Collins, Colorado (as shown in BC’s Fig. 7.29), with
that shown in Fig. 5 of AW during LBA. There is no
evidence of a bright band; the large Z (up to 50 + dBZ)
and the 1.0 < ZDR < 3.0 dB occur entirely below the
0°C level. This is virtually a mirror image of AW’s Fig.
5 both geometrically and in terms of Z and ZDR. How-
ever, BC attribute the large ZDRs to the melting of
graupel and hail, while AW found that the drop growth
was dominated by collision, coalescence, and breakup
in the updraft below the 0°C level until later in the
storm when the strong updraft extended above that
level. We now note that it is probably the high (4.8 km)
0°C level that facilitates the effectiveness of the CCB
process during the entire period of convective rains.

In Fig. 7 we note that the initial convective (C1) pe-



1786

FoLBa, 02/17/99 7
e PR, 10/15/98
[e]
s
OTOGA, 01/17/93/. 3

L ]
| mTOGA, 01 /26//9(3 9

FIG. 8. A plot of D, vs u for convective samples from two days
of TOGA COARE, Arecibo, and LBA as shown according to the
symbols in the legend. The maritime TOGA points fall between
about D, = 1.4 and 2.0 mm and p = 3 and 15. The nearly constant
D, values indicate equilibrium DSDs. The continental LBA and
Arecibo D, samples fall almost entirely within 2 and 3 mm, while
wn ranges between 3 and 10. The modest range of D, indicates
near-equilibrium DSDs. The dashed curves are isopleths of nor-
malized std dev of the mass spectrum o,, = o/D

m

riod is marked by a sharp limit at Z = 53 dBZ, 1.5 <
D, <3 mm, and 2 < ZDR < 4 dB. Such an asymptotic
bound is close to those found by a variety of investiga-
tors (BC; Bringi et al. 2002; Sauvageot and Lacaux
1995; Rosenfeld and Ulbrich 2003; Uijlenhoet et al.
2003). However, it is worth noting that IC, using the
giant Chilbolton radar, report values of 4 < ZDR < 6
dB at 54 <Z < 60 dBZ. One must wonder whether the
difference in these large values from those reported by
poorer-resolution radars is due to the sample size.

3. Climatological behavior: Continental versus
maritime

Here we examine the convective (C) periods in the
continental Tropics as compared with those previously
found in the maritime Tropics in AU1. This subject has
also been discussed in another fashion by BRAL. Fig-
ure 8 presents the data on a more general GPD in
which we have added isopleths of the normalized mass
spectrum width o,, = 0,/D,,,. The symbols correspond
to TOGA on 26 January 1993 (filled squares) and 17
February 1993 (open squares), LBA (open circles), and
Puerto Rico (filled circles). The narrow ranges of D in
all cases indicate equilibrium-type DSDs; the LBA val-
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ues are somewhat broader than the others. We have
omitted the C2 convective period from Arecibo be-
cause the D, values there are similar to those in C1. The
maritime D, values are clearly smaller than the conti-
nental ones, with both p and A extending over a
broader range. This is again due to the fact that D, =
(3.67 + w)/A so that for constant D, u must increase
with A; the less so, the larger D, is. This is physically
consistent with the fact that the slope of the tail of a
gamma DSD increases as the distribution narrows. The
increase in D, from about 1.5 to 1.7 mm for the mari-
time TOGA samples to values of 2.0-2.6 in LBA and a
bit more at Arecibo is also in line with the increase in
the vigor of the storms as indicated by the soundings
and the updraft strength. This was found by Atlas and
Ulbrich (2000) based upon surface and airborne mea-
surements of DSD and updraft strength during TOGA
and by AW using a radar profiler to estimate the up-
drafts and surface observations of DSD in LBA. Note
also that at constant D, the mass spectrum width o,,
decreases with increasing u, as mentioned earlier on
intuitive grounds. Such behavior is also indicated by
Eq. (T4) in Table 1.

We have previously discussed the CCB process in-
volved in generating equilibrium DSDs in which D,
increases with updraft strength. It has also been de-
scribed in greater depth by AUl and AW. The CCB
mechanism was shown to dominate in the early stages
of the LBA storm. It is only later in the storm’s life and
further back from its leading edge where the updraft
extends to heights above the 0°C level that graupel and
hail produce melt water to add to the warm rain pro-
duced below. This is also the period during which light-
ning begins or increases in intensity (AW). These are
the reasons that we find equilibrium or near-
equilibrium DSDs in the initial convective rains and
why the median volume drop sizes are larger in the
tropical continental storms. BRAL also state that “at
high rain rates, the radar and disdrometer D, values
range toward a stable value around 1.7-2.0 mm, reflect-
ing the tendency to equilibrium-like distributions where
drop breakup and coalescence are in near balance.” We
qualify this statement to note that the rain rates often
vary during the equilibrium period (AU1) as a result of
the changes in number concentration.

BRAL have also shown interesting features of the
properties of stratiform and convective storms in a va-
riety of climatic regimes. Here we would like to clarify
and extend their findings. They also use the mass
weighted diameter D,,, in that work. The relation of D,,,
to D, is shown in Eq. (T3) of Table 1. First of all their
Fig. 5 shows that the spread o,,/D,, of the mass distri-
bution decreases with w in a manner similar to that
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expected from the gamma distribution as indicated by
Eq. (T3) in Table 1. This is also indicated in our Fig. 8.
For the eight regions treated in BRAL (i.e., Papua,
New Guinea, to Darwin, Australia, to Austria, and
Colorado, etc.) they conclude that “the average shape
of the DSD can be represented by the gamma form . ..
with (u) ranging from 1 to around 10.” The most tropi-
cal, near-oceanic regime is Papua with (u) = 9. This is
very similar to the average value found in TOGA
(AU1). BRAL also reported an outlier of {(u) ~ 1 (very
close to that for the Marshall-Palmer DSD) for a con-
vective storm in Colorado.

BRAL then display a plot of log(Ny,) versus (D,,),
where Ny, is defined by Ny, = (256/mp,,)(W/D3,) and
p,, = 1.0 gm cm 2 is the density of water (Table 1). The
DSD may then be expressed as N(D) = Ny f(n)(D/
Dy)* exp[—(3.67 + w)D/D,] [where f(w) is given by Eq.
(T11) in Table 1]. Thus the more water is concentrated
in large D,,, the smaller Ny, is (BRAL, their Fig. 11)
and the narrower the DSD is (i.e., u is larger; BRAL,
their Fig. 5).

BRAL then show that on a plot of Ny, versus D,,
their data divide into two distinct clusters correspond-
ing to maritime and continental convective storms. For
maritime storms, log;,[(N,,) (m > mm )] ~ 4-4.5 with
(D,,» =~ 1.5-1.75 mm, that is, a large concentration of
medium-sized drops. The second “cluster” is character-
ized by (D,,) ~ 2-2.75 mm and average log;o[(N,,) (m >
mm )] ~ 3-3.5 and corresponds to the regime varying
from the U.S. high plains (Colorado) to continental
(Graz, Austria) to subtropics (Sydney, Australia) to
Tropics (Arecibo). This “continental like” cluster may
be defined as that which reflects a DSD characterized
by a smaller concentration of larger-sized drops as com-
pared with the maritime-like cluster.

To compare our data with those of BRAL, Fig. 9
shows only observations from the convective (C) seg-
ments of the two maritime and two continental storms
on an Ny~D,, plot coded as indicated in the legend. For
clarity we have also superimposed curves of rainwater
content W and isopleths of w = 3 and 9 for each of the
sets of values of 10log;(N,) = 20, 25, and 30 dBN,
where N (m?) is the total number concentration. Su-
perimposed upon the scatterplot are two ellipses that
contain most of the maritime and continental data for
“convective” storms in Fig. 11 of BRAL. We must re-
call that their values for convective storms cover the
entire storm, however, including what we have identi-
fied as the convective, transition, and stratiform sec-
tions.

We see that there is good agreement between the
bulk of the 1-min samples in the two TOGA storms
with the BRAL maritime ellipse and between the LBA
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FiG. 9. A plot of the generalized number concentration Ny,
(m~> mm™"') vs the mass weighted mean diameter D,,, (mm) with
contours of water content W (g m>) and contours of u = 3 and
9 for total number concentrations N, (ABN;) of 20, 25, and 30.
The open circles correspond to the continental convective samples
only in LBA; the solid circles are for Arecibo. The open and solid
squares correspond to the maritime convective points observed
during TOGA COARE on the days indicated in the legend. The
ellipses correspond to the maritime and continental clusters re-
ported by Bringi et al. (2003) and agree remarkably well with the
individual one-min sample of convective rain in both regions. The
points labeled with times 1704, 1705, 1730, and 1430 occur either

at the very beginning or the end of the convective period and are

considered to be unrepresentative {N, (dBN;) = 10log,o[N; (m

cm D).

(open circles) and Arecibo (filled circles) convective
segments with their continental ellipse. (We have omit-
ted the data corresponding to convective period C2.) It
is also significant that both ellipses are centered below
the center of the bulk of the corresponding data for our
convective storm segments. This is due to the inclusion
of transition and stratiform data within each of the
BRAL convective storms. Their Fig. 10 shows how the
average Ny, decreases with D,, in stratiform storms
from about 10*m *mm 'at D,, = 1.25mm to 10° m >
mm ' at D,, = 1.75 mm, thus accounting for the lower
centers of the ellipses for the BRAL data. The latter
behavior may also be discerned from the (N,,, W, and
D,,) relation [Eq. (T9) in Table 1]. For constant rain-
water content W, Ny, decreases as (D,,)”*, so that the
increase in D,, from about 1.5 to 2.5 mm corresponds to
about an eightfold decrease in Ny,.

One also notes the three very low Ny, points for LBA
and the one low point for Arecibo at D,, = 4.1 mm.
Three of these occurred mainly at the very start, as
expected from long experience with the few large drops
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TABLE 2. The physical properties of the convective portions of
maritime and continental convective storms with equilibrium or
near-equilibrium DSDs.

Property Maritime Continental
D, (mm) 1.3-1.7 2.0-3.0
n 3-15 3-9
A (mm~*h) 4-12 3-6
W (g m™3) 1-4 0.5-2.0
Ny (m™> mm™1)* 2 X 10* 2 % 103
Process CCB—warm CCB—mostly warm
Colorado** Melt graupel-hail
* From BRAL.

*#* This is an outlier.

observed at the start of a storm. Note as well that the
rainwater contents W for the convective segments of
both maritime and continental storms are about the
same (~1-5 g m >) and are larger than those for the
storms that compose the two ellipses for the same rea-
sons mentioned above. Moreover, we see that the mari-
time storms, which were previously found to have
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smaller D, and a larger range of w (from 3 to 15 in Fig.
8), have concentrations ~25-30 dBN,, while the conti-
nental storms with 3 < p < 9 have concentrations of
about 20-25 dBN;. Based upon the present observa-
tions in continental storms, those of AU1 in maritime
storms, and those of BRAL in both, their typical fea-
tures are summarized in Table 2.

4. Implications for remote sensing

Because the DSDs differ for maritime and continen-
tal storms, and also vary with the nature (C, T, or S)
within each storm, it is evident that there will be a
matrix of relations between radar reflectivity, Z, and
rainfall rate, R, that is, relationships matched to the
matrix of physical conditions. Table 3 presents a set of
Z-R relations for the C, T, and S relations correspond-
ing to the tropical maritime observations in TOGA as
reported in Atlas et al. (1999) and AU, and the con-
tinental observations presented here. We emphasize
that the present relations differ from those expected

TABLE 3. The Z-R analyses for all storms considered in this work. Here C, T, and S label the period of rainfall as convective,
transition, or stratiform. Parameters A and b are the coefficient and exponent in an empirical relation of the form Z = AR®, N is the
total number of drop size spectra used in the fits, and H is total depth of rainfall during each period. Times are local.

Date Period Times A b N H (mm) % of total
Arecibo, 15 Oct 1998
C1 1435-1455 2754 0.90 21 28.48 60.40
C2 1456-1534 1471 0.96 39 16.83 35.70
Cl +C2 1435-1534 906 1.13 60 45.31 96.1
T 1535-1608 310 1.46 34 1.36 2.88
N 1609-1705 280 1.46 54 0.48 1.02
All 1435-1705 294 1.44 148 47.15 100.0
LBA, 17 Feb 1999
C 1705-1732 817 1.16 28 23.1 100
c* 1706-1732 596 1.24 27 23.1 100
TOGA COARE storms, 1993

17 Jan 1993 C 1406-1431 564 1.10 26 14.22 65.35
T 1432-1455 103 1.58 24 3.52 16.18
S1 1456-1515 88.7 1.90 20 1.65 7.58
S2 1516-1540 261 1.52 25 2.37 10.89
All 1406-1540 212 1.39 95 21.76 100

26 Jan 1993 C 1158-1229 334 1.19 32 16.27 37.73
T 1230-1359 142 1.35 90 15.49 35.92
S1 1400-1530 289 1.41 91 6.28 14.56
S2 1531-1640 874 1.07 70 5.08 11.79
All 1158-1640 544 0.98 283 43.12 100

10 Dec 1992 C 0758-0820 766 1.14 27 19.05 75.85
T 0821-0905 187 1.45 45 4.99 19.85
S 0906-1000 223 1.13 54 1.080 4.30
All 0754-1000 247 1.37 126 25.12 100

19 Dec 1992 C 0730-0824 99.2 1.47 55 23.63 56.50
T 0825-1019 202 1.25 103 14.07 33.65
S 1020-1130 252 1.61 71 4.12 9.85
All 0730-1130 314 1.12 229 41.82 100
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from the data of BRAL because they did not separate
the initial convective from the transition rains.

At both Arecibo and Brazil one finds that the C rain
has very large A coefficients and b exponents close to
unity. The large A values are consistent with the very
large values of D, shown in Fig. 7 and 8, and the bs
accord with equilibrium-type DSDs. The A coefficient
for C2 rain at Arecibo is also very large relative to those
with which we are familiar (Fujiwara 1965; Battan 1973;
Rosenfeld and Ulbrich 2003). None of Battan’s 63 val-
ues of b and only one of those of Rosenfeld and Ulbrich
is less than 1.2. But the latter corresponds to an ex-
tremely light rain rate. By comparison, the A values for
the maritime convective rain segments in TOGA are
considerably smaller than those for the continental con-
vective sections because of the generally smaller values
of D,.

With the exception of 12 December 1992, all the b
values for C rain are within the range 1.08 < b < 1.19
corresponding to equilibrium-type DSDs (Atlas et al.
1999; AU1). The anomalous TOGA stratiform rain S2
of 26 January 1993 in Table 3 with large A and small b
has been attributed to the melting of large snowflakes
below a strong bright band and truncation of the DSD
(AU1).

Of the results in Table 3, the percentage contribution
of the convective portions of an individual storm to the
total rainfall is of particular interest. For most of the
storms it is apparent that the majority of the total rain-
fall is contributed by the convective elements. The re-
sults for the TOGA storm on 26 January 1993 appear
not to fit this generalization well, but this has been
addressed earlier. In the case of the C1 and C2 periods
of the Arecibo data, we have also included the Z-R
relation for the combination of the two convective re-
gions. While the Z—R relation changes the cumulative
rainfall remains the same as if measured separately.
From these results, it may be concluded that it is im-
portant that the correct Z—R relation be used to mea-
sure rainfall for the convective portion since it often
contributes the majority of the rainfall for the storm.

5. Summary and conclusions

This work has focused on raindrop size distributions
in tropical continental storms and their comparison
with those in tropical maritime regions as previously
described by Atlas and Ulbrich (2006). We have di-
vided the rains into convective, transition, and strati-
form segments as observed by a disdrometer at the sur-
face in two continental-type storms in Brazil and
Arecibo, Puerto Rico. Such a division permits the char-
acterization of the DSD, the microphysics, and the as-
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sociated Z—R relations in each of the latter classes. The
ultimate goal is to facilitate the selection of the most
appropriate measurement algorithms for the remote
measurement of rainfall and to identify their climato-
logical behavior. The nature of the DSD is described by
the parameters w, A, Ny, and D, of a gamma distribu-
tion or the “generalized” parameter Ny,. The results are
displayed clearly on the u—A-Dy-o or gamma param-
eter diagram as developed by AU1. Our findings are as
follows:

1) Each rain type has a reasonably distinctive set of
D, values that defines the p—A relation on the
GPD. The larger D, is, the narrower is the DSD,
the larger is the range of w (the gamma shape fac-
tor), and the smaller is the range of A (the slope of
the tail of the DSD).

2) The more liquid water that is concentrated near
D, the narrower the DSD is and the larger n and
A are.

3) The D, found in the continental storm at Arecibo
increase from about 0.5-1.5 mm (for S and T re-
gions) to 2-3 mm in C1 and C2 convective cells; p
ranges from 0 to 15 in stratiform rain portions, but
the largest values are usually due to truncation and
small numbers of particles. Values of 3 < p < 12
occur in the C rain regions.

4) The largest D, values at Arecibo and Brazil fall
between 2 and 3 mm with narrow DSDs and large
. These correspond to near-equilibrium DSDs.
Such an equilibrium DSD also occurs in the mari-
time rains of TOGA but with smaller D, and thus
a smaller p and a larger A.

5) The general process for the formation of equilib-
rium DSDs is by collision, coalescence, and
breakup as described by Hu and Srivastava (1995,
and others referred to therein) and elaborated by
Atlas and Ulbrich (2000). The drop growth is en-
tirely in the warm phase in maritime regions and is
predominantly warm in Brazil and Arecibo until
the updraft extends above the 0°C level. When the
rain has a large distance of fall below the 0°C level,
there is sufficient time for the CCB process to op-
erate and control the DSD regardless of the micro-
physics above that level.

6) Narrow equilibrium-like DSDs with large drops
are characteristic of the initial convective rains.
The corresponding coefficient A in Z = AR in-
creases with D, while the values of b approach
unity. The A value is usually much larger and b is
much smaller than most of those reported in the
literature because of the failure of prior investiga-
tors to partition the rain into C, T, and S types.
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7) Because the convective segment of the rain is fre-
quently responsible for the major share of the total
storm rainfall, it is important to select an appropri-
ate Z-R relation for each portion of a storm. We
suggest that this may be done by a measure (or
prediction) of the updraft strength that generally
controls the magnitude of D,

8) The differential reflectivity ZDR-Z relations for
both the Brazil and Arecibo storms agree remark-
ably well with radar measurements in England and
others in Alabama despite the much smaller
samples by the JWD in comparison with the typical
radar pulse volumes. The small JWD samples tend
to truncate the DSD at both small and large sizes
because of the greatly reduced number of such
drops and thus they produce a somewhat narrower
DSD than is likely to be present aloft. However,
this cannot explain such a narrow DSD as that with
n = 6-12.

9) ZDR depends not only upon D, but also on u and
D,.... That is, the narrower the DSD is, the greater
is the number of drops centered around D, having
large ellipticity and, the larger the polarization
shape effect is, the greater ZDR is. These big drops
are also larger than those found in maritime storms
for the same reasons.

10) The evolution of the ZDR-Z relation observed by
polarimetric radar in Alabama is consistent with
the time and space dependence of convective, tran-
sition, and stratiform rain, thus supporting the need
for selecting algorithms suited to the rain types.

11) The Ny~D, pairs found here and implied in AU1
agree with the findings of distinct clusters of such
pairs by Bringi et al. (2003) for maritime and con-
tinental convective rains. Agreement is improved
when considering the fact that BRAL included
both transition and stratiform rains in their convec-
tive storm grouping.

12) Methods for remote sensing and parameterization
must partition the rainstorms into convective, tran-
sition, and stratiform segments.

13) As in all other studies based upon point DSD ob-
servations at the surface or aloft, the results pre-
sented here are subject to the caveats associated
with making measurements with a real-world ra-
dar.
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