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ABSTRACT

The shape of averaged drop size distributions (DSD) is studied from a large sample of data (892 h) collected
at several sites of various latitudes. The results show that neither the hypothesis of an exponential distribution
to represent rainfall with a high rain rate (R) nor the concept of equilibrium distribution arising from the various
models using the parameterization of Low and List is compatible with the observations. To describe the DSD
two regions have to be distinguished: a small-drop region, for diameter D smaller than a threshold D,, and a
large-drop region, for diameter D larger than D,. For D < D, the distributions are strongly dependent on R and
on 2,, the height of fall of the rain from the base of the melting level. The decrease in the relative number of
small drops with increasing R suggests that in this region the depletion of the small drops by the big ones is not
totally compensated for by the input of small drops due to the collisional breakup process; there is no stationary
state for D < D.. In the big-drop region, for D > D,, the slope of the distributions is almost independent of D.
At low values of R (<20 mm h™') it decreases when R increases, and not much depends on z,. For increasing
values of R beyond about 20 mm h ™', the slope of the distributions tends toward a constant value of about 2.2~
2.3 mm™'. This suggests a certain stationarity between the coalescence and collisional breakup processes in
intense rainfalls. It also appears that the two regions are not much influenced by each other. The value of D,
increases with R and with zo. The relation between the radar reflectivity factor (Z) and R obtained from the
averaged DSDs are close to those calculated from nonaveraged data and compatible with those proposed in the
literature. The differences observed between the coefficients of Z—R relations for various types of rain are
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essentially due to the differences in small-drop concentration.

1. Introduction

The drop size distribution (DSD) is the main term
used to describe and discuss rain physics. The DSD and
its moments also are the basis of the definition and
computation of most parameters intervening in the
problems of microwave propagation within clouds and
rain, notably in rainfall estimation by radar. That is the
reason why many efforts were made to measure, un-
derstand, and model the DSDs (Marshall and Palmer
1948; Joss and Gori 1976, 1978; Feingold and Levin
1986, FL hereafter; Zawadski and de Agostinho An-
tonio 1988, ZA hereafter; Willis and Tattelman 1989,
WT hereafter; McFarquhar and List 1991; among
many others).

The DSD characteristics depend on microphysical,
dynamic, and kinematic processes that interactively in-
fluence the falling rain. Srivastava (1978, 1982) sug-
gests that the two main processes controlling the shape
of the DSDs are coalescence and collisional breakup.
To establish the budget of the competing effects of
these two processes, he developed a simple parameter-
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ization of them and applied it to an exponential DSD,
that is, a DSD for which the number density distribu-
tion is

N(D) = Ne™?, (1)

where D is the spherical drop diameter and Ny and A\
are parameters.

He shows that the DSD evolves with time toward a
stationary (or equilibrium) state when the effect of co-
alescence (which increases the large-drop number and
decreases the small-drop number, causing \ to de-
crease) just balances the effect of collisional breakup
(which is the inverse of the coalescence one). In such
stationary conditions \, the slope of the exponential
DSD, remains constant, and N, is proportional to the
rainfall rate R. Constant slopes for large rain rates were
also proposed by List and Gillespie (1976) from a nu-
merical model.

There is some observational evidence in support of
a constant value of \ for a high rainfall rate (Blanchard
and Spencer 1970). The experimental values men-
tioned in the literature are A ~ 2.2-2.3 mm™' for R
> 25 mm h~! (Mueller and Sims 1966), A\ ~ 2.6 mm™"
for R > 40 mm h~! (Sekhon and Srivastava 1971),
and A\ = 2.2 mm™" for a liquid water content W > 1.2
gm™ (i.e, R > 28 mm h~') (Pasqualucci 1982). But
there is no unanimity and, for example, WT, using a
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new set of DSDs in intense rainfall and reanalyzing
Mueller and Sims’s data, found that \ continues to de-
crease when R increases beyond 25-40 mm h™'.

Low and List (1982, LL hereafter) proposed from
laboratory experiments a sophisticated parameteriza-
tion of collisional breakup that was used in many nu-
merical modeling studies on the evolution of DSDs in
warm rain shafts (Valdez and Young 1985; List et al.
1987, LDS hereafter; Feingold et al. 1988; Brown
1991; Brown and Whittlesey 1992; among others).
These studies lead to the conclusions that the DSDs
tend to a universal form; that is,

N(D, R) = Ry(D), (2)

where R is the rainfall rate and ¢ a generic shape func-
tion independent of R. Srivastava’s results appear as a
particular case of (2) where (D) is exponential. Be-
cause the distributions have three peaks (i.e., absolute
or secondary concentration maxima for preferential
drop sizes) they are called three-peak equilibrium dis-
tributions (or 3PED). The 3PED is independent of the
DSD considered at the input of the simulation.

Numerical modeling suggests that the 3PED is
reached only after a very high number of collisions,
that is, in conditions rarely met in nature. Thus, natural
rain would approach the 3PED when its rate is high
and when its fall height (i.e., the height of the melting
level above the ground) is important.

Many field studies were carried out from the ground
or by aircraft in order to determine the DSD character-
istics. However, there are relatively few data corre-
sponding to conditions compatible with the observation
of DSDs that have reached equilibrium. The instrument
that is mostly used throughout the world to observe the
DSD at the ground is the disdrometer (i.e., the drop
size meter, JWD hereafter) devised by Joss and Wald-
vogel (1967). The peaks announced by the theoretical
solutions deduced from Low and List’s parameteriza-
tion were observed using JWD by many investigators
on rains of the midlatitudes (Steiner and Waldvogel
1987) and of the tropical latitudes (LDS; List 1988;
Asselin de Beauville et al. 1988; ZA). Sheppard
(1990) showed that some irregularities in the transfer
function of the electronics used for the diameter clas-
sification of the raindrops by the JWD were sufficient
to produce maxima at diameters similar to those of the
peaks. McFarquhar and List (1992) confirmed this re-
sult and concluded that ‘‘the multiple peak scenarios
previously reported by many authors are entirely in-
strument related.”” Thus, even if these various works
do not prove indisputably the absence of any peak in
the DSDs, it appears that the peaks of the mean DSDs
measured with the JWD can be considered minor in-
strumental irregularities and ignored, which is what
will be done in this article.

Concerning the small drops, some authors, as indi-
cated above, suppose, without unquestionably proving
it, that the discrepancies between observations and the-
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ory, when the rain rate is high, can be explained by a
technical deficiency of the JWD. In the past, however,
many authors have discussed, from observations made
without using the JWD, the departure of the DSDs from
exponentiality for the small drops. For example, Fuji-
wara ( 1965), Cataneo and Stout (1968), and more re-
cently Jones (1992), using raindrop cameras, have ob-
served such a strong lack of small drops that the dis-
tributions are close to a skew-symmetric type.
Theoretical models (List and Gillespie 1976; Brazier-
Smith et al. 1973) support these observations by sug-
gesting that the depletion of the smallest drops results
from their collection by larger ones. Such a departure
from exponentiality led some authors to propose the
representation of the DSDs in the general case (notably
including the tropical DSDs) not by the classical ex-
ponential, which is representative of weak to moderate
rainfalls in midlatitudes, but by gamma (Ulbrich 1983)
or lognormal (FL) three-parameter distributions.

It thus appears that there is currently no general
agreement on the shape of the raindrop distributions.
The validity of the concept of DSD at equilibrium is
not confirmed. The existence in the DSDs of charac-
teristics independent from the rate, that is, an account
of the evolution toward a shape reflecting an equilib-
rium between coalescence and collisional breakup pro-
cesses, needs to be cleared up. It is the same with the
evolution with R of the relative number of the small
drops.

The object of this paper is to present the results of a
study of the DSD shape according to the rainfall rate
from the analysis of a large data sample. The study
focuses more particularly on the evolution with R of
the DSD slope and the relative number of the small
drops. These two characteristics are indeed pertinent to
the discussion of an evolution toward an equilibrium
between coalescence and collisional breakup. The re-
lations between the DSD moments are also discussed.
The sample used contains 53 531 DSDs with a time
resolution of 1 min (i.e., more than 892 h) measured
at the ground in sites located along a north—south di-
rection, from the midlatitudes up to the equator, on rain
associated with stratiform and convective systems. The
rain rates cover a large range (up to 170 mm h™") with
heights below melting level up to ~5500 m.

2. Data
a. The sensor

The measurements were made with a JWD. This in-
strument converts the vertical mechanical moment of
the drops into electric pulses. The sampling area mea-
sures 50 cm?®. Only drops with a volume larger than a
threshold corresponding to a 0.3-mm equivalent spher-
ical diameter are detected. The pulses are converted to
8-bit numbers and sorted according to 25 size classes,
all with the same width AD = 0.2 mm, covering di-
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ameters ranging from 0.3 to 5.3 mm. The appendix
presents a set of experimental arguments showing that
the small relative number of small drops possibly ob-
served with the JWD is essentially real and that the
instrumental cause is marginal. The data were system-
atically corrected for the error due to dead time of the
instrument after the sampling area is hit by the drops
(see the appendix). The measurement time span of a
DSD is always 1 min.

b. The sample

The data sample used was collected at four sites (Fig.
1 and Table 1).

1) A midlatitude site, Brest in Brittany (48°25'N,
4°25'W; altitude 30 m) during a French—British co-
operative campaign called Fronts 87 in the winter of
1987/88. In Brittany, most of the precipitation is as-
sociated with the frontal cyclonic systems of the zonal
circulation. In winter, these systems are well developed
with extended stratiform precipitation at the level of
the warm front and a cold front associated with deep
convection. The mean annual total rainfall is about
1200 mm. The region is flat.

2) An equatorial site, Abidjan (5°25'N, 4°W; alti-
tude 40 m), on the southern Ivory Coast, on the Guinea
Gulf coast, in 1986-—-87 and 1988. In this area, it is
possible to distinguish clearly a long rainy season from
March to mid-July, associated with the northward mi-

gration of the intertropical convergence zone (ITCZ),

and a short rainy season from mid-September to late
November, associated with southward migration of the
ITCZ. The mean annual total rainfall is about 1800 mm.
The region is flat.

Two sites of continental Africa were chosen.

3) Niamey, in southwestern Niger (13°30'N,
2°10"E; altitude 220 m) during the rainy season ( which
lasts about three months, from early July to late Sep-
tember) in 1988 and 1989. Niamey is situated in the
middle of the Sahelian Sudanese strip. The mean an-
nual total rainfall is about 500 mm. The rainy season
is associated with the northward move of the ITCZ. The
- area is very flat. The most significant rain-generating
events are organized in squall lines with a very pure
structure (Desbois et al. 1988). On this site, there was
also a numerized C-band radar (Sauvageot and Des-
paux 1989). ’

4) Boyélé, in the northern Congo (2°50'N,
18°04’E; altitude 330 m) in 1988 and 1989. BoyéIl¢ is
located in the upper basin of the Oubangui River in a
region locally flat. The mean annual pluviometry is
about 1000 mm. The rainy season lasts from early
March to late November. The measurement station was
situated in the Pygmy area, in a vast clearing sur-
rounded by the primary equatorial forest. The main pre-
cipitating systems are also organized in squall lines
there.
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FiG. 1. Location of the data collection sites (see Table 1).
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The data of the two continental African sites were
gathered in only one sample since they correspond to
the same meteorological entity and since the DSD char-
acteristics are essentially identical there.

c. Averaging the DSD

The characteristics of the DSDs observed depend on
the integration conditions in time and space of the mea-
surement (see Joss and Gori 1976, 1978; Smith et al.
1993). The ‘‘instantaneous’’ DSDs, that is, those mea-
sured during a short interval, generally have a strong
variability, due, for example, to kinematic effects on
the drops trajectory (vertical shear of the horizontal
wind, updraft, cellularity of the rain, etc.).

The sampling resolution time of 1 min used to obtain
the DSDs is an interesting compromise since, at the
translation velocities of the rain-bearing systems, it cor-
responds to a displacement comparable to the mean
size of the radar pulse volume; it can thus be used for
the analysis of the variations of some integral param-
eters useful to discuss the radar measurements (notably
R and the radar reflectivity factor Z).

To obtain significant estimations of the parameters
describing the DSDs that can be compared with the
theoretical results, it is necessary to average the instan-
taneous DSDs in order to eliminate the randomly vary-
ing components and to obtain stable distributions.
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TasBLE 1. Data sample designation. Here R is rain rate and z, is the mean altitude of melting level during the rainy season.

Location France Ivory Coast Niger—Congo
Designation of the sample E, E; E,
* Midlatitude Equatorial Africa Continental Africa
Number of 1-min DSD in the sample 9021 27 126 17 384 53 531
Ruwx (mm h7') 54 150 170
Winter: 1.0 Niger: 5.2

2 (km asl) Summer: 2.4 41 Congo: 4.2
3. Averaged distributions N(D) Nr

, (27)%5(Lno ) D

The instantaneous DSDs of each sample were gath- ) 5

ered in eight classes for the tropical rains and seven X exp[—-Ln*(D/Dg)/(2 Ln"0)], (3)

classes for the midlatitude rains as indicated in Table
2. Figure 2 shows the average distributions for the var-
ious rain-rate classes for the three samples E, to E;. For
increasing values of the parameter R, for diameters
larger than the mode, the slope of the distributions is
first seen to decrease then tends to become constant.
When R increases, the relative number of the small
drops decreases for the three samples. The weakness of
the small-drop number increases from E; to Es. For the
two larger rain rates of E; (R > 40 mm h™") the first
three classes are empty; that is, there are no drops with
D < 0.8 mm.

To enable the comparison of these various distri-
butions, the fitting parameters to analytical distribu-
tions were calculated. The fitting to an exponential
distribution will be considered in section 4. To quan-
tify the general shape of the distributions, notably the
relative quantity of small drops, the lognormal dis-
tribution was used. To represent the DSDs, which
show a lack of small drops compared to the expo-
nential distribution, various types of three-parameter
distributions can be used; their compared advantages
were defended and illustrated, notably by Ulbrich
(1983) for the modified gamma distribution, and by
FL for the lognormal distribution. The modified
gamma distribution causes a relatively serious incon-
venience, which is that the dimension of one of the
parameters (Np) depends on another one (), which
introduces a functional dependence between these
two parameters (FL; Chandrasekar and Bringi
1987).

For the present study, three three-parameter distri-
butions were compared: modified gamma, complete
gamma, and lognormal. All give acceptable results.
The lognormal distribution was chosen because the pa-
rameters have a simple geometrical interpretation and
because the moment generating function can be written
very simply in the form of a multiplication of three
terms, each being a function of only one of the three
parameters (this property will be used in section 5).

The lognormal distribution has the following ex-
pression:

where Ny is the total number of drops, Dg is the mean
geometrical diameter, and o is the standard geometrical
deviation of D; namely,

N,=f N(D)dD, 4)
(4]

LnDg = TaD, (5)
Ln’c = (LnD — LnDg)". (6)

In Fig. 3, the variation of the three parameters ac-
cording to R was represented for each of the three sam-
ples.

The value of Ny increases as a function of R with a
derivative decreasing, that is, as a power function of R
with the power n such as 0 < n < 1. Here Nr, for a
given value of R, is the highest for E, (many small
drops) and the lowest for E; (few small drops). For E,
however, beyond R = 10 mm h™}, Ny rapidly decreases
to finally follow the curve of E,. For Dg, an increase
proportional to R" with 0 < n < 1 can also be observed,
but Dg is the highest for E; and the lowest for E;.

Figure 3 shows that ¢ does not vary much with R,
so that o(R) can be represented relatively correctly by
a linear function (Table 3). For E,, the o(R) relation
is similar to that obtained by FL in Israel (see Table
3); that is, o is nearly constant. For E; and E;, the
amplitude of the variation of o, when R varies, is about
10 times stronger than for E,. This fact is important
because the value of the exponential in the expression
of the moments of N(D) is very sensitive to that of o.

The various functions fitted for the three parameters
of the three samples are indicated in Table 3. The func-
tions computed by FL were also indicated in Table 3
for comparison. In Table 3, the relations between these
parameters and R, calculated on our samples, can be
seen to be very tight [correlation coefficient close to 1,
except for o(R) of E, because o is nearly independent
of R].

Each parameter of the lognormal distribution can
thus be expressed by a function of R alone. However,
these coefficients are different for the three samples and
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TaABLE 2. Parameters of the averaged DSDs for the three samples of Table 1. Here R, W, Z, and D, are the rain rate, the liquid water
content, the radar reflectivity factor, and the mean volume diameter, respectively. Also, Ny and \ are the exponential distribution paramaters
(1) obtained by regression on the classes whose size is larger than the mode of the distribution; p is the correlation coefficient of the fitting;
and Ny, D,, and o are the parameters of the lognormal distribution (3).

Exponential Lognormal
Number
Sample Class of rain rate  of DSD R w z D, Ny X Nr D,
name (mm h™") oflmin (mmh) (gm3) (@BZ) @mm) @MY (mm") p (m™®  (mm) o

E, R, R<?2 8065 04 0.024 18.0. 0.92 2474 4.04 0.99 184 0.49 1.52
R, 2<R<4 646 2.7 0.037 29.0 1.19 4694 3.12 0.99 542 0.58 1.59
R; 4<R<6 230 4.9 0.075 33.0 1.38 4793 2.80 0.99 604 0.64 1.61
R, 6<R<8 85 6.9 0.34 349 1.47 5560 2.74 0.99 671 0.67 1.66
Rs 8<R<10 55 9.0 0.42 36.7 1.61 5017 253 0.99 714 0.69 1.66
Rs 10 <R<I1S5 60 12.0 0.55 38.6 1.75 6854 2.44 0.99 584 0.85 1.68
R, 15 <R 60 237 091 43.8 2.08 8234 2.07 0.99 442 1.12 1.70

E. R R<2 18 340 04 0.02 18.7 1.17 1373 3.28 0.99 38 0.93 1.42
R, 2<R<4 2967 29 0.14 29.6 1.30 7384 3.29 0.99 152 1.06, 1.36
R; 4<R<6 1342 49 0.24 32.5 1.41 9325 3.15 0.99 221 1.17 1.34
R, 6 <R<10 1282 7.7 0.36 35.0 1.51 6583 2.67 0.99 268 1.24 1.33
R; 10 <R <20 1366 13.9 0.80 40.1 1.76 9741 2.53 0.99 345 1.34 1.32
Rq 20< R <40 1098 28.4 1.06 429 1.97 13933 233 0.99 461 1.50 134
R, 40 < R < 60 453 47.6 1.81 47.2 2.17 25 878 2.23 0.99 509 1.68 1.33
Ry 60 < R 280 76.9 - 296 50.3 234 36772 2.15 0.99 575 1.83 1.34

E; R, R <2 9388 0.6 0.04 249 1.18 1662 331 0.99 60 0.81 1.49
R, 2<R<4 1806 3.0 0.14 334 1.62 3356 2.85 0.98 145 1.01 1.43
R, 4 <R<6 1440 4.6 0.23 35.5 1.65 3619 2.57 0.99 172 1.13 1.41
R, 6<R<10 1362 7.8 0.36 38.2 1.83 5809 2.51 0.99 202 1.30 1.37
Rs 10 <R <20 1134 14.8 0.60 43.1 2.02 11612 2.50 0.99 231 148 1.36
R 20 <R < 40 1066 27.0 1.07 45.7 2.24 17 652 2.25 0.99 246 1.83 1.30
R, 40 < R < 60 936 48.0 1.80 48.9 2.39 31261 2.20 0.99 316 2.08 1.27
Ry 60 < R 252 73.4 2.70 50.9 246 65343 2.29 0.99 415 2.18 1.25

different from those of FL. For each sample, a tight n, ™ Dinax

relation between Ny and Dg can be written, but the n Jo. N(D)dD o, N(D)dD, (N

coefficients of these relations are different from one
sample to another.

4. Discussion

Globally, what has been said clearly shows that nei-
ther the hypothesis of an exponential distribution to
represent rainfalls with a strong rain rate nor the con-
cept of equilibrium distribution resulting from the var-
ious models using the parameterization of LL, notably
the expression of this concept by an equation of the
form of (2), is compatible with the observation.

Figure 4 shows the distribution R, (47.7 mmh™")
from the E, sample, the distribution R, (48 mm h™')
from the E; sample, the theoretical distribution given
by the LDS model for R = 48 mm h™', and the slope
of the exponential distribution for A = 2.25 mm™!. It
can be seen that the curves are in agreement between
about 2 and 2.7 mm but that the slope of the theoretical
distribution is markedly steeper than the experimental
ones for D > 3 mm and that the high concentration of
small drops prescribed by the theory is not observed in
the data.

Figure 5 shows the variation with R, for the E, to E,
samples, of the n,/n; ratio defined as

where D, is a diameter arbitrarily taken at 1.7 mm. If
N(D) is represented by (2), the n,/n, ratio is constant
whatever the value of R. Figure 5 shows that this ratio is
not constant at all but strongly dependent on R. It de-
creases when R increases, and for a same value of R, it
is higher at the midlatitudes than at the tropical latitudes.

Figure 2 and Table 2 show that, for the rain rate
classes such as R > 20 mm h~', the slope of the dis-
tribution is constant or does not vary much on the side
of the large diameters. To make the following discus-
sion easier, two domains will be schematically distin-
guished in the DSDs: that of the small drops such as D
< Dc, and that of the large drops such as D- > Dc.
Here Dc is the threshold, variable according to R,
above which the slope of the DSDs is constant.

To quantify the value of the slope and the range of
independence from R, the parameters X and N, of the
fitting of the DSDs to an exponential distribution were
.calculated. The exponential distribution is given by (1)
with N(D) and Ny (mm~ m~3) and A\ (mm™"). For this
fitting, only the points corresponding to the diameters
equal to or larger than D, were considered. The results
are given in Table 2. It can be noted that the fitting is
very tight (correlation coefficients are higher than
0.98). Figure 6a shows the value of the exponential fit
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FiG. 2. Averaged DSDs for the three samples E;, E,, and E,,
for the rain-rate classes of Table 2.

slope parameter A versus R. The equation of the curve
fitted to the A — R points for the tropical samples (i.e.,
E, and E;) is (Fig. 6a)
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A =32R70% (8)

where A (mm™") and R (mm h™!). The correlation co-
efficient p = 0.92.
For the E, midlatitude sample, we have

A =3.6R7%°, 9)

with p = 0.99.
For a comparison, the A(R) curve of the Marshall—
Palmer ( 1948) distribution was drawn; the equation is

A =41R%, (10)

The Ny/ A ratio, equal to the zero moment of (1), that
is, to the total number of drops Ny of the distribution,
can be found in Fig. 6b. Here Ny/\ is seen to increase
with R. The equation of the curve is

for E, +E,, Ny=670R%™, (11)

with p = 0.97.
For E;, N;=890R%%, (12)

with p = 0.99.

For low R values \ decreases sharply when R in-
creases, but \ is seen to be roughly constant, around
22-23mm ' forR>20mmh".

)
E
“
Q
0 1 L 1 ¢ L L A S
0 20 a0 60 80
2
P -
- EEE T e —
b 1
0 ¢ : 4 L ' L L =
g 20 40 60 80

R (mmh)

FiG. 3. Variation of the lognormal distribution parameters Nr, D,,
and o for E,, E,, and E; as a function of R. The data used to plot the
curves are given in Table 2.
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TABLE 3. Analytical functions fitted between various parameters and the rain rate R. Here Ny, D,, and o are the parameters of the lognormal
distribution (3); H is the exponential of (15); I, W, and Z are optical extinction, liquid water content, and radar reflectivity factor, respectively.
Also, p is the correlation coefficient of the fitting. The Z,—R relations were obtained by direct regression of the raw data at the 1-min time

resotutions. The results of FL are also given. Values for N7, D, Z, R, ¥, and W are in m™, mm, mm°m ™, mm h™', km™, and g m™,

E] E3
Midlatitude Equatorial Africa Continential Africa FL
Nr = 323R%* Ny = 80R" Nr = 86R** Ny = 1T2R"%
p =074 p =098 p =098
D, = 0.52R*"® D, = 0.97R"" D, = 0.84R*® D, = 0.72R**
p =090 p =097 p =099
o=157+7x107°R o=136—-4x10"R oc=142-3x 107°R o =143 -3 X 10™R
p =083 p =035 o = 0.89
H, = 1.47R*%* H, = 1.23R™%014 H), = 1.35R™*%
o = 0.96 p=0.78 p = 0.98
H, = 2.37R*" H; = 1.60R™%%! Hy = 1.97R™%"
p =096 p =078 p = 0.98
Hyg; = 3.64R*% Hy = 2.01R709% Hye = 2776R™%16
p =096 p =078 o =098
Hg = 34R%% Hg = 6RO H, = 13R0%
p = 0.96 p =078 p =098
I = 0.20R°% T = 0.15R%™ X = 0.13R%”
W = 0.056R"% ‘W = 0.061R*¥" W = 0.053R**
Z = 216R'® Z = 400R" Z = 392R'* Z = 200R'S -
(with o = 1.41)
Z) = 228RIA62 ZO — 369Rl.28 ZO - 364Rl.36
p =098 p =098 p =098

A constant slope for the values of R higher than
about 20 mm h™' was observed by Mueller and Sims
(1966), Seckhon and Srivastava (1971), and Pasqua-
lucci (1982) but denied by WT. Willis and Tattelman
work on DSDs of high rain rate. They use data col-
lected by aircraft at two altitude levels, 3000 and 450
m, with optical sensors, and reanalyze the data at the
ground of Mueller and Sims (1966), which also cor-
responds to high rainfall rates. They find that \ goes on
decreasing when R increases. Figure 7 gathers on the
same plot the four curves presented separately in WT’s
Fig. 3; those are four average DSDs observed at an
altitude of 450 m for four rain-rate classes = 25-62.5
mm h~!(a),62.5-125mm h ! (b), 125-225mm h !
(c), and >225 mm h~' (d). Figure 7 shows that, be-
yond a diameter Dc ranging from 2 mm (panel a) to
3.5 mm (panel d), the slope is constant with a value
of A of about 2.2—2.3 mm h~". For D < Dc, the small-
drop number varies little according to R, which shows
very well, compared with the exponential, a lack of
small drops, which becomes worse when R increases.

_As a result, if the DSDs of Fig. 7 are fitted to an ex-
ponential distribution for D > 1 mm, as WT do it, a
value of \ that goes on decreasing when R increases
beyond 20 mm h ™' is obtained. The WT data are thus
totally compatible and in agreement with one of the
conclusions of the present work—namely, that the
constance of the DSD slope for high values of R is
verified only when D is above a certain threshold Dc,
which depends on R.

The examination of the average DSDs, established
according to the Mueller and Sims data presented by

WT, also shows that the small-drop proportion for com-
parable rates is less important for the tropical obser-
vation sites than for those of the midlatitude.

The comparison of the average DSDs observed by
WT for the same rate classes at the altitudes of 3000
and 450 m (Figs. 2 and 3 in WT) shows that, in all the
cases presented, the proportion of the small drops in
the DSDs is less important in the DSDs observed at
low level, while the slope for D > Dc is not sensibly
modified.

Figures 8a and 8b concerns the slope of the DSDs
for R < 20 mm h™', that is, in the nonstationary field.
It shows, as an example, the DSDs corresponding to
the three samples E, to E; superimposed on a same plot,
for values of R ranging from 2.7 to. 3 mm h™' (panel
a) and from 12 to 14.8 mm h™' (panel b). The slope
of the DSDs for D > Dc in each of the two cases is
found to be almost identical for the three samples. The
curves and conclusions are identical for the other DSDs
(for R < 20 mm h™'). The three samples correspond
to very different rainfall heights; the fall height of the
rain thus does not strongly influence the slope of the
distributions for D > Dc.

The experiment suggests the following.

1) In all the fields of R, the proportion of small
drops and the shape of the DSDs for D < Dc¢ depend
not only on R but also on the fall height of the rain,
that is, the height of the precipitation melting level (z,)
(see Table 1). This shows that the depletion of the
small drops by coalescence is not totally compensated
for by the production by the breakup, and thus that
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F1G. 4. Averaged DSDs for R, of E, and E, and theoretical 3PED
given by the LDS model for the same rain rate (48 mm h™'). The
straight line shows the slope of the exponential distribution for A
=225 mm™.

there is no stationary shape in this area of the DSDs.
The value of Dc, that is, the width of the domain of D
influenced by the depletion, which is not compensated
for, also depends on R and on the rainfall height.

2) At the low values of R (i.e., R < 20 mm h™!),
the slope for D > Dc essentially depends on R and not
much on the site (i.e., of z,).

3) For R > 20 mm h™! (i.e., for a water content M
> 1 gm™>) the slope of the DSD for D > Dc tends to
be constant. This can be understood as showing some
equilibrium between the coalescence and collisional
breakup processes in the falling rain. However, the ex-
periment suggests that the processes responsible for the
evolution of the DSDs, for the D > Dc domain, and
whatever the value of R, seem little influenced by those
of the D < Dc domain. In the same way, the stationary
slope seems to be the same everywhere (around 2.25
mm™'), which tends to show that it is not necessary, to
reach the stationary state, to have a fall height as dra-
matic as LDS and followers contend.

5. Relation between the moments of N(D)

The concept of equilibrium distribution described by
(2) implies, as indicated by Hodson (1986), List
(1988), and ZA, that the radar reflectivity factor is a
linear function of the rain rate. Indeed, by definition,

Dimax
Z= f DSN(D, R)dD;

Drmia
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that is, with (2),
Diax

Z=R DS(D)dD = RC,

Dhin

(13)

where C is a constant. List (1988) finds for C a value
of 742 mm®* m™3 (mm h~")~! with Z (mm® m~) and
R (mm h™'), which he suggests is a universal constant
for the steady tropical rains. Such a linearity is gener-
ally not observed in nature.

The object of this section is to examine whether the
DSDs presented in section 3 and in Table 2, and param-
eterized as indicated in Table 2, lead to Z-R relation-
ships compatible with observation.

The generating function of the moments of N(D),
that is,

m, = f D"N(D)dD, (14)
0
can be written for lognormal N(D) [Eq. (3)]:
2
m, = NyD} exp[ (112—) ancr] . (15)

We saw in section 3 and Table 3 that Ny and D, can
be expressed by power functions or R. The relation-
ships between the exponential in (15) and R were also
sought. Let H, be this exponential; that is,

E 0

. E, ¥
100} s E %

10~

ns/nL

0.1
0.1 1 10 100

R (mmh™)

FIG. 5. Plot of the ratio n/n, as a function of R for the samples E,
to Es. Here n, and n, are the number of drops with diameters <1.7
mm and >1.7 mm, respectively.
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n2
H,= exp[(—z—) ana] .

The relations between H, and R are found to be well
represented by power functions. The relations obtained
for n = 2, 3, 3.67, and 6, that is, for values of n cor-
responding to the optical extinction Z, to the liquid wa-
ter content W, to the rainfall rate R, and to the radar
reflectivity factor Z, respectively, are indicated in Table
3. In Table 3, the correlation coefficients are found to
be generally high (p > 0.98). So m,, which is the
product of three power functions of R, is also a power
function of R; namely,

m, = Nr(R)D3(R)H,(R) = a,R™,
where a, and b, are coefficients.

(16)

(17)
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The integral rainfall parameters of interest P,, such
as the radar reflectivity factor or the rainfall rate, are
proportional to m,,; that is,

P,=Cm,, (18)
where C, is a coefficient. Using (17) in (18), we have
P, = C,a,R". (19)

If the terminal fall velocity of the drops in still air is
represented by the power function

V(D) =3.78D"¥, (20)

with D in millimeters and V(D) in meters per second
(Atlas and Ulbrich 1977), it is easy to see that the
analytical expression of the rainfall rate R is propor-
tional to ms4;. We thus have Ps;¢; = R, which if we
take (19) into account, implies that for n = 3.67, we
must have

Ca,~b,~ 1. (21)

4
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FiG. 7. Mean DSDs from observation at 450-m altitude for rain
rates () 25-62.5 mm h7%, (b) 62.5-125 mm h}, (c) 125-225
mm h™', and (d) >225 mm h~'. The heavy line shows the slope of
the exponential distribution for A = 2.3 mm™' (adapted from Willis
and Tattelman 1989).
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The constraint expressed by (21) can be used to
check the consistency of the relations fitted from the
data given in Table 3. In Table 4 are indicated the re-
sults obtained for C,a, and b, for samples E, to E; from
the coefficients of the relations of Table 3, as well as
those deduced from the relations given by FL. The
computed values can thus be found to be close to 1;
the results of the verification are thus positive.

The functions of Table 3 were used to calculate the
P,(R) relations for the integral parameters of interests,
for the samples E, to E; and for FL’s data. We also
indicated the results obtained for Z—-R by direct re-
gression of the data at the 1-min time step. There is a
good agreement for Z—R between the relation deduced
from Table 3 and nonaveraged data. Moreover, the co-
efficients are compatible with the universal observation
that for the mostly convective rains of the tropical lat-
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itudes, the coefficients a and b of Z = aR? are higher
and lower, respectively, than for the rains, including an
important stratiform component, of the midlatitudes.
The FL data lead to coefficients that are exactly those
of the Marshall--Palmer relation (1948).

Taking into account the discussion above and nota-
bly the fact that the DSD slope for D > D essentially
depends on R, it appears that the differences observed
between the coefficients of the relations Z—R are es-
sentially due to the differences in the small-drop con-
centrations.

6. Conclusions

This paper presented a study of the DSD shape ac-
cording to the rainfall rate from the analysis of a large
sample of data collected at several sites of various lat-
itudes. It is shown (in the appendix ) that the JWD, used
for the observations, correctly measures the rainfall
rates and that the lack of small drops compared with
the exponential distribution is real and not instrumental.

The results lead to the following conclusions. The
representation of the raindrop spectra by exponential
distributions, as well as the concept of equilibrium dis-
tribution of LDS and followers, is incompatible with
the observations. The incompatibilities concern the
small-drop distribution as well as the large-drop one.

To describe the characteristics of the raindrop spec-
tra, we suggested that two regions in the DSD be dis-
tinguished: a small-drop region where D < Dc and a
large-drop region where D > Dc. Here Dc is a thresh-
old variable with R. It can be defined as the diameter
above which dN(D)/dD = constant.

The DSDs for D < Dc are strongly dependent on R
and on the rainfall height (z,). This suggests that in
this region the depletion of the small drops by the big
ones is not totally compensated for by the input of small
drops due to the collisional breakup process. So there
is no stationary state of the DSDs for D < Dc. The
value of the D = Dc threshold increases with R for the
same site and increases when the latitude decreases
(i.e., when z, is important). In the large-drop region,
the slope A (for D > Dc) is almost independent of D.
At low values of R (<20 mm h™') it decreases when
R increases and is not much dependent on the site (i.e.,
on zp). For increasing values of R beyond about 20
mm h™', the slope \ tends toward an almost constant

TABLE 4. Checking of the consistency of the relations given in
Table 3 [i.e., Eq. (21) with n = 3.67]. The values calculated for FL.
are also given.

Sample C.a, b,
E, 0.76 1.14
E; 1.07 0.94
E; 0.89 1.04
FL 0.87 1.06
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value, independent of R and of the 'site, of about 2.2—
2.3 mm™'. This evolution suggests a certain station-
arity between the coalescence and collisional breakup
processes in intense rainfalls. It also seems that the
shape of the DSDs for D > Dc is not much influenced
by that of the region corresponding to D < Dc.

The averaged drop spectra were represented by log-
normal distribution (as suggested by FL). In this case,
the moments of the DSDs are found to be the product
of three power functions of R and thus themselves
power functions of R. They can thus be used to com-
pute the relations between Z and R. The Z—R relations
obtained from the averaged DSDs are close to those
calculated from nonaveraged data and compatible with
those proposed in the literature. The difference ob-
served between the coefficients of Z—R relations for
various types of rains are essentially due to the differ-
ences in small-drop concentration.

APPENDIX
The Measurement of Small Drops with the JWD

According to Joss and Waldvogel (1993, personal
communication) there are two different sources (S) of
error affecting the measurement of small drops with the
JWD: (S§,) acoustic noise from the surrounding and
(S,) ringing of the sampling area (a styrofoam cone)
when it is hit by the drops.

If no care is taken in the setting up of the JWD, the
effect of §, can be dramatic. In the WD, an electronic
circuitry is incorporated that continuously sets a noise
threshold preventing any noise from being counted as
drops. True drops producing signals below this thresh-
old are lost. The noises provoking the rising of the
threshold are, for example, thunder, motors, and elec-
trical rotating machines (notably an electrical gener-
ating set used to supply the measuring devices in pres-
ence of thunderstorms during field observation cam-
paigns) but also the rain itself from its impact on noisy
surfaces such as water surface and especially metal
sheets covering most of the roofs in the tropical areas.
Metal sheets generate a noise strongly dependent on
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rain rate. Acoustic noise perturbation on JWD mea-
surements can be reduced to a minimum and can almost
be eliminated by proper setup of the transducer. This
was done when collecting the data used in this present
work. Usually, the JWD transducer was set up on a
massive wood piece in the middle of a grassy area or
on a carpet, away from buildings and noise sources.

Tests on the reduction of the acoustic noise effect in
JWD are simple to perform by measuring the threshold
voltage and by varying the intensity or distance of ar-
tificial noise sources.

The second source or effect (S,) cannot be reduced
by any preventive caution, but it can be corrected by
mathematical methods. For this purpose Joss and
Waldvogel (1993, personal communication) using
theoretical and practical information about the dead
time of the instrument after a drop pulse and informa-
tion about the frequency and the size of the drops, de-
veloped the following formula:

. 0.035 Dyp=5.25 mm
N} =N, exp [-—T—— N,

Dy=0.85D;

Dy
(0.85D; ~ 0.25)

where N, is the number of drops in channel i without
correction, N;* is the number of drops in channel i with
correction, and T is the sampling time in seconds.

A drop of the i channel produces a dead time for all
the k channels if

X log ] , (A1)

D, < 085D;.

In Al the number of channels is 20 (case of the
‘‘standard’’ YWD delivered by the manufacturer). Of
course Al has to be modified if the channel distribution
is different.

An example of corrected number of drops per chan-
nel is given in Table Al. The spectral parameters cor-
responding to the examples of Table Al can be found
in Table A2, :

The JWD ability to detect small drops and the effi-
ciency of the Joss—Waldvogel formula can be quali-

TABLE Al. Four examples of DSD correction using the Joss—Waldvogel formula A, .
Here U and C stand for uncorrected drop number and corrected drop number, respectively.

DSD Channel number
number
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
1 U 14 16 33 42 29 41 560 30 20 27 53 25 19 8 7 1 3 1
C 49 40 67 173 46 57 63 35 22 29 56 26 19 8 7 1 3 1
2 U 0 0 0 1 2 7 6 21 12 16 3 35 34 18 12 19 13 2 2
C 0 0 0 1 3 10 8§ 26 14 18 33 38 36 18 12 19 13 2 2
3 U 1 8 6 18 32 40 51 36 39 30 53 33 45 21 28 24 12 7 2 3
C 5 28 17 43 68 73 80 51 51 37 62 37 48 22 29 24 12 7 2 3
4 U 0 0 0 8 6 28 64 60 34 29 95 79 48 28 31 33 18 8 8 2
C 0 0 0 25 16 64 122 99 50 39 120 93 53 30 32 34 18 8 8 2
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TABLE A2. Spectral parameters of the four DSDs of Table Al calculated using the Joss—Waldvogel formula A,. Here U and C stand for
uncorrected and corrected values respectively; W is the water content in g m™; R is the rain rate in mm h™'; and Z is the radar reflectivity

factor in mm® m™. Also, N, and \ are the exponential distribution parameters (1) in mm™' m~ and mm™!, respectively.
DSD w R VA No N
number (g m™) (mm h™") (mm°® m~3) (mm~' m™?) (mm™)
1 U 1.092 26.286 355354 4698 1.92
C 1.189 27.734 36 013.9 5626 1.96
2 U 1.848 52.126 1214233 3114 1.52
C 1.920 53.758 122 637.2 3357 1.53
3 U 2.846 79.193 213 970.1 4004 145
C 3.109 84.382 217 550.7 4813 1.49
4 U 3.947 110433 297 534.2 5534 1.45
C 4.441 121.109 306 015.0 7021 1.49

tatively tested using two ordinary spray nozzles, one
producing the small-drop component (SDC) of the
DSD and the other the large-drop component (LDC)
of the DSD. Using a JWD transducer having the orig-
inal sensitivity, SDC and LDC can be observed sepa-
rately and together for different values of R. Figure Al
is an example of results. It suggests the qualitative con-
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FiG. Al. Spray nozzle—generated DSDs observed using JWD. (a)
Small-drop component; (b) small-drop and large-drop components.
Here R is rain rate.

clusion that in the presence of a heavy rainfall a sig-
nificant SDC can be observed using the JWD. Of
course, in the case of a heavy rainfall with DSD having
very low SDC, there is a level at which part of the SDC
can remain undetected by the FWD. For the rain rate
concerned by the present work (see Table 2 showing
that up to Ry, rain rate is smaller than 60 mm h ') this
shortcoming of JWD is only of minor consequence and
cannot explain the rarity of small drops in tropical rain-
fall. Moreover Fig. 8 clearly shows that tropical DSDs
are poor in small drops even for low rain rate.

As arguments complementary to the preceding, in-
tegrated quantities can be considered. Figure A2 shows
for the eight distributions of sample E; (cf. Fig. 2 and
Table 2) the comparison of the rainfall rate correspond-
ing to each distribution (i.e., that the JWD measures),

150
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g
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0 1 L 1 . - L.
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FiG. A2. Comparison of rain rates R, measured with the JWD for
the eight distributions of the E; sample with the exponential corre-
sponding value R,. The diagonal represents R, = R..
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FiG. A3. Comparison of rain rates R, measured with the JWD and
R, measured with a tipping bucket rain gauge on 17 August 1988 on
a squall line in Niamey (Niger). The straight line is the regression

curve [Eq. (AS)]).

that is, R,;, with the R, rain rate obtained with the same
distributions for the drop size larger than the mode and
the hypothesis that the classes of sizes below the mode
are in conformity with the exponential distribution (1).
By definition, we have :

R=aZ fw D*N(D)V(D)dD, (A2)
6 Jo

where a is a coefficient depending in the units and
V(D) the terminal fall velocity in still air given by
(20). Replacing N(D) with (1), we obtain, with R in
mm h~! (ie., a = 3.6 X 107%), Ny in mm™' m™3, and

Ain mm™!,

R, = 0.105N,A 7497, (A3)

The values of N, and \ used in this equation to obtain
R, are those of Table 2, that is, those obtained by fitting
to the values of N(D) for D > D.. We observe in Fig.
A2 that R, becomes much greater than R, as rainfall
rate increases. The difference is significant for R > 20
mmh™! (+36% for R = 30 mm h™!, +100% for R

= 150 mm h~"). Thus, if the decrease of the proportion -

of small drops when R increases is an artifact, the com-
parison of the rates determined by the disdrometer and
by a reference instrument must show a significant dif-
ference, increasing with R.

Figure A3 shows the comparison of the rain rates
determined by the JWD after correction for the acoustic
noises (R,) and by a tipping bucket rain gauge (R,)
placed near the JWD during the passage of a squall line
on 7 August 1988 at Niamey (Niger). The rain gauge
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gives a measurement every 5 min. The data of the WD
were thus added up on 5-min periods and converted
into average rain rates. The regression of the experi-
mental points gives

R, = 0.995R, + 0.916, (A4)

with p = 0.996. The JWD and the rain gauge thus mea-
sure the same rain rates.

Figure A4 (after Lefeivre 1993) shows the compar-
ison of the total rain measured at Boyelé (Congo) be-
tween June 1988 and June 1989 (sample E3) with the
JWD (corrected for the acoustic noises) (H;), and with
a simple adding rain gauge (H.,) placed near the dis-
drometer. Sixty-two events were considered, mostly
squall lines. Each event is represented by one point in
Fig. A4. The results show that 52% of the JWD mea-
surements correspond to rates above 15 mm h™" with
Ryax = 170 mm h ™',

The regression has the following expression:

H,=1.087H, — 0.163,

with p = 0.978.

The disdrometer used at Boyelé has a systematic bias
of about +8% compared with the pluviometer but no
significant bias varying with R.

From the various arguments presented above, it can
be concluded that the JWD, protected from acoustic
noise and corrected for the S, effect, correctly measures

(AS)
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FiG. A4. Comparison of the cumulated rain heights H, measured
with the JWD with the cumulated rain heights H, measured with a
rain gauge for 62 rainy events observed from June 1988 to June 1989
in Boyelé (Congo). The solid line (diagonal) corresponds to H, = H,.
The dashed line is the regression line [Eq. (A6)] (from Lefeivre
1993).
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the rainfall rates and that the lack of small drops com-
pared with the exponential that can be indicated by this
instrument are, for the most part, real and not instru-
mental.
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