
Raindrop Size Distribution and Radar Parameters in Coastal Tropical
Rain Systems of Northeastern Brazil

RICARDO SARMENTO TENÓRIO
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ABSTRACT

A dataset on raindrop size distribution (DSD) gathered in a coastal site of the Alagoas state in north-

eastern Brazil is used to analyze some differences between continental and maritime rainfall parameters.

The dataset is divided into two subsets. One is composed of rainfall systems coming from the continent and

moving eastward (i.e., offshore), representing the continental subset. The other is composed of rainfall

systems that developed over the sea and are moving westward (i.e., inshore), representing the maritime

subset. The mean conditional rain rate (i.e., for rain rate R . 0) is found to be higher for maritime

(4.6 mm h21) than for continental (3.2 mm h21) conditions. The coefficient of variation of the conditional

rain rate is lower for the maritime (1.75) than for the continental (2.25) subset. The continental and

maritime DSDs display significant differences. For drop diameterD smaller than about 2 mm, the number

of drops is higher for maritime rain than for continental rain. This reverses for D . 2 mm, in such a way

that radar reflectivity factor Z for the maritime case is lower than for the continental case at the same rain

rate. These results show that, to estimate precipitation by radar in the coastal area of northeastern Brazil,

coefficients of the Z–R relation need to be adapted to the direction of motion of the rain-bearing system,

inshore or offshore.

1. Introduction

Rain-system observations from ground-based radar

and satellite demonstrate that the physics and dynamics

of storms located over land and over oceans present some

significant differences that are linked to dynamic causes.

A remarkable illustration, suggesting that the severity

of storms over land is stronger than over sea, is provided by

the global frequency distributionof lightning observed from

space (Orville and Henderson 1986; Christian et al. 2003).

From ground-basedDoppler radar data on continental and

oceanic convective storms observed in Oklahoma and

in the Darwin area of Australia, Zipser and Lutz (1994)

found that, for midlatitude and tropical continental con-

vective storms, radar reflectivity exhibits a maximum

somewhat above the surface and displays a gradual de-

crease with height above freezing level. In sharp contrast,

in tropical oceanic storms, the reflectivity vertical profile

displays its maximum at the lowest level and experiences

a very rapid decrease with height, beginning just above

freezing level. Correlatively, updraft velocities in tropical

convective cells aremuchweaker over sea than over land.

Yet the strongest and best quantitative evidence about

land and ocean convective storm structure differences

was provided by the Tropical RainfallMeasuringMission

(TRMM; e.g., Kummerow et al. 1998) data from the

combination of high-resolution radar reflectivity pro-

files with passive microwave, infrared, and lightning
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data (Nesbitt and Zipser 2003; Liu and Zipser 2005;

Zipser et al. 2006; Gebremichael et al. 2008; Liu et al.

2008, among others). Results from TRMM data con-

firm that land storms tend to have a higher reflectivity

and reach a higher altitude than do oceanic storms. The

horizontal size of oceanic storms decreases with alti-

tude. For oceanic storms, reflectivity above freezing level

decreases more rapidly with altitude than for land storms

and updraft velocities are much weaker in oceanic storms

than in land storms.As a result, above freezing level, near-

complete glaciation, a near absence of large ice particles,

a large concentration of small ice particles, and low light-

ning activity are characteristic of oceanic convective cells,

as first emphasized by Black and Halett (1986) from ob-

servations in hurricane clouds. Differences between land

and oceanic storms also concern the frequency of occur-

rence, the relation between storm intensity and rainfall

production, and the diurnal cycle, with a strong afternoon

maximum over land and a broad, low-amplitude noctur-

nal maximum over oceans. All of that shows that land–

ocean differences of storm activity and rainfall production

are not simple and homogeneous over the earth. Global

distributions of storm activity (Orville and Henderson

1986; Christian et al. 2003) notably show that land–ocean

differences do not follow exactly the geographic (coastal)

contours of continents. In particular, the storm activity

distribution is strongly affected by coast shape, presence

of mountain ranges, and direction of the general circula-

tion with respect to shoreline orientation. See, for exam-

ple, the distribution at the transition for the west- and

east-coastal areas of tropical Africa or of tropical South

America in Figs. 3, 6, 7, and 8 of Zipser et al. (2006). It is

notably obvious that, in the presence of inshore circula-

tion through a north–south-oriented coast, the weaker

storm intensity of maritime convection is advected inland

over some distance. In the presence of an offshore cir-

culation, the transition is more abrupt, with the conti-

nental character reaching the coastline with full intensity

and decreasing rapidly over sea [e.g., the west coast of

tropical Africa in Fig. 3 of Zipser et al. (2006); see also

Seity et al. 2000, 2001; Nzeukou and Sauvageot 2002; Sall

and Sauvageot 2005; Sall et al. 2006; Nzeukou et al. 2006].

These regional differences at the land–sea transition are

not well documented. In particular, what is the influence

of these land–ocean or ocean–land transitions on the rain

microstructure and on radar parameters?

The main observable that can be used to characterize

and describe the rainfall production by cloud systems is

the raindrop size distribution (DSD) from which most

rainfall and radar parameters can be inferred. The re-

lation between the dynamic structure of cloud systems

andDSDhas been illustrated and discussed in numerous

papers (e.g., Yuter and Houze 1997; Atlas et al. 1999;

Tokay et al. 1999; Atlas et al. 2000; Nzeukou et al. 2004;

Lee and Zawadzki 2005; Munchak and Tokay 2008,

among others). Instantaneous DSDs—that is, at the time

step of disdrometer observation (e.g., 1 min)—are found

to be affected by a strong statistical variance; averaged

by rain-rate classes, however, the DSDs are well char-

acterized and reproducible (e.g., List 1988; Sauvageot

and Lacaux 1995; Nzeukou et al. 2004; Ochou et al.

2007, among others). Most authors agree that because

of interactions between drops (coalescence and colli-

sional breakup) falling DSDs evolve toward a kind of

‘‘universal equilibrium’’ shape with a constant slope for

size larger than the mode and a constant median vol-

ume equivalent spherical diameter D0, as suggested by

Srivastava (1978, 1982), List (1988), and Atlas and

Ulbrich (2000). This slope is approached only in intense

tropical rainfall that enables a large number of drop

interactions (e.g., List 1988; Willis and Tattelman 1989;

Sauvageot and Lacaux 1995, among others). However,

authors also agree that most rainfalls observed at the

ground are far from the equilibrium shape and strongly

depend on local climatological and dynamic conditions.

Notably, for the dynamic conditions, it is acknowl-

edged that, at least for some tropical rain systems, such

as squall lines or mesoscale convective systems, where

the convective and stratiform components are spatially

separated, there are differences between stratiform

DSDs—resulting from large snowflakes melting below

the 08C isotherm in the absence of low-level updraft—

and convective DSDs—originating from graupel or hail

melting in the presence of significant updrafts (e.g.,

Houze 1993; Sauvageot and Lacaux 1995; Tokay and

Short 1996; Yuter and Houze 1997; Atlas et al. 2000;

Sauvageot and Koffi 2000; Nzeukou and Sauvageot

2002; Nzeukou et al. 2004). Of course, stratiform rain rates

span over a lower range, typically ,10 mm h21, than do

convective ones, which can exceed 100 mm h21. For the

same rain rate, stratiform DSDs are made up of larger

drops than are convective DSDs. However, as empha-

sized by several authors (Steiner and Houze 1997; Yuter

and Houze 1997; Nzeukou et al. 2004), because convec-

tive and stratiform rainfall components are not spatially

and statistically distinct, distinguishing between convec-

tive and stratiform radar reflectivity factor–rainfall rate

(Z–R) relations for rainfall retrieval does not produce

results that are significantly better than those from a

single Z–R relation. That is why this distinction is not

discussed further in this paper. Differences between

maritime and continental DSDs have not been discussed.

The goal of this paper is to investigate the way in

which the land–ocean storm differences affect the rain-

drop size distributions and the radar rainfall parameters,

fromDSD observations gathered in a coastal area, when

NOVEMBER 2012 TEN ÓR IO ET AL . 1961

Unauthenticated | Downloaded 02/23/23 01:05 PM UTC



storms are coming from land (i.e., moving offshore) and

from ocean (i.e., moving inshore).

2. Experimental area and dataset

The dataset was collected near Maceió in the state of

Alagoas on the northeasternBrazil (NEB) coast (Fig. 1).

The experimental area is one of the rainiest in NEB, with

an annual rain total of 2000 mm, and its climate is strongly

influenced by the warmAtlantic Ocean current (the Brazil

Current) (e.g., Martyn 1992; Molion and Bernardo 2002).

The wet season is from early March to late September,

with rainfall amounting to about 85% of the annual total.

There is a ‘‘dry’’ season fromOctober to February, with a

monthly accumulation of about 70 mm. The general at-

mospheric circulation is from the southeast (SE) most of

the time. The dominance of SE trades over NEB is ob-

vious in the global frequency distribution of lightning and

in the percentage of extreme convective events, which

are lower east of 408W longitude and north of 208S
latitude, notably over Alagoas (e.g., Zipser et al. 2006,

their Figs. 3, 6, 7, and 8). The large-scale rain-producing

mechanisms are frontal systems associated with wavy

disturbances carried away within the SE trade wind field

(Kousky and Gan 1981; Molion and Bernardo 2002).

During the dry season, when the intertropical con-

vergence zone (ITCZ) is in its southernmost position

and when the SE circulation is weak, convective systems

can develop over the continent and move eastward, from

the continent toward the ocean, over the coastal area.

This circulation ismarginal for this region but is sufficient,

however, to provide the cases of eastward systems used in

this study.

DSDs were observed with a Joss and Waldvogel

(1967) disdrometer (JWD hereinafter). The JWD en-

ables measurements of the size distribution of raindrops

by converting the vertical moment of falling drops into

electric pulses. The performances and limitations of these

widely used sensors are well known and have been dis-

cussed in many papers (e.g., Joss and Waldvogel 1969;

Mc Farquhar and List 1993; Sheppard 1990; Sheppard

and Joe 1994; Sauvageot and Lacaux 1995; Tokay et al.

2001; Lee and Zawadzki 2005; Cao et al. 2008; see also

http://www.distromet.com). Only drops with an equiva-

lent spherical diameter D of larger than 0.3 mm are de-

tected. In the JWD used, the pulses are converted to 8-bit

numbers and are sorted according to 20 size classes cov-

ering diameters ranging from 0.3 to 5.3 mm. It is ac-

knowledged that, in heavy rainfalls, small drops (D ,
1 mm) are not accurately counted with JWDbecause of

instrumental shortcomings. However, Sauvageot and

Lacaux (1995) present arguments showing that the

relatively low number of small drops usually observed

in tropical rain is real when the JWD is carefully used at

a site from which the sources of microphonic noise are

removed. For tropical rain, low numbers of small drops

also are observed by Moumouni et al. (2008) with optical

disdrometers. The data were processed for correction of

the error due to the dead time of the instrument after the

sampling area is hit by a drop by using the method pro-

posed by the manufacturer. Details on the JWD mea-

surement limits are out of the scope of this paper and can

be found in the above quoted references. The measure-

ment time span of a DSD is 1 min. Disdrometers are very

efficient for the measurement of low rain rates, which is

important for an accurate estimation of the mean rain

FIG. 1. Location of the disdrometer, 10 km from the shoreline in the northeastern Brazil area.
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rate. Knowing DSDs enables the computation of R and

the equivalent Z (Joss and Waldvogel 1967; Tenório

et al. 2003a,b). Details on the computation of R and Z

from DSDs can be found in Doviak and Zrnic (1984,

184–194), Sauvageot (1992, 74–77), and Bringi and

Chandrasekar (2001, 406–418), among others. The re-

sults on rain accumulation were satisfactorily compared

with the measurements of a collocated rain gauge.

Figure 1 shows the location of the JWD, on the Ala-

goas Atlantic coast, about 40 km north of Maceió. A C-

band meteorological radar, located at the Universidade

Federal de Alagoas (UFAL), provided a plan position

indicator (PPI) of rain systems with a time step of 5 min

(Tenório et al. 2003b). This radar is operated by the Sis-

tema de Radar Meteorológico de Alagoas (SIRMAL).

The SIRMAL is managed by the Instituto de Ciências

Atmosféricas atUFAL.The radar transmits pulses of 2 ms

with a peak power of 250 kW and a pulse repetition fre-

quency of 250 Hz. The antenna beamwidth is 28.
The dataset selected for this study is composed of 25

rainfall events collected in 2004 and 2005. Using PPI

radar images as exemplified by Fig. 2, the dataset was

divided into two subsets. One is composed of rainfall

systems coming from the continent and moving east-

ward (i.e., offshore), representing the continental sub-

set. The other is composed of rainfall systems developed

over the ocean and moving with a westward component,

(i.e., inshore), representing the maritime subset. Of

course, all of the maritime subset was observed during

the wet season whereas the continental one was ob-

served during the ‘‘dry season.’’

Table 1 shows the characteristics of the dataset used.

For this study, 17 maritime events were selected. They

were observed during the rainy season of 2004 (June–

September). The entire maritime subset has a total of

4166 min (DSD) representing 69.43 h of rain. For the

continental subset, eight events were radar selected; the

data were collected during the austral summer of 2004

and 2005. This subset is composed of 1465 min (DSD),

which corresponds to 24.41 h of rain. In addition, Table 1

presents the amount of cumulated rain H during the

events. Quantitative precipitation estimates by the

Maceió radar are not used further because they are out of

the scope of this paper.

As pointed out in the introduction, in some studies

about rain rate and DSDs a distinction between con-

vective and stratiform precipitation is considered (e.g.,

Atlas et al. 1990, 1999, 2000; Tokay and Short 1996;

Steiner and Houze 1997; Sauvageot and Koffi 2000;

Nzeukou et al. 2004; Caracciolo et al. 2008). In the study

presented here, a convective–stratiform distinction is not

considered because, in frontal systems advected over the

Maceió area, convective and stratiform components are

FIG. 2. PPI radar images showing (a) a maritime system, developed over the Atlantic Ocean and moving inshore,

and (b) a continental system, developed over the continent andmoving offshore. The arrows indicate the direction of

motion of the systems.

TABLE 1. The dataset; H is the total rain accumulation corre-

sponding to the DSD observations. Each DSD is for a time step of

1 min.

Subset DSD (No.) H (mm)

Maritime 4166 323

Continental 1465 66
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not spatially distinct and convection is moderate (see

Zipser et al. 2006). In addition, no pertinent data able to

justify the discrimination (such as Doppler radar vertical

profiler or aircraft in situmeasurements) are available and

we do not know if the criteria for convective–stratiform

distinction are the same for maritime and continental

conditions. However, in this paper, most results are given

as a function of R, thus enabling us to see the differences

between high- and low-rainfall conditions.

3. Results and discussion

Figure 3 shows the probability density function (pdf)

of conditional rain rate (i.e., forR. 0; e.g., Kedem et al.

1990; Bell and Suhasini 1994) for the two data subsets.

The statistical parameters of the curves are given in

Table 2. As observed elsewhere for the R distributions

(e.g., Atlas et al. 1990; Sauvageot 1994), the pdf shape is

close to a lognormal distribution as shown by Fisher’s

coefficients of skewness (departure from symmetry)

and kurtosis (flatness), which are close to zero. The

shape of the maritime curve is smoother than the con-

tinental one because it is calculated over a larger sample.

The two curves are slightly platykurtic and skewed to-

ward the right for maritime and toward the left for con-

tinental. However, the important difference is that the

conditional mean rain rate of themaritime subset (mR15
4.6 mm h21) is 44% higher than that of the continental

one (mR2 5 3.2 mm h21). To verify the statistical sig-

nificances of the data given in Table 2, a statistical hy-

pothesis test was performed [a Student’s t test; see Freund

and Perles (2007) for details], using all values of R (mar-

itime and continental), that is, the same data that were-

used for the pdf calculation. The test results, given in

Table 2, disprove the null hypothesisH0 (mR15mR2) and

confirm the alternative hypothesis H1 (mR1 6¼ mR2). The

value found for t is positive and is higher than the critical

values (one-tailed and two-tailed), with confidence levels

FIG. 3. Probability density of conditional rain rate for the maritime and continental subsets.

TABLE 2. Statistical parameters of the probability density function of conditional rain rate for the maritime and continental subsets, and

results of Student’s t test.

Parameter Maritime Continental

Mean mR (mm h21) 4.6 3.2

Variance s2
R (mm h21)2 64.8 51.3

Kurtosis 20.77 20.98

Skewness 0.61 0.47

Variation coef 1.75 2.24

Student’s t test 8.45

Critical value for t (one tailed; confidence level 5 0.05) 1.64

(two tailed; confidence level 5 0.05) 1.96

(one tailed; confidence level 5 0.01) 2.32

(two tailed; confidence level 5 0.01) 2.57
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of 0.05 and 0.01. Therefore, in rejecting the null hypoth-

esis, the test confirms that the mean rain rate for the

maritime subset is significantly greater than themean rain

rate for the continental subset.

Sauvageot (1994) found that, in most continental

areas, a correlation is observed between the standard

deviation and mean of conditional rain-rate distribu-

tions with a variation coefficient CVr (5sR/mR, where

sR and mR are the standard deviation and the mean of

R respectively) of close to 51/2 (52.24; see also Nzeukou

and Sauvageot 2002). In similar work, Short et al. (1993)

found, for monsoonal rain observed in coastal areas

(Darwin, Australia; Florida) with rain gauges and in the

tropical Atlantic with radar, a value of CVr5 5/3 (51.67).

The values found for the Maceió area for the continental

and the maritime subsets are 2.24 and 1.75, respectively,

which are very close to the ones given for continental and

maritime/coastal areas in the two quoted references. This

result supports the suggestion that the two subsets of

Maceió are climatologically different. In addition, if the

pdf is lognormal and CVr is constant, the knowledge of

only one parameter (mean or variance) of the distribution

is enough to determine the pdf (Sauvageot 1994).

To understand the cause of these differences, the

DSDs have been considered. Figure 4 presents averaged

DSDs for the continental and maritime subsets, using

several rain-rate classes for DSD averaging [such as

done by Sauvageot and Lacaux (1995)]. The curves of

Fig. 4 exhibit some irregularities in the form of peaks

located around equivalent spherical diameters of 0.6–

0.7, 1.0–1.2, and 1.8–2.1 mm. It is well known and

demonstrated (McFarquhar and List 1993) that these

peaks are entirely instrument related. They are due to

small irregularities of the transfer function of the elec-

tronic circuits. These irregularities are permanent and

only modify the distribution of the drops between some

classes of fixed sizes.

If one ignores these irregularities, Fig. 4 shows that

maritime DSDs are composed of a larger number of

drops than are continental ones. The difference is a

maximum around the mode of the DSDs and decreases

on the right, the side of the large drops. For R ,
10 mm h21 the difference is for the small drops. As R

increases, the difference moves toward the large drops.

For D larger than about 2 mm, the drop number is

higher for continental rain.

To quantify these differences in drop number and

DSD shape between maritime and continental, in-

dividual DSDs (i.e., at the time step of 1 min) have been

fitted to an analytic form. Tropical DSDs are usually

fitted using gamma-modified (e.g., Ulbrich 1983) or

lognormal (e.g., Sauvageot and Lacaux 1995) forms. The

two forms give a very good fitting. We have used the

lognormal form because the parameters of the fitting are

independent from each other, which is not the case with

the gamma-modified form. The lognormal distribution

has the following expression (e.g., Crow and Shimizu

1988):

N(D)5
NT

(2p)0:5(lns)D
3 exp[2ln2(D/Dg)/(2 ln2s)] ,

(1)

where NT is the total number of drops, Dg is the mean

geometrical spherical diameter, and s is the standard

geometrical deviation of D as respectively expressed by

NT 5

ð‘
0
N(D) dD , (2)

lnDg5 lnD, and, (3)

ln2s5 (lnD2 lnDg)
2 . (4)

The results of the fitting are given in Table 3. They

confirm and enlarge what appears in Fig. 4. For rain

rates lower than 10 mm h21, which includes most of the

rain rates observed over the studied area, the drop num-

ber in maritime rain is about 2 times that in continental

rain. The mean drop sizeDg and the standard deviation s

of DSDs are smaller for maritime than for continental

subsets (by 11% for Dg and 8% for s). However, one

observes that the differences between rainfall DSD pa-

rameters decrease as the rainfall rate increases above

about 10 mm h21 (Fig. 4; Table 3). With the purpose of

verifying the statistical significances of the parameters

given in Table 3, a statistical test (Student’s t test) was

applied to the same maritime and continental dataset

used to plot Fig. 4. The results of the test are given in

Table 4. Since the value of t, for the first four intervals

and for all intervals, is positive and is higher than the

critical values, the null hypothesis H0 (maritime 5
continental) should be rejected. The alternative hypoth-

esis H1 (maritime 6¼ continental) is confirmed. For the

interval R. 40 mm h21, the value of t is also positive but

is smaller than the critical value and therefore in this

case the alternative hypothesis H1 should be rejected,

generating a possibility of equal means. Thus, except

forR. 40 mm h21, the parameters given in Table 3 for

maritime and continental can be considered to be sta-

tistically different.

To emphasize the difference for the drop number, Fig. 5

displays Nt as a function of R. Figures 5a and 5b show

the data points for the individual DSDs and the fitted

curves separately for the two subsets for clarity. The two

fitted curves are shown together in Fig. 5c for comparison.
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For the continental subset, the curve fits the data points

for all of the observed values of R and notably between

10 and 100 mm h21. For the maritime subset, the cloud

of data points bends below the fitted curve for R .
10 mm h21.

The decrease of the difference between the maritime

and continental DSDs parameters for R . 10 mm h21

suggests that, as convection intensifies, convective clouds

over land and over sea become more and more similar.

In the microphysical processes leading to the DSDs

observed at the ground, the dynamical constraints of

convection become more important in comparison

with the conditions at ground and at low atmospheric

levels.

The equations of the curves fitted to the data points in

Fig. 5 are

Nt(R)5 221R0:61 , (5)

FIG. 4. Raindrop size distributions averaged over five rain-rate classes.
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with r 5 0.90, for maritime and

Nt(R)5 105R0:66 , (6)

with r 5 0.93, for continental. Here, r is the correlation

coefficient, Nt is in inverse meters cubed, and R is in

millimeters per hour.

Differences in drop size distribution have an influence

on the radar parameters and notably on theZ–R relation

used to convert radar reflectivity factor to rain rate. This

relation is writtenZ5 aRb, where a and b are coefficients

(e.g., Atlas et al. 1999, among others). Figure 6 shows the

plots of Z–R data points for the individual DSDs and the

curves Z 5 aRb fitted by linear regression to the data

points. For clarity, the maritime and continental data

points are plotted separately. Using the numerical values

obtained from the fitting, the Z–R relations are

Z5 146R1:28 , (7)

with r 5 0.98, for maritime rain and

Z5 256R1:27 , (8)

with r 5 0.98, for continental rain, where r is the corre-

lation coefficient; Z is in millimeters to the sixth power

per meter cubed, and R is in millimeters per hour.

For northeastern coastal Brazil, the power coefficient

b is found to be almost constant, at approximately 1.27,

which is a value that is observed in many places in the

tropical area [e.g., Hudlow (1979): Z 5 227R1.25 for the

Global Atlantic Tropical Experiment (GATE); Rosenfeld

et al. (1993): Z5 230R1.25 for the Darwin area; and Atlas

et al. (2000):Z5 216R1.25 for Kapingamarangi Atoll]. The

Z–R curves for maritime and continental subsets are al-

most parallel. The only difference is found in coefficient a,

which is about 2 times as high for the continental as for the

maritime subset. Inside each type, a distinction between

rain rate higher and lower than 10 mm h21 (tentatively

representing convective and stratiform rain) shows that the

linear coefficient a is higher for R . 10 mm h21 than for

R , 10 mm h21 as usually observed at tropical latitudes

(e.g., Yuter and Houze 1997; Tokay et al. 2001).

4. Conclusions

Continental and maritime convective storm sys-

tems display some significant differences. Are these

FIG. 5. Data points and fitted curves for the total drop number

by drop size distribution Nt vs rain rate for (a) maritime and

(b) continental data subsets. (c) The two curves shown together.

TABLE 3. Parameters of the lognormal curves fitted to the av-

eraged DSDs of Fig. 4. Here Nt, Dg, and s are the total drop

number, the mean geometrical spherical diameter, and the stan-

dard geometrical deviation of D, respectively.

Class of rain

rate (mm h21)

Maritime Continental

Nt (m
23) Dg (mm) s Nt (m

23) Dg (mm) s

R # 10 578 1.02 1.27 358 1.13 1.37

10 , R # 20 892 1.39 1.48 783 1.26 1.46

20 , R # 30 951 1.40 1.60 896 1.41 1.56

30 , R # 40 1008 1.57 1.69 1018 1.45 1.60

R . 40 889 1.92 1.33 1156 1.68 1.45

All 460 1.09 0.85 203 1.17 1.01

TABLE 4. Results of Student’s t test. Here 0.05 and 0.01 indicate

the confidence levels.

Class of rain rate

(mm h21) t

Critical value for t

One tailed Two tailed

0.05 0.01 0.05 0.01

R # 10 43.14 1.64 2.32 1.96 2.57

10 , R # 20 17.29 1.66 2.37 1.99 2.64

20 , R # 30 6.42 1.69 2.44 2.03 2.73

30 , R # 40 5.19 1.70 2.47 2.05 2.77

R . 40 0.32 1.66 2.37 1.99 2.64

All 47.57 1.64 2.32 1.96 2.57
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differences perceptible on the characteristics and ra-

dar parameters of rainfall observed over a coastal area

where the atmospheric circulation can be inshore or

offshore? To answer this question, a dataset of DSDs

has been gathered from a coastal site of northeastern

Brazil. This dataset has been segmented into two subsets:

systems moving inshore and offshore, representing the

maritime and continental subsets, respectively. DSDs

were used to calculate rain rate and radar reflectivity

factor. The parameters of the lognormal fitting of indi-

vidual DSDs were also calculated—notably Nt, the DSD

drop number.

The probability density function of conditional rain

rate is approximately lognormal for the two subsets, but

the mean conditional rain rate is found to be larger for

maritime cases (4.6 mm h21) than for continental ones

(3.2 mm h21). The variation coefficient of rain rate is

found to be approximately 2.24 for the continental subset

and 1.75 for the maritime one. For a same rain rate, the

total number of drops of individual DSDs is higher by

about a factor of 2 for maritime than for continental

DSDs. However, this difference reduces for R .
10 mm h21, suggesting that the microphysics of con-

vective clouds over sea and over land become more

similar when convection intensifies. Drop sizes are thus

smaller in maritime rain than in continental rain for rain

rates lower than 10 mm h21. As a result, the radar re-

flectivity ofmaritime rain is lower than that of continental

rain. The reflectivity–rain-rate relation isZ5 146R1.27 for

maritime rain and Z 5 256R1.27 for continental rain. For

northeastern coastal Brazil, the power coefficient b is

found to be practically constant, around 1.27—a value

observed in many places in the tropical area. In fact, the

two coefficients of Eq. (8) are remarkably similar to those

observed for all R by Hudlow (1979) at Z 5 227R1.25 for

GATE, Rosenfeld et al. (1993) at Z 5 230R1.25 for the

Darwin area, and Atlas et al. (2000) at Z 5 216R1.25 for

Kapingamarangi Atoll.

In conclusion, this work illustrates that the parameters

of rainfall observed on the coast of Alagoas state in

northeastern Brazil are different for rainfall generated

by cloud systems moving inshore and for those moving

offshore. Consequently, for rainfall retrieval from ra-

dar data gathered from the coast of northeastern Brazil

around Alagoas, better estimates will be obtained if sep-

arateZ–R relations are used for rain-bearing systems that

are moving inshore and offshore. It is suggested that this

result deserves to be investigated for other coastal sites

where the atmospheric circulation changes with respect

to the direction of the coast.
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