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Abstract: Microphysical characteristics of the raindrop size distribution (RSD) in Typhoon Morakot (2009) 
have been studied through the PARSIVEL disdrometer measurements at one site in Fujian province, China 
during the passage of the storm from 7 to 10 August 2009. The time evolution of the RSD reveals different 
segments of the storm. Significant difference was observed in the microphysical characteristics between the 
outer rainband and the eyewall; the eyewall precipitation had a broader size distribution (a smaller slope) 
than the outer rainband and eye region. The outer rainband and the eye region produced stratiform rains 
while the eyewall precipitation was convective or mixed stratiform-convective. The RSD was typically 
characterized by a single peak distribution and well represented by the gamma distribution. The relations 
between the shape (μ) and slope (Λ) of the gamma distribution and between the reflectivity (Z) and rainfall 
rate (R) have been investigated. Based on the NW–Dm relationships, we suggest that the stratiform rain for 
the outer rainband and the eye region was formed by the melting of graupel or rimed ice particles, which 
likely originated from the eyewall clouds. 
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1  INTRODUCTION  

Heavy precipitation and strong winds associated 
with landfalling typhoons often cause tremendous loss 
of property and human lives. A typical example is 
Typhoon Morakot in August 2009, which brought 
record-breaking torrential rainfall over the island of 
Taiwan in 50 years[1] and claimed more than 600 lives 
with more than 200 people missing and an estimated 
$3.3 billion in damages[2]. Morakot also caused more 
than $1.3 billion property loss in mainland China. 
Given the huge impacts of Morakot, several studies 
have been conducted to investigate the factors that 
contributed to the heavy rainfall[1, 3], and explore the 
predictability and techniques that could improve the 
numerical weather prediction (NWP)[2, 4-6]. 

Information about the raindrop size distribution 
(RSD) is essential for understanding precipitation 
microphysics, estimating rainfall, and improving 
microphysics parameterizations in NWP models. Over 
the past several decades, numerous studies have 
documented the microphysical characteristics of the 
RSD for various rain types and climatic regimes using 

the observed disdrometer data[7-13]. Only a few studies 
focused on the RSD characteristics of tropical 
cyclones[14-15]. 

Herein we report the RSD characteristics of 
Typhoon Morakot based on disdrometer data at a 
1-min time resolution observed in Fujian province, 
China, during the passage of the storm from 7 to 10 
August 2009. The primary goals are to better 
understand the microphysics of the Morakot 
precipitation, and to investigate the difference 
between the RSD characteristics within typhoon 
systems. 

2  DATA AND METHODOLOGY 

2.1  Instrumentation and data 

The RSD data analyzed in this study were 
collected with an OTT PARSIVEL disdrometer 
manufactured by the company OTT Messtechnik, 
Germany. Battaglia et al.[16] provided a detailed 
description of this instrument. Briefly, the instrument 
is a ground-based optical disdrometer that was 
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designed to count and measure simultaneously the fall 
speed and size of precipitation particles. The core 
element of the instrument is an optical sensor that 
produces a horizontal sheet of light (180-mm long, 
30-mm wide, and 1-mm high). PARSIVEL can 
measure sizes up to about 26 mm and uses 32 size 
bins of different widths, ranging from 0.125 to 3 mm. 
The lowest two size bins are not used at all, because 
of their low signal-to-noise ratios. Exclusive of the 
first two bins, the range of particle sizes that can be 
measured spans from 0.3 to 26 mm in diameter. The 
smallest and largest detectable fall velocity is about 
0.05 m s–1 and 21 m s–1, respectively. The velocity is 
also subdivided into 32 bins with different widths, 
ranging from 0.1 to 3.2 m s–1. PARSIVEL detects and 
identifies 8 different precipitation types as drizzle, 
mixed drizzle/rain, rain, mixed rain/snow, snow, snow 
grains, ice pellets and hail, according to the WMO, 
SYNOP, METAR and NWS weather codes. Yuter et 
al.[17] confirmed that PARSIVEL can be exploited as a 
present weather sensor because of its capability to 
distinguish rain, snow, and wet snow. In China, using 
the PARSIVEL disdrometer data, Niu et al.[12] 
analyzed the distributions of raindrop sizes and fall 
velocities for convective and stratiform rains in a 
semiarid plateau climate in Ningxia region, and Chen 
et al.[18] investigated microphysical characteristics of 
freezing rain during a freezing precipitation event on 
27 January 2008 in Anhui province. 

The particle diameter as measured by the 
PARSIVEL disdrometer is calculated from the 
maximum reduction of the voltage. A spheroid model 
is used to estimate the size of the particles as a 
function of voltage reduction. So, the particle sizes 
directly derived by the instrument, defined as the 
PARSIVEL size, are equivalent sphere diameter. 
However, the particle sizes frequently overestimate 
the large raindrop diameter[16, 19, 20]. To minimize the 
potential instrument error, the observed data herein 
are corrected following the method of Battaglia et 
al.[16]. In this scheme, particles below 1-mm 
equivalent sphere diameter PAR

eqD are assumed to be 
spheres, where the superscript PAR stands for 
PARSIVEL. In the range from 1 to 5 mm, all 
raindrops are assumed to be horizontally oriented 
oblate spheroids with axial ratio PAR

ra (defined as the 
ratio of height to width) linearly varying from 1 to 0.7, 
that is, 

PAR PAR
eq1.075 0.075ra D= − .       (1) 

For particles with diameters above 5 mm, the 
axial ratio is kept constant at a value of 0.7. 

The PARSIVEL disdrometer was installed on a 
mobile platform. The site of the measurement is 
located in Ningde, Fujian province, China, with 
latitude and longitude of 26.66oN and 119.55oE 
respectively. Continuous measurements were taken 

from 2100 Beijing Standard Time (BST) 6 August to 
0746 BST 10 August, 2009. Figure 1 shows the best 
tracks of Typhoons Morakot and Goni from the 
Shanghai Typhoon Institute and the location of the 
observational site. The best track shows that Morakot 
was formed on 2 August, 2009. It reached its peak 
intensity, with winds of 150 km h–1 (a Category 2 
hurricane), early on 7 August, and made landfall over 
Taiwan late on the same day. It stayed over Taiwan 
for about a day and then moved over the Taiwan Strait 
for about a day, subsequently making landfall over 
Xiapu, Fujian province, at 1620 BST 9 August. The 
typhoon weakened and dissipated on 11 August. 
During its passage over Fujian, Typhoon Morakot 
passed through the disdrometer site. 

The disdrometer dataset used in this work consists 
of an about 47-h time series of 1-min drop size and 
fall speed distributions from 2025 BST 7 August to 
0430 BST 10 August 2009. To minimize potential 
instrumental artifacts, raindrops in the lowest two size 
and velocity bins were discarded. Furthermore, the 
velocity-size relationship given by Gunn and Kinzer[21] 
that has been adjusted to local air density was used to 
identify potentially erroneous data using a 3σ criterion, 
that is, discarding the raindrops of any diameters with 
velocities 3 times the standard deviation of velocity 
calculated from every 10 consecutive samples at the 
corresponding diameters. 

2.2  Methodology 

Drop size distributions were fit with the 
well-known gamma function suggested by Ulbrich[22] 
as given by 

( )0( ) expN D N D Dμ= −Λ ,       (2) 
where D (mm) is the drop diameter, N(D) (mm–1 m–3) 
is the number of drops per unit volume per unit size 
interval, N0 (mm–1–µ m–3) is the number concentration 
parameter, µ is the shape parameter, and Λ (mm–1) is 
the slope parameter. The governing parameters in Eq. 
(2) were estimated from the second, fourth, and sixth 
moments of the observed distributions, respectively, 
using the truncated moment method described by 
Vivekanandan et al.[23]. Specifically, for the gamma 
model, the nth-order moment of the drop size 
distributions is expressed as 

( )max

min
0 1

1
( )

D n
n nD

n
M D N D dD N μ

μ
+ +

Γ + +
= =

Λ∫ .  (3) 

The N(D) (mm–1 m–3) at a discrete instant of time 
has been calculated from the PARSIVEL disdrometer 
counts using the following equation, 

32

1

( ) ij
i

j j i

n
N D

A t V D=

=
⋅ Δ ⋅ ⋅ Δ∑ ,       (4) 

where nij is the number of drops reckoned in the size 
bin i and velocity bin j, A (m2) and ∆t (s) are the 
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sampling area and time, Di (mm) is the drop diameter 
for the size bin i and ∆Di is the corresponding 
diameter interval (mm), Vj (m s–1) is the fall speed for 
the velocity bin j. 

Given the RSD, the integral rainfall parameters of 
interest in this work can be computed, including the 
radar reflectivity factor Z (mm6 m–3) and rain rate R 
(mm h–1) as given by 

32
6

1

( )i i i
i

Z N D D D
=

= Δ∑ ,         (5) 

32 32
3

4
1 1

6 ( )
10 j i i i

i j

R V N D D Dπ
= =

= Δ∑∑ .    (6) 

Other two parameters of interest are the 
mass-weighted mean diameter Dm (mm) computed as 
the ratio of the 4th to 3rd moment of the size 
distribution: 

4

3
m

MD
M

= ,              (7) 

and the generalized intercept parameter Nw (mm–1 m–3) 
defined by Bringi et al.[24]: 

4 3

4

4 10
w

w m

WN
Dπρ

⎛ ⎞
= ⎜ ⎟

⎝ ⎠
,          (8) 

where ρw (1.0 g m–3) represents the density of water 
and W (g m–3) represents the liquid water content for 
the corresponding size distribution. 

3  RAINDROP SIZE DISTRIBUTION 

CHARACTERISTICS 

Precipitation in tropical cyclones has both 
convective and stratiform components[25]. Figure 2 
presents the Nw–Dm pairs based on all disdrometer 
data. Meanwhile, for clarity we also superimposed the 
Bringi et al.’s result of stratiform rain (shown as a 
solid straight line) and contours of rainfall rate. One 
can see that nearly 50% of Nw–Dm points fall in the 
stratiform rain area defined by Bringi et al.[24] with 
rain rate smaller than 3 mm h–1. For constant rain rate, 
there was an inverse relationship between logarithmic 
Nw and Dm. Considering microphysical perspective in 
tropical cyclones, convective rains are generally 
produced by coalescence of drops, while stratiform 
rains are generated by melting of graupel and rimed 
ice particles or aggregates[25]. The variation in the 
Nw–Dm values, suggested by Bringi et al.[24], reflects 
the different microphysical formation mechanisms of 
stratiform rain, due to melting of large dry snowflakes 
(larger Dm and smaller Nw) versus melting of tiny 
graupel or smaller rimed ice particles (smaller Dm and 
larger Nw). From Figure 2, we can see that most Nw 
points were below Dm=1.5 mm and centered around 
0.8 mm with the values of logarithmic Nw ~ 4. Thus, 
so large Nw and small Dm in the present work indicate 
that the stratiform precipitation was formed by the 
melting of tiny, compact graupel or rimed ice particles 
but not the melting of large, low-density snowflakes.
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Figure 1. Observed best track of Typhoons Morakot and Goni are marked every 6 h. The location of the PARSIVEL disdrometer is 

indicated by the triangle. 
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Figure 2. Scatterplot of the generalized number concentration Nw (mm–1 m–3) versus the mass-weighted mean diameter Dm (mm) 
with contours of rainfall rate (mm h–1). The solid straight line is the regression relation of Bringi et al. (2003) for stratiform rain.

To further investigate precipitation characteristics 
(convective vs. stratiform) from RSD during the 
passage of Morakot, for a given sample’s Dm, the 
corresponding Nw was derived using the Nw–Dm 
regression relation of Bringi et al.[24] for stratiform 
rains. If the sample’s Nw is smaller than that of Bring 
et al.[24], rainfall is identified as stratiform; otherwise, 
rainfall is convective. The results are shown in Figure 
3. The total number concentration NT, rain intensity R, 
liquid water content W, and radar reflectivity Z are 

also presented in the figure. The time series of these 
integral rainfall parameters revealed four distinct 
segments: the outer rainbands (072025–081035), 
eyewalls before landfall (081054–091619), eyes 
(091620–091939) and eyewalls after landfall 
(091940–100430). It is noted that the classification of 
these four segments is only based on the 
microphysical variations. The corresponding 
characteristic values for each segment are listed in 
Table 1.

 
Table 1. Microphysical characteristic values of raindrop size distributions for the entire period and four specific stages of Typhoon 
Morakot. The values are the mean for specific periods. The numbers in the parentheses show the coefficient of variation which is 
defined as 100% times the standard deviation divided by the mean value. 

Drop spectra-based parameters Entire 
Stage-1  

(072025-081035) 
Stage-2 

(081054-091619) 
Stage-3 

(091620-091939
) 

Stage-4 
(091940-100430) 

  

outer rainbands,  
intermittent, 
stratiform 

eyewall before 
landfall,  

continuous, 
convective 

eye region,  
stratiform 

eyewall after landfall, 
continuous,  

mixed convective-stratiform 

Rain rate (mm h–1) 6.8 (154) 1.4 (186) 10.2 (125) 0.3 (105) 3.6 (79) 

Liquid water content (g m–3) 
0.34 
(125) 

0.09 (162) 0.48 (103) 0.03 (90) 0.23 (73) 

Drop number concentration (m–3) 460 (86) 228 (116) 470 (74) 137 (76) 650 (68) 
Radar reflectivity (dBZ) 27.7 (41) 16.9 (68) 33.0 (28) 12.5 (60) 26.4 (24) 
Maximum diameter (mm) 2.21 (39) 1.51 (38) 2.67 (30) 1.22 (24) 1.81 (21) 
Mass-weighted mean diameter 
(mm) 

1.30 (35) 
0.97 (28) 1.54 (28) 0.82 (21) 1.05 (19) 

      

The first segment lasted about 14 h intermittently 
and was caused by outer rainbands. If not considering 
the eye region, the first segment exhibited the entire 

event’s smallest drop sizes where the mean maximum 
diameter was only 1.51 mm, the lowest number 
concentration of 228 drops m–3, the minimum rain 
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intensity of 1.4 mm h–1, the lowest liquid water 
content of 0.09 g m–3 and the radar reflectivity of 16.9 
dBZ. Significant features for the first segment were 
the relatively low concentration and high variability 
of raindrop size spectra. Compared with other 
segments, the first segment had the largest coefficients 
of variation for all characteristic parameters, herein 
defined as 100% times the standard deviation divided 
by the mean value to measure the fluctuating 
magnitude, indicating a strong intra-phase variation. 
The outer rainband generally takes on a more 
stratiform or a mixed convective-stratiform structure. 
As shown in Figure 4, the radar reflectivity from the 
National Aeronautic and Space Administration 
CloudSat satellite reveals that the outer rainband of 

Morakot had obvious stratiform structures (hint of 
brightband at the 4–5-km level). Figure 3e also 
confirms the stratiform characteristics since the 
sample’s Nw is smaller than that of Bringi et al.[24]. 
The Nw and Dm derived from the composite size 
spectra for this segment (Figure 5) were 1786.7 m–3 
mm–1 (3.25 in logarithmic scale) and 1.24 mm, 
respectively. This Nw–Dm pair was located in the 
stratiform rain region suggested by Bringi et al.[24]. So 
large Nw and small Dm suggest that the stratiform rain 
for this segment was formed by the melting of graupel 
or rimed ice particles. And these graupel and rimed 
ice particles in outer rainbands likely originated from 
the eyewall clouds[25].

 
Figure 3. Temporal evolution of (a) total number concentration N (m–3), (b) liquid water content W (g m–3), (c) rain rate R (mm h–1), 
(d) radar reflectivity factor Z (dBZ), and (e) normalized number concentration Nw (mm–1 m–3, shown by the log10Nw ), derived from 
1–min disdrometer observations. The Nw corresponding to the regression Nw–Dm relation of Bringi et al.[24] for stratiform rain is 
given in gray line in panel (e). Symbols S1–4 represent four stages of the precipitation event. 
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Figure 4. AQUA IR image at 0515 UTC 9 August 2009. CloudSat reflectivity from 0515 UTC to 0517 UTC is shown at bottom 
(courtesy of Naval Research Laboratory, Monterey, California), indicating the typical stratiform characteristics (hint of bright band 
at the 4–5-km level) for the outer rainbands.

The second segment lasted over 29 h 
continuously and was dominated by convective rains, 
showing relatively higher number concentrations, rain 
rates, liquid water contents, radar reflectivity and 
larger drop sizes. The number concentrations in this 

period were 470 m–3 in average and 2250 m–3 in 
maximum. This segment exhibited the event’s 
broadest size spectra where the maximum drop 
diameter was 5.25 mm and the strongest rainfall with 
a maximum rain rate of about 84 mm h–1 and the 
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reflectivity of 50 dBZ. The relatively high 
concentrations of midsize drops (1~2 mm in diameter) 
with the presence of large drops were responsible for 
the heavy rain and high reflectivity (Figures 5 and 6). 
This is similar to those observed in Atlantic and the 
central tropical Pacific cyclones[14]. Precipitation for 
the second segment was caused by eyewall clouds 
through coalescence of drops. As shown in Figure 6, 
relatively small concentrations of raindrops with 1.2 
mm in diameter were present in the broad raindrop 
spectra. This illustrates the presence of the 
coalescence of drops. The third segment lasted about 
3.5 h and exhibited the event’s smallest concentration 
with a mean value of 137 drops m–3, the minimum 
rain intensity of ~0.3 mm h–1 and the lowest liquid 
water content of ~0.03 g m–3. This segment had the 
storm’s narrowest raindrop spectra with the maximum 
drop diameter not exceeding 2.4 mm (Figure 5). The 
clouds in the eye region of the tropical cyclones are 
mainly in the form of stratus and/or stratocumulus 
clouds[25], which is typically characterized by 
stratiform rains. Figure 3 illustrates this point further 
since the sample’s Nw was significantly smaller than 
that of Bringi et al.[24]. The mean values were 3.5 (in 
logarithmic scale) for Nw and 0.82 mm for Dm, 
suggesting that the precipitation was formed by the 
melting of graupel or rimed ice particles. And these 
ice particles were likely produced in the eyewall 
clouds and hereafter advected inward into the eye 
region. 

The last segment lasted about 9 h and exhibited 
weak convective rains, which are caused by stratiform 
clouds with embedded convection. The presence of 
high concentrations of small drops was observed in 
the narrow spectra where the maximum drop was less 
than 3 mm in diameter. However, compared with the 
second segment, the last segment had relatively 
weaker rainfall rates with a mean value of 3.6 mm h–1 

and a lower liquid water content of 0.23 g m–3. 
Although these two segments were caused by the 
eyewall clouds, the difference in rainfall features 
showed asymmetric structures of the storm. 
 

 
Figure 5. The composite raindrop size distributions (solid lines) 
for the whole dataset and four different segments. The dashed 
lines represent a gamma functional fit using the truncated 
moment method and the corresponding parameters are 
presented in Table 2. 

Overall, during the passage of Morakot, the time 
series of the disdrometer data revealed four different 
segments associated with the evolution of the storm. 
Although all composite spectra were characterized by 
a single peak distribution in which the high 
concentration of drops occurred at 0.5–0.7 mm, the 
spectra width was significantly different from each 
other (Figure 5), resulting in different distribution 
parameters (Table 2).

 

 
Figure 6. Time series (minutes from 2025 BST 7 August 2009) of raindrop size distribution (m–3 mm–1) for Typhoon Morakot. 
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Table 2. The gamma distribution parameters based on the composite spectra in Figure 5. 
 N0 (mm–1–µ m–3) μ Λ (mm–1) 

Entire 8473.42 1.86 3.45 
Stage-1 32542.94 3.36 5.88 
Stage-2 14023.42 2.90 3.76 
Stage-3 1.11×107 6.91 12.07 
Stage-4 2.97×106 5.81 8.67 

 

4 RAINDROP SIZE DISTRIBUTION 
PARAMETERIZATIONS 

In this section, we would investigate the 
relationship of the gamma distribution parameters µ 
and Λ, and the radar reflectivity Z and rain rate R. 
Although the gamma distribution function has been 
widely used in the NWP models to describe a variety 
of drop size distributions, the shape parameter μ is 
often assumed to be a fixed constant. Based on the 
disdrometer and polarimetric radar data obtained from 
an intense convective rainfall with rain rate greater 
than 5 mm h–1, Brandes et al.[26] and Zhang et al.[27] 
suggested an empirical relation between Λ and µ 
using a polynomial of second degree given by 

20.0365 0.735 1.935μ μΛ = + +        (9) 
For typhoon systems, Chang et al.[15] found that 

the μ–Λ relationship had a smaller slope under the 

same threshold of rain rate given by 
20.0136 0.6984 1.5131μ μΛ = + +     (10) 

Comparing Eq. (10) with Eq. (9), Chang et al.[15] 
suggested that the microphysical processes in typhoon 
systems under terrain influence was different than the 
system observed in east-central Florida. 

In this research, after removing any raindrop size 
distributions in which the rain rate was less than 5 mm 
h–1, the μ–Λ relationship for Typhoon Morakot was 
derived as 

20.0253 0.633 1.524μ μΛ = + +      (11) 
Comparisons of the fitting results (shown by solid 

curve) with Zhang et al.[27] (dashed–dotted curve) and 
Chang et al.[15] (dashed curve) are presented in Figure 
7. As shown, the μ–Λ relationship for Morakot 
exhibits a significant difference with Zhang et al.[27], 
but is in excellent agreement with Chang et al.[15].

 

 
Figure 7. Scatterplot of the gamma parameters μ versus Λ for rainfall rates greater than 5 mm h–1. Comparisons of the empirical μ 
and Λ relations obtained in this study (solid curve) and by Zhang et al. (2003) (dashed–dotted curve) and by Chang et al. (2009) 
(dashed curve).

Figure 8 shows a scatterplot of the values of the 
radar reflectivity factor Z and the rain rate R for the 
whole data set. We have also derived the empirical 
power-law Z–R relationships in the form Z=ARb using 

a least-square method. The coefficient of A and b was 
235 and 1.3, respectively. For eyewall precipitation 
during the second segment, we obtained A=308 and 
b=1.32. Those values were consistent with those 
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reported in the literature for Atlantic hurricanes given by A=300 and b=1.35[28].
 

 
Figure 8. Scatterplot of radar reflectivity factor Z (mm6 m–3) versus rain rate R (mm h–1) for the whole dataset. Straight line 
represents a least squares fit.

5 SUMMARY 

In this study, the microphysical characteristics of 
drop size distributions during the passage of Typhoon 
Morakot were investigated using the PARSIVEL 
disdrometer data collected in Fujian province, China, 
from 7 to 10 August 2009. The time evolution of the 
raindrop size distribution revealed different segments 
of the observed storm. The outer rainbands and eye 
region produced stratiform rains while the eye walls 
produced convective rains. Overall, the Morakot 
precipitation exhibited a relatively high variability, 
especially before the landfall (Table 1). 

All of the composite raindrop spectra for different 
segments and the entire period were characterized by 
a single peak distribution in which the high 
concentration of drops occurred at 0.5–0.7 mm, and 
well represented by the gamma distribution function. 
The eyewall precipitation had a broader size 
distribution than the outer rainband and eye region, 
resulting in a smaller slope. 

The μ–Λ relation for Morakot derived here is in 
excellent agreement with the typhoon systems over 
Taiwan reported in Chang et al.[15]. The Z–R relation 
for Morakot during the eyewall stage is consistent 
with that of Atlantic hurricanes[28]. Specifically, the 
value is 308 for A and 1.32 for b. 

Based on the NW–Dm relationships, we suggest 
that the stratiform rain for the outer rainband and eye 

region was formed by the melting of graupel or rimed 
ice particles, which likely originated from the eyewall 
clouds. 

It should be noted that the results presented in this 
study are based on one disdrometer measurement, 
which represents the time evolution of the raindrop 
size distribution over a single site. More observation 
sites are needed to measure the spatial variability of 
microphysical characteristics of tropical cyclone 
precipitation. 
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