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Abstract Raindrop size distribution (RSD) characteristics in summer season rainfall of two observational
sites (Taiwan (24°580N, 121°100E) and Palau (7°200N, 134°280E)) in western Pacific are studied by using five
years of impact type disdrometer data. In addition to disdrometer data, Tropical Rainfall Measuring
Mission, Moderate Resolution Imaging Spectroradiometer, and ERA-Interim data sets are used to illustrate
the dynamical and microphysical characteristics associated with summer season rainfall of Taiwan and
Palau. Taiwan and Palau’s raindrop spectra showed a significant difference, with a higher concentration of
middle and large drops in Taiwan than Palau rainfall. RSD stratified on the basis of rain rate showed a
higher mass-weighted mean diameter (Dm) and a lower normalized intercept parameter (log10Nw) in
Taiwan than Palau rainfall. Precipitation classification into stratiform and convective regimes showed
higher Dm values in Taiwan than Palau. Furthermore, for both the locations, the convective precipitation
has a higher Dm value than stratiform precipitation. The radar reflectivity-rain rate relations (Z = A*Rb) of
Taiwan and Palau showed a clear variation in the coefficient and a less variation in exponent values.
Terrain-influenced clouds extended to higher altitudes over Taiwan resulted with higher Dm and lower
log10Nw values as compared to Palau.

Plain Language Summary As the raindrop size distribution (RSD) varies from one location to other
location, for the first time, the spatial variability of RSD between two Islands (Taiwan and Palau) in the western
Pacific region are studied. A significant RSD differences between Taiwan and Palau are noticed, with more
number of small drops in Palau rainfall and more number of middle and large drops in Taiwan rainfall. Both
orography and aerosol loading over Taiwan are resulting in more number of middle and large drops over
Taiwan as compared to Palau rainfall.

1. Introduction

Raindrop size distribution (RSD) information plays a key role in realizing the rain microphysics (Rosenfeld &
Ulbrich, 2003), and in quantitative precipitation estimation (QPE) algorithms (Boodoo et al., 2015; Chapon
et al., 2008; Ryzhkov & Zrnic, 1995; Seliga & Bringi, 1976). For instance, modeled RSD parameters are used
in rainfall estimation algorithms of National Aeronautics and Space Administration (NASA) Tropical Rainfall
Measuring Mission (TRMM) Precipitation Radar (PR) (Iguchi et al., 2000; Kozu, Iguchi, et al., 2009; Kozu,
Shimomai, et al., 2009) and in Global Precipitation Measurement (GPM) Dual-Precipitation Radar (DPR)
(Hou et al., 2008; Liao et al., 2014; Nakamura & Iguchi, 2007). Terrestrial and Earth to space radio links operat-
ing at frequencies above 10 GHz depends on the RSD characteristics and their variability (Badron et al., 2011;
Chakravarty & Maitra, 2010; Kumar et al., 2010; Marzuki et al., 2009). Knowledge about RSD is essential in
improving the microphysics parameterization of numerical cloud models (Cohen & McCaul, 2006; Fadnavis
et al., 2014; Gilmore et al., 2004; McFarquhar et al., 2015; Tapiador et al., 2014; Wainwright et al., 2014).
Further, RSD plays a pivotal role in the understanding of runoff process, flood hazards control, and in soil
erosion studies (Angulo-Martinez & Barros, 2015; Nanko et al., 2016; Rosewell, 1986). Afford mentioned
applications of RSD necessitates its extensive study over the globe.
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RSD characteristics over a wide range of locations from near-equator to subtropics, subtropics to tropics,
high-plains to continental, and oceanic regions were studied by Bringi et al. (2003). They found lower
mass-weighted mean diameter values in the maritime-like cluster than the continental-like cluster. RSD
characteristics of inland (Gadanki) and maritime continental stations (Singapore and Kototabang) was
analyzed by Kozu et al. (2006). They noticed significant seasonal variations in Gadanki, diurnal variations in
Kototabang, and with less seasonal/diurnal variations in Singapore. The continental and maritime RSD of
northern Brazil was studied by Tenório et al. (2012), and they perceived more small drops (< 2 mm) in the
maritime rain than the continental part. Bumke and Seltmann (2012) noticed no systematic differences in
RSD of maritime and continental environments over Germany. Ulbrich and Atlas (2007) noticed an increasing
trend of median volume diameter (Do) from stratiform to convective regimes of both maritime and continen-
tal storms over Brazil. They also found higher median volume diameter and lower normalized intercept
parameter in continental storms than maritime storms. With the aid of RSD parameters (R and No), Tokay
and Short (1996) classified the rainfall into stratiform and convective regimes, and they perceived clear differ-
ences in Z-R relations between stratiform and convective precipitation. Sharma et al. (2009) used ground-
based radar and disdrometer to classify the precipitation into convective, transition, and stratiform type.
They found bigger drops in stratiform rain events for lower rain rates (R< 10 mm h�1) and in convective rain
events for higher rain rates (R> 10mm h�1). Tang et al. (2014) analyzed the RSD spatial variability over China,
and they found clear regional differences in microphysical parameters of convective precipitation. Recent
study of Das et al. (2017) also showed a clear demarcations in the RSD parameters and Z-R relations among
stratiform, convective, and shallow-convective precipitations. With the RSD information, Zwiebel et al. (2016)
illustrated the dependency of orography and rain intensity on rainfall structures in different topographic
regions (mountain, transition, and plain areas) of southern France. Recently, over southern India,
Harikumar (2016) reported more big drops in the orographic rain than nonorographic rain. RSD records over
18 diverse geographical locations around the globe from two-dimensional disdrometer (2-DVD) were
compiled by Gatlin et al. (2015). They perceived giant raindrops (diameter > 8 mm) over Colorado,
Oklahoma, Huntsville, and they opinioned that these giant drops are due to melting of hail during their
descent. Radhakrishna et al. (2009) studied the seasonal (southwest and northeast monsoon) and spatial
(Inland and coastal station) variability of RSD over southern India, and they noticed pronounced seasonal
differences at the inland station than the coastal station. The mass-weighted mean diameter values were
found to be smaller in coastal station than the inland station. Regional study on RSD characteristics by
Marzuki et al. (2013) showed clear demarcations in radar reflectivity-rain rate (Z-R) relations among four
observational sites in Indonesia. RSD of Equatorial Indian (Gan Island) and West Pacific (Manus Island)
Oceans are analyzed by Thompson et al. (2015), and they found analogous RSD between two stations.

So far, in the literature, spatial characteristics of RSD aremostly carried over the inland/coastal regions, or over
the oceanic regions (Rangno & Hobbs, 2005), and the RSD spatial variability yet to be documented over the
western Pacific region. Henceforth, an attempt has been made to illustrate the summer season RSD differ-
ences between two Islands (Palau and Taiwan) in western Pacific by using five years of disdrometer data.
These two Islands have different orography, with no terrain over Palau. Taiwan has a central mountain range
extending from the north of Island to the south, with a maximum peak of 3,860 m. Such a diverse geography
between these two Islands (Palau and Taiwan) allow us to understand the RSD variability between terrains
surrounded station to that of the oceanic station. With this brief introduction, section 2 details about the
observational sites, data, and methodology. Section 3 illustrates the observational results, and the possible
reasons for the variations in RSD characteristics between two sites are detailed in section 4. The results are
summarized in section 5.

2. Observational Sites, Data, and Methodology

In the present study, five years of RSD measurements from Joss-Waldvogel Disdrometer (JWD) (Joss &
Waldvogel, 1969; Waldvogel, 1974) are used to illustrate the RSD characteristics of Taiwan (24°580N,
121°100E) and Palau (7°200N, 134°280E) in western Pacific region. Figure 1 shows the geographic locations
of Taiwan and Palau, and the locations of disdrometer, where the RSD measurements were carried out.
The Republic of Palau is an archipelago of about 350 m high and low islands located in the most western part
of the Caroline Islands of the southwestern Pacific. To investigate cloud-precipitation processes and air-sea
interactions over the warm water pool, Japan Agency for Marine-Earth Science and Technology (JAMSTEC,

Journal of Geophysical Research: Atmospheres 10.1002/2017JD026816

SEELA ET AL. RSD CHARACTERISTICS OF TAIWAN AND PALAU 11,788



Japan) carried out a research project (Pacific Area Long-term Atmospheric observation for Understanding of
climate change: PALAU) at Palau (Krishna et al., 2016; Kubota et al., 2005; Moteki et al., 2008; Ushiyama et al.,
2009). In the present study, the JWD data recorded under this project is used. Taiwan is a subtropical island
located southeastern coast of mainland China in the Asia-Pacific conjunction regions. Taiwan is the world’s
fourth highest island with its central mountain range (CMR) located almost in north-south orientation with
an average height of 2 km and maximum peak of nearly 4 km. JWD data recorded at National Central
University (NCU) are used in the present study. The disdrometers at Taiwan and Palau were recorded with
1 min sampling interval. Over Taiwan, 16 June to 31 August of each year is considered as summer season
(Chen et al., 1999; Chen & Chen, 2003; Kerns et al., 2010). On the basis of wind regimes, Palau has easterly
and westerly seasons (Kubota et al., 2005), and the time period from 16 June to 31 August of each year over
Palau comes under westerly season. At these two stations (Palau and Taiwan), westerly wind prevails during
16 June to 31 August of each year. Hence, for the RSD comparison between Palau and Taiwan, JWDmeasure-
ments from 16 June to 31 August of each year are considered from these two (Palau and Taiwan) stations. The
JWD data in summer seasons (16 June to 31 August) of the years spanning from 2003 to 2007 and 2004 to
2010 (excluding 2008 and 2009), respectively, for Palau and Taiwan locations are used. During the five years
of JWD observations, the RSD measurements due to typhoon rainfall are excluded from the analysis from
both Taiwan and Palau station’s data.

The JWD is a widely used disdrometer for the measurement of RSD and rain integral parameters. With the
help of a Styrofoam cone of cross-sectional area 50 cm2, JWD can measure the size of the raindrops ranging
from 0.3 to 5.3 mm (Joss & Waldvogel, 1969). Once a raindrop hits the Styrofoam, with its terminal velocity,
the diameter of the raindrop can be inferred from the voltage generated by Styrofoam with an accuracy of
5%. Raindrops of diameter ranging from 0.3 to 5.3 mm are separated into 20 channels and the boundaries
of each channel increase with drop size from 0.1 to 0.5 mm. Pros and cons of the JWDwere well-documented
in the literature by the previous researchers (Cao et al., 2008; Joss & Waldvogel, 1969; Lee & Zawadzki, 2005;
McFarquhar & List, 1993; Sauvageot & Lacaux, 1995; Sheppard, 1990; Sheppard & Joe, 1994; Tokay et al., 2001;
see also http://www.distromet.com). In the estimation of raindrop size, the JWD algorithm assumes that the
raindrops are falling at terminal velocity in still air. JWD miscalculates the raindrops of diameter less than
1 mm under extremely noisy conditions (heavy rain rate associated with winds) (Tokay et al., 2003). To
overcome this problem, manufacturer provided an error correctionmultiplicationmatrix based on the correc-
tion scheme of Sheppard and Joe (1994). Under intense rainfall events, JWD indicates no drops for the first
three to four channels. The multiplicative matrix algorithm does not increase the counts when the channel
has no drops (Tokay & Short, 1996). As the dead time correction is not universally utilized within the field
(Tokay et al., 2001), in the present study, dead time correction was not applied. To reduce the sampling errors
caused by insufficient raw drop counts (< 10 drops), rain rate less than 0.1 mm h�1 are discarded in the
present study (Tokay & Short, 1996).

Figure 1. (a) Geographical location of Palau and Taiwan in the western Pacific Ocean. (b and c) The red colored circles represent the location of disdrometer.
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The raindrop concentration N(D) (m�3 mm�1) can be obtained from the JWDmeasurements by using follow-
ing equation:

N Dð Þ ¼
X20

i¼1

ni
A�Δt�V Dið Þ�ΔDi

(1)

where ni is the number of drops reckoned in the size bin i, A (m2) is sampling area, Δt (s) is the sampling time,
Di (mm) is the drop diameter for the size bin i, ΔDi is the corresponding diameter interval (mm), and V(Di)
(m s�1) is the terminal velocity of the ith channel raindrops and is estimated from
V(Di) = 9.65� 10.3*exp(�0.6*Di) (Gunn & Kinzer, 1949). From the raindrop concentration N(D), drop diameter
(Di) and terminal velocity V(Di), radar reflectivity factor Z (mm6 m�3), total number concentration Nt (m

�3),
and rain rate R (mm h�1) are derived by using the equation

Z ¼
X20

i¼1
N Dið ÞD6

i ΔDi (2)

Nt ¼
X20

i¼1
N Dið ÞΔDi (3)

R ¼ 6π�10�4
X20

i¼1
V Dið Þ N Dið ÞD3

i ΔDi (4)

Validation of JWDs at both the stations has been carried out by comparing the daily rainfall amounts from
their collocated tipping bucket rain gauge of automatic weather station (AWS). The scatterplot of daily rainfall
from JWD and the collocated rain gauge for Taiwan and Palau stations are shown in Figure 2. A linear fit is
applied to scatterplots of both the stations. From both the figures (Figures 2a and 2b), it is apparent that there
is a good correlation between the JWD and rain gauge observations at both the sites. This strongly supports
that the JWD measurements at both the locations can be used for the RSD analysis.

The nth order moment of the drop size distribution is expressed as

Mn ¼ ∫Dmax
Dmin

Dn N Dð ÞdD (5)

here n stands for the nth moment of the size distribution.

The mass-weighted mean diameter Dm, shape parameter μ, and slope parameter Λ are evaluated from the
3rd, 4th, and 6th moments of the size distribution.

Dm ¼ M4

M3
(6)

The RSD of both the stations are fitted with gamma function as suggested by Ulbrich (1983). The functional
form of the gamma distribution is given as

N Dð Þ ¼ NoD
μ exp �ΛDð Þ (7)

where D (mm) is drop diameter, N(D) (m�3 mm�1) is number of drops per unit volume per unit size interval,

Figure 2. Scatterplot of daily accumulated rainfall measured from disdrometer (JWD) and rain gauge (AWS) for (a) Taiwan and (b) Palau stations.
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N0 (m
�3 mm�1) is number concentration parameter, μ is the shape parameter, and Λ (mm�1) is the slope

parameter.

The slope parameter Λ (mm�1) is given by

Λ ¼ μþ 4ð ÞM3

M4
(8)

where μ is the shape parameter without dimensions and is given by

μ ¼ 11G� 8ð Þ þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G Gþ 8ð Þp

2 1� Gð Þ (9)

where G ¼ M3
4

M6M2:
3

The normalized intercept parameter Nw (m�3 mm�1) is defined by Bringi et al. (2003) as

Nw ¼ 44

πρw

103W

D4
m

� �
(10)

where ρw (1.0 × 103 kg m�3) represents the density of water and W (kg m�3) represents the liquid water
content for the corresponding size distribution.

The shape parameter (μ) describes the breadth of RSD and determines whether the RSD is of concave down-
ward (μ > 0), upward (μ < 0), or of exponential (μ = 0) shape (Ulbrich, 1983). The slope parameter (Λ)
characterizes the truncation of RSD tail along D; small (large)Λ indicates an extension of the RSD tail to larger
(smaller) D. The normalized intercept parameter Nw, represents N(D) when D approaches to its
minimum value.

Along with the ground-based JWD disdrometer, data sets from Tropical Rainfall Measuring Mission (TRMM)
satellite on board Precipitation Radar (PR), Moderate Resolution Imaging Spectroradiometer (MODIS), and
European Centre for Medium-Range Weather Forecasts (ECMWF) Interim Re-Analysis (ERA-Interim) are
used. Dynamic and thermodynamic characteristics of precipitating clouds over Taiwan and Palau are tried
to understand with the help of storm and bright band heights from 2A23 data product of TRMM-PR, cloud
effective radii (CER) of ice, water droplets from MODIS, and convective available potential energy (CAPE)
from ERA-Interim. The TRMM PR was operated with 13.8 GHz frequency at 4.3 km/5 km horizontal resolu-
tion over a 215 km/247 km swath during preboost (before 7 August 2001)/postboost (after 24 August 2001)
covering the tropical region from 37°S to 37°N. TRMM-PR algorithm instruction manual for version 7 pro-
vides the detailed description of 2A23 data product and its algorithm. For further details, please refer to
Awaka et al. (1997, 1998, 2009), Iguchi et al. (2000), and Kummerow et al. (2001). In addition to this, CER
of ice and water particles from MODIS data product, MOD08_D3, are used. The MOD08_D3 data product
available at 1° × 1 spatial resolution is interpolated to 0.125° × 0.125°. The cloud effective radii (CER) are
the area weighted mean radius of cloud droplets and can be inferred from the multiwavelength reflected
solar radiation measurements (King et al., 2003; Nakajima & King, 1990; Platnick et al., 2003). The level 3
data product provides atmospheric parameters related to aerosol particle properties, water vapor, and
cloud optical and physical properties (Remer et al., 2005). Multispectral reflectance method is used to
retrieve the CER for liquid and ice phases (Nakajima & King, 1990). More details about the cloud product
algorithms of MODIS are documented by Platnick et al. (2003) and King et al. (2003). Also, the daily mean
values of convective available potential energy (CAPE, J kg�1) with a grid resolution of 0.125° × 0.125° are
taken from ERA-Interim (Dee et al., 2011). In this study, the daily mean data products of ERA-interim, TRMM-
PR, and MODIS are considered for the JWD measured summer season (16 June to 31 August) rainy days
(2003–2007 for Palau, 2004–2007, 2010 for Taiwan; excluding typhoon rainy days) over Taiwan and
Palau stations.

3. Observational Results

During five years of observations, a total number of 65 rainy days (7,466 min of raindrop spectra) over Taiwan,
and 112 rainy days (18,868 min of raindrop spectra) over Palau were observed with the JWD. Figure 3a shows
the variation of number of raindrops per unit volume per diameter range, N(D) (m�3 mm�1), with raindrop
size, D (mm), for summer season precipitation of Taiwan and Palau. The mean raindrop concentration,
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N(D) (m�3 mm�1), is obtained from the rainy samples of Taiwan (7,466 samples) and Palau (18,868 samples)
and are shown with blue and red colors, respectively, in Figure 3a. In the present study, raindrop diameter
classification (small, middle, and large size drops) proposed by previous researchers (Jayalakshmi & Reddy,
2014; Krishna et al., 2016; Narayana Rao et al., 2009; Tokay et al., 2008) is adapted to explain the RSD varia-
tions. Raindrops of diameter less than 1 mm are considered as small drops, 1 to 3 mm as middle-size drops,
and above 3 mm as large drops. An inspection of raindrop spectra in Figure 3a shows that the concentra-
tion of raindrops below 2 mm diameter is higher at Palau in comparison to Taiwan rainfall. A similar type of
finding was reported by Tenório et al. (2012) over eastern Brazil. They found a higher concentration of
small drops (< 2 mm) in maritime rainfall than continental rainfall. As the raindrop concentration depends
on rain rate, it is hard to make reliable interpretation of differences between unnormalized spectra of
Taiwan and Palau rainfall (as in Figure 3a). As a result, normalization procedure of Testud et al. (2001) is
adopted to the RSD of Taiwan and Palau rainfall. As this procedure does not depend on the shape of
the observed raindrop spectra, it can be useful in comparing the RSD of different precipitations and also
for inspecting them for indications of differences in the physical processes that produce the rain. The drop
diameter (D, mm) and raindrop concentration (N(D), m�3 mm�1) of Taiwan and Palau are normalized with
the mass-weighted mean diameter (Dm, mm) and normalized intercept parameter (Nw, m

�3 mm�1),
respectively, and are shown in Figure 3b. From the figure, it is apparent that the normalized spectra of
Taiwan depart from the Palau spectra.

3.1. Raindrop Size Distribution in Different Rain Rate Classes

In order to demonstrate the differences in Palau and Taiwan RSD, both the station’s rainfall are divided into 12
rain rate classes (C1: 0.1–0.2, C2: 0.2–0.4, C3: 0.4–0.7, C4: 0.7–1, C5: 1–2, C6: 2–5, C7: 5–8, C8: 8–12, C9: 12–18,
C10: 18–25, C11: 25–40, and C12: >40 mm h�1). These rain rate classes are chosen in such a way that the
mean rain rate in each class is nearly equal in both the stations and the number of data points are sufficiently
large in each class. A similar classification criterion was adopted by previous researchers (Jayalakshmi &
Reddy, 2014; Krishna et al., 2016; Narayana Rao et al., 2009); however, they considered different rain rate
classes. Table 1 summarizes the rain rate statistics of both the stations. Figure 4 shows the variation of
number of raindrops per unit volume per diameter range, N(D) (m�3 mm�1), with raindrop size, D (mm),
for each rain rate class of Taiwan and Palau rainfall. For the first two rain rate classes (Figures 4a and 4b;
C1: 0.1–0.2, C2: 0.2–0.4 mm h�1) rain drops below 0.6 mm are more in Palau rainfall than Taiwan rainfall.
For the next three rain rate classes (Figures 4c–4e; C3: 0.4–0.7, C4:0.7–1, C5:1–2 mm h�1), concentration of
small drops (diameter < 1 mm) is higher in Palau rainfall than Taiwan rainfall, and a reverse pattern can be
seen for middle and large raindrops (diameter > 1 mm). Raindrops below 1.3 mm and 1.5 mm diameter

Figure 3. (a) Variation of mean raindrop concentration (N(D), m�3 mm�1) with drop diameter (D, mm) in summer season rainfall of Taiwan and Palau, and
(b) normalized gamma distribution of Taiwan and Palau rainfall. The numbers in the legend parenthesis of Figure 3a indicate the total number of samples over
Taiwan and Palau stations. The mean RSD parameters (represented with angles brackets<>) of Palau and Taiwan rainfall are also shown in Figure 3a. The error bars
in Figure 3a represents the standard error of each channel samples.
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have higher concentration in Palau rainfall than Taiwan rainfall and raindrops
above 1.3 mm and 1.5 mm diameter have slightly higher concentration in
Taiwan than Palau rainfall for the sixth (C6: 2 ≤ R < 5 mm h�1) and seventh
(C7: 5 ≤ R < 8 mm h�1) rain rate classes, respectively. Raindrops of diameter
greater than 1.9 mm have a higher concentration in Taiwan rainfall as compared
to Palau rainfall in the eighth and ninth rain rate classes (Figures 4h and 4i; C8:
8–12, C9: 12–18 mm h�1). Raindrops of diameter greater than 2 mm have a
higher concentration in Taiwan rainfall when compared to Palau rainfall for
the two following rain rate classes (Figures 4j and 4k; C10: 18–25, C11:
25–40 mm h�1). In the last rain rate class (Figure 4l; C12: >40 mm h�1) the con-
centration of large drops is higher in Taiwan than Palau rainfall. To look into the
RSD variations in these 12 rain rate classes for a given location, the RSD of 12
rain rate classes are redrawn separately for Taiwan and Palau and are shown in
Figure 5. From Figure 5 we can see that the raindrop concentration of middle
and large drops (> 1 mm) is increasing with the increase of rain rate class (from
C1 to C12) for both Taiwan and Palau stations. For the first six rain rate classes
(C1–C6) there is no much decrease of very small drops (< 0.5 mm) with the
increase of rain rate class. However, for the rest of the six rain rate classes
(C7–C12), the concentration of small drops (< 1 mm) is decreasing with the
increase in rain rate class.

To further emphasize the clear differences in RSD characteristics between Palau
and Taiwan rainfall, a percentage parameter δ(D, R) is considered. The δ(D, R) is
the ratio of a raindrop concentration in one location (N(D) of Taiwan/Palau) at a
diameter D and rain rate R to the sum of the raindrop concentrations in both
the locations (N(D) of Taiwan and Palau). The percentage parameter chosen in
the present study is alike to Radhakrishna et al. (2009). However, we used differ-
ent rain rate classes. Variations in δ(D, R) of Palau and Taiwan rainfall are depicted
in Figure 6. From the figure, we can notice distinct variations in raindrop concen-
tration of Taiwan and Palau rainfall. The contribution of small drops (< 1 mm dia-
meter) is predominant in Palau than Taiwan (except in the last rain rate class),
whereas the contribution of middle and large drops (>2 mm) is higher in
Taiwan as compared to Palau rainfall.

The RSDs of both the stations are fitted to the gamma distribution. Variations in
mass-weighted mean diameter (Dm) and gamma parameters (log10Nw, μ, and Λ)
with rain rate classes are shown in Figure 7. At both the sites, mean Dm increases
with the increase in rain rate class (Figure 7a), which is caused by the increase of
large drops and decrease of small drops with the increase in rain rate. This fea-
ture is consistent with the results of previous researchers (Jayalakshmi & Reddy,
2014; Krishna et al., 2016; Narayana Rao et al., 2009; Rosenfeld & Ulbrich, 2003;
Testud et al., 2001). Mean Dm values of Palau rainfall are relatively lower than

Taiwan rainfall. Higher Dm values of Taiwan are due to the relatively large num-

ber of middle and large drops as compared to Palau rainfall. The mean Dm value
varies between 0.88 and 2.12 mm in Taiwan, and it ranges from 0.78 to 2.06 mm
in Palau. The difference in mean Dm between Taiwan and Palau rainfall varied
from 0.06 to 0.23 mm. An increasing trend in mean normalized intercept para-
meter log10Nw can be seen for both Taiwan and Palau rainfall (Figure 7b). The

mean normalized intercept parameter (log10Nw, m
�3 mm�1) ranges from 4.08

to 4.56 in Taiwan rainfall whereas it varies from 4.39 to 4.78 in Palau rainfall.
The mean value of log10Nw is lower in Taiwan rainfall when compared to Palau
rainfall. In both the locations (Palau, Taiwan) the shape parameter (μ, �) shows
an irregular decreasing trend with the increase in rain rate class (Figure 7c).
Mean μ values vary from 4.58 to 10.05, and from 5.91 to 13.11, respectively, inTa
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Taiwan and Palau rainfall. On the other hand, mean slope parameter (Λ, mm�1) shows a decreasing trend
with the increase in rain rate at both the stations (Palau and Taiwan) (Figure 7d). In all rain rate classes
(C1–C12), the mean slope parameter is higher in Palau when compared to Taiwan. In Taiwan rainfall, the
mean values of Λ varied from 4.64 to 16.39 m�1, whereas in Palau rainfall, it changes from 5.36 to

19.08 m�1. Table 2 shows the statistical values of Dm, Nw, μ, and Λ of Palau and Taiwan rainfall in 12 rain

rate classes. In all rain rate classes, Palau rainfall has higher values of Nw, μ, and Λ and Taiwan rainfall has

higher Dm values. Similar type of results were reported by Jung et al. (2012) for a squall line in south

Taiwan. They found higher (lower) values of Dm (Nw, μ, and Λ) in convective region of the Taiwan squall
line than tropical oceanic storms.

3.2. RSD Variations in Stratiform and Convective Precipitation

It is clearly evident from the literature (Niu et al., 2010; Sharma et al., 2009; Thurai et al., 2016; Tokay et al.,
2008; Tokay & Short, 1996) that the RSD in stratiform precipitation significantly vary from convective precipi-
tation. With the help of changes in RSD parameters during convective and stratiform precipitation, Ulbrich
and Atlas (2007) argued to use different Z-R relations in stratiform and convective precipitation. Bringi
et al. (2003) studied the variations in Dm and Nw values in stratiform and convective rainfall of different cli-
matic regions by using two different disdrometers. Sequential variations in RSD parameters from

Figure 4. Average raindrop spectra of Taiwan (blue color) and Palau (red color) rainfall in 12 rain rate classes (C1: 0.1–0.2, C2: 0.2–0.4, C3: 0.4–0.7, C4: 0.7–1, C5: 1–2,
C6: 2–5, C7: 5–8, C8: 8–12, C9: 12–18, C10: 15–25, C11: 25–40, and C12: >40 mm h�1). The error bars in each subplot represents the standard error of each
channel samples.
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convective to stratiform precipitations was demonstrated by Tokay and Short (1996). As the dynamical and
microphysical properties of stratiform and convective precipitations were found to vary (Tokay & Short,
1996), we analyzed the RSD of Taiwan and Palau rainfall by classifying into stratiform and convective regimes.
With the help of different ground-based instruments (disdrometer, profiler, and radar), different researchers

Figure 5. Average raindrop spectra of (a) Taiwan and (b) Palau rainfall in 12 rain rate classes.

Figure 4. (continued)

Journal of Geophysical Research: Atmospheres 10.1002/2017JD026816

SEELA ET AL. RSD CHARACTERISTICS OF TAIWAN AND PALAU 11,795



adopted different rain classification criteria (Bringi et al., 2003; Krishna et al., 2016; Narayana Rao et al., 2001;
Steiner et al., 1995; Thurai et al., 2016; Tokay & Short, 1996; Williams et al., 1995). In the present study, we have
categorized the Taiwan and Palau rainfall into stratiform and convective regimes by using classifications
criteria proposed by Bringi et al. (2003). Bringi et al. (2003) separated the rainfall into stratiform and convec-
tive rain type by using standard deviation of rain rate (σR) over five consecutive 2 min RSD samples. The
classification criteria was based on rain rate (R) ≥ 0.5 mm h�1 and σR ≤ 1.5 mm h�1 for stratiform rain and
R ≥ 5.0 mm h�1 and σR > 1.5 mm h�1 for convective rain. In the present study, Palau and Taiwan rainfall
are separated into stratiform and convective type by using 10 consecutive 1 min RSD samples. Figure 8
depicts the RSD variations in convective and stratiform rainfall of both the stations. In Palau rainfall, drop
concentration of convective regime is higher than the stratiform regime for the drops above 0.5 mm
diameter (Figure 8a). From the Figure 8b, it is apparent that the convective rainfall of Taiwan has a higher
drop concentration to that of stratiform rainfall for the raindrops of all sizes. The convective regimes of both
Taiwan and Palau rainfall showed a broad distribution with a concave downward shape (at 1.2 mm) as
compared to stratiform regimes. This behavior is partly due to the association of convective rainfall with

Figure 6. Percentage parameter, δ(D, R) for (a) Taiwan and (b) Palau rainfall. As the above figures (Figures 5a and 5b) are drawn with pcolor command in MATLAB, the
number of grid spaces in y axis are one fewer than the number of rain rate classes.

Figure 7. Distribution of (a) mass-weighted mean diameter (Dm, mm), (b) normalized intercept parameter (log10Nw, m
�3 mm�1), (c) shape (μ, �), and (d) slope

(Λ, mm�1) parameter of Palau (red color) and Taiwan (blue color) rainfall with respect to rain rate.
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collisional breakup of large drops (Hu & Srivastava, 1995). However, in both Taiwan and Palau rainfall, an
exponential distribution can be seen in stratiform regimes, with relatively less tendency toward downward
concavity. Previous researcher reported the similar findings for the stratiform and convective regimes
(Chen et al., 2013; Jayalakshmi & Reddy, 2014; Krishna et al., 2016; Niu et al., 2010). To further look into the
variations between Taiwan and Palau rainfall for a given rain type, the RSD of Taiwan and Palau rainfall for
stratiform and convective regimes are separately drawn in Figures 8c and 8d, respectively. From the
Figures 8c and 8d, it is clearly evident that the raindrops of diameter less than 1.2 mm are in higher concen-
tration for Palau rainfall as compared to Taiwan rainfall for stratiform precipitation, whereas raindrops above
2 mm diameter are more in Taiwan than Palau for the convective regime.

Table 2
Mean and Standard Deviation Values of Dm, log10(Nw), μ, and Λ for Taiwan and Palau Rainfall in Different Rain Rate Classes

Rain rate class

Taiwan Palau

Dm log10Nw μ (�) Λ (mm�1) Dm log10Nw μ (�) Λ (mm�1)

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

C1 0.88 0.23 4.08 0.63 10.05 9.77 16.39 11.76 0.78 0.25 4.39 0.76 13.11 12.88 19.08 14.08
C2 0.99 0.27 4.10 0.63 8.14 8.21 13.01 9.32 0.86 0.27 4.45 0.74 10.52 11.29 16.59 12.97
C3 1.11 0.30 4.09 0.60 6.63 6.86 10.27 7.06 0.95 0.27 4.48 0.69 8.31 8.83 14.18 11.33
C4 1.19 0.34 4.11 0.61 6.65 7.69 9.60 7.36 1.01 0.29 4.51 0.66 7.04 7.62 12.32 9.83
C5 1.24 0.29 4.23 0.52 5.64 6.19 8.15 5.34 1.08 0.29 4.58 0.59 6.66 7.68 10.89 8.50
C6 1.37 0.27 4.33 0.44 5.19 5.23 7.02 4.29 1.21 0.27 4.63 0.49 5.91 6.42 8.87 6.12
C7 1.49 0.27 4.43 0.39 5.59 4.83 6.70 3.58 1.32 0.28 4.72 0.45 6.80 5.47 8.72 4.69
C8 1.58 0.30 4.47 0.42 5.27 4.00 6.13 3.01 1.39 0.24 4.77 0.35 8.33 5.55 9.10 4.09
C9 1.72 0.31 4.46 0.36 4.58 3.21 5.19 2.38 1.50 0.23 4.78 0.32 8.92 4.74 8.86 3.47
C10 1.83 0.34 4.47 0.36 4.91 2.92 5.06 2.00 1.62 0.22 4.74 0.28 8.04 4.26 7.63 3.03
C11 1.94 0.37 4.51 0.36 4.59 2.92 4.64 1.97 1.78 0.30 4.70 0.29 7.47 3.61 6.72 2.56
C12 2.12 0.33 4.56 0.29 5.63 3.74 4.77 2.34 2.06 0.30 4.62 0.25 6.76 3.65 5.36 1.88
Total 1.24 0.41 4.22 0.56 6.72 7.11 9.80 8.08 1.11 0.39 4.56 0.62 8.37 8.94 12.19 10.27

Note. The numbers reported in bold indicate the maximum values in each column.

Figure 8. Variation of raindrop concentration with rain type in summer season precipitations of Taiwan and Palau.
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Figure 9 shows the variations of mass-weighted mean diameter
(Dm, mm) and normalized intercept parameter (log10Nw, m

�3 mm�1)
in stratiform and convective regimes of Taiwan and Palau rainfall.
From the figure, it is apparent that the convective precipitations have
relatively higher Dm values than stratiform precipitations. On the
other hand, Taiwan rainfall has a higher Dm and lower log10Nw values
than Palau rainfall for both the rainfall regimes (stratiform and
convective). Table 3 provides the mean and standard deviation values
of R, LWC, Dmax, log10Nt, Dm, log10Nw, μ, and Λ for stratiform and
convective regimes of Taiwan and Palau rainfall. Bringi et al. (2003)
measured log10Nw and Dm values for a wide range of locations (from
near equator to subtropics, subtropics to tropics, oceanic, and high
plains to continental). For convective rain, they found Dm (log10Nw)
ranging from 1.5 to 1.75 mm (4 to 4.5 m�3 mm�1) for the maritime-
like cluster and 2 to 2.75 mm (3 to 3.5 m�3 mm�1) for the
continental-like cluster. Comparison of current results with the
Bringi et al. (2003) suggests that the RSDs at both Taiwan and Palau
sites are similar to the maritime-like convective RSD. Nevertheless, it
is somewhat interesting for Palau, where the environment seems to
be more maritime than Taiwan. The RSD parameters from convective

precipitation of Palau rainfall are deviated from the maritime-like ones, whereas Taiwan’s RSD parameters are
similar to the maritime-like parameters. This result would suggest that the continental/maritime classification
of RSD is not necessarily applied to convective precipitation over the western Pacific region.

3.3. Radar Reflectivity (Z)-Rain Rate (R) Relations

The uncertainties in the estimation of rainfall from radars can be minimized by utilizing proper radar
reflectivity-rain rate (Z-R) relations (Battan, 1973; Chapon et al., 2008; Raghavan, 2003). These Z-R relations
were found to vary from season to season, one climatic region to the other, and even in different precipita-
tion type (Atlas et al., 1999; Marzuki et al., 2013; Tokay & Short, 1996; Ulbrich & Atlas, 2007). The coefficient (A)
of Z-R relations (Z = A*Rb) infers the presence of smaller or bigger raindrops, and the exponent “b” infers
microphysical processes. If the exponent is equivalent to unity (b ~1), the RSD evolves from number
controlled process under steady and equilibrium rainfall. Whereas if the exponent is greater than unity

Figure 9. Variations of average mass-weighted mean diameter (Dm) with normal-
ized intercept parameter (log10Nw) (along with plus-minus standard deviation)
for stratiform and convective regimes of Palau and Taiwan rainfall.

Table 3
Mean and Standard Deviation of R, LWC, Dmax, log10Nt, Dm, log10Nw, μ, and Λ for Stratiform and Convective and Total Rainfall of Taiwan and Palau Stations

Parameters

Taiwan Palau

Stratiform Convective Total Stratiform Convective Total

R (mm h�1) Mean 1.01 19.40 4.94 1.10 16.91 5.02
SD 1.10 19.46 11.38 1.18 18.83 11.17

LWC (g m�3) Mean 0.03 0.56 0.14 0.03 0.49 0.14
SD 0.03 0.56 0.33 0.03 0.54 0.32

Dmax (mm) Mean 1.88 3.10 2.16 1.74 2.58 1.94
SD 0.59 0.94 0.84 0.63 0.88 0.79

log10Nt (m
�3) Mean 146.75 576.27 250.10 253.33 682.90 392.14

SD 141.51 317.57 261.65 249.07 316.14 339.67
Dm (mm) Mean 1.12 1.65 1.24 1.01 1.42 1.11

SD 0.32 0.45 0.41 0.30 0.44 0.39
log10Nw (m�3 mm�1) Mean 4.12 4.47 4.22 4.43 4.75 4.56

SD 0.56 0.45 0.56 0.64 0.43 0.62
μ (�) Mean 4.14 5.10 5.19 4.09 7.84 7.67

SD 4.42 3.68 3.92 4.04 4.57 5.13
Λ (mm�1) Mean 5.42 5.48 5.65 6.00 7.95 8.08

SD 3.01 2.77 2.93 3.92 3.58 3.94

Note. The numbers reported in bold indicate the maximum values in each row.
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(b> 1), the RSD is characterized by size or mixed controlled process
(Atlas et al., 1999; Atlas & Williams, 2003; Sharma et al., 2009; Steiner
et al., 2004). Applying individual Z-R relations to different locations
and precipitation type can improve the radar quantitative precipita-
tion estimation (QPE) (Waldvogel, 1974). The Z-R relations for sum-
mer season rainfall of Taiwan and Palau are derived by applying
linear regression on log-transformed values of R and Z. The Z-R rela-
tions of Taiwan and Palau rainfall are provided in Table 4. From the

table, a clear variation in coefficient and a less variation in exponent values can be noticed between Taiwan
and Palau rainfall. It was well understood that if we used single tropical Z-R relations (Z = 250 R1.2), the pre-
cipitation might be underestimated at one location or overestimated at another location (Atlas & Williams,
2003; Baeck & Smith, 1998). Current results reconfirm the opinion of the previous researcher. Hence, there
is a need to adopt the modified Z-R relations in obtaining rainfall at these two stations by QPE.

4. Discussion

Taiwan has a typical geographical area with its CMR aligned almost in north-south direction (Figure 1b),
whereas the Palau is an Island with no terrain (Figure 1c) and it can be considered as an open ocean in the
western Pacific. Both Palau and Taiwan are influenced by western north Pacific monsoon (Murakami &
Matsumoto, 1994). In the summer season (June to August), southwesterly monsoon flow prevails over these
two stations (Chen & Chen, 2003; Kubota et al., 2005). Precipitation of a given location will enhance if it is sur-
rounded by terrain (Houze, 2012). For instance, simulated results of Kirshbaum and Smith (2009) showed that
a moist moderately unstable layer of air grows to vigorously intensifying clouds once it carried over the ter-
rain by prevailing winds. The upslope cross-barrier southwesterly flow over northwest of Taiwan will lift the
deep layer of very unstable air to above its level of free convection. With the enhanced instability, the clouds
extended to deeper altitudes over the windward side of CMR (Houze, 2012). This result in intense precipita-
tion over Taiwan (NCU) when compared to Palau station. To confirm the above statement, the convective
available potential energy (CAPE) values for the JWD measured summer season rainy days (excluding
typhoon rainy days) over Taiwan (NCU; 24.375° � 25.5°N, 120.625°–121.75°E) and Palau (6.75°–7.875°N,
133.875°–135°E) stations are obtained from ERA-Interim and are depicted with box and whisker plot in
Figure 10. In Figure 10, the centerline of the box indicates the median, and the bottom and top lines of
the box indicate the 25th and 75th percentiles, respectively. The bottom and top of the dashed vertical lines

indicate the 5th and 95th percentiles, respectively. The plus marks in
Figure 10 represent outliers of CAPE values. It is apparently seen from
the figure that the summer precipitation of NCU has higher CAPE values
than Palau. This clearly suggests that the precipitating clouds over
Taiwan station (NCU) are more convective than Palau station with more
vigorous updrafts and downdrafts. The storm and bright band heights
for the JWD measured rainy days over the observational sites of Taiwan
(NCU; 24°–25.2°N, 121°–121.9°E) and Palau (6.7°–7.7°N, 133.78°–134.78°E)
are obtained from TRMM 2A23 data product and are provided in
Figure 11. From the Figure 11 it is apparent that the low storm heights
(< 4 km) and bright band heights are dominated over Palau observational
site than Taiwan observational site (NCU). The deeper the extent of clouds,
the more ice/liquid particles grow to bigger size. The cloud effective radii
(CER) of liquid and ice particles for the JWD measured rainy days over
Taiwan (NCU; 24.375° � 25.5°N, 120.625°–121.75°E) and Palau (6.75°–
7.875°N, 133.875°–135°E) stations are acquired from the level 3 data pro-
duct (MOD08_D3) of MODIS, and these values are plotted in Figure 12.
Interestingly, we can notice higher CER of ice and water over observational
site of Palau than Taiwan (NCU). This could be due to more aerosol loading
over Taiwan when compared to Palau. Both local and long-range trans-
ported aerosols from southeast China are the major source of aerosols
over Taiwan (Wang et al., 2010). It was well documented in the literature

Table 4
Radar Reflectivity-Rain Rate (Z = A*Rb) Relations for Taiwan and Palau Rainfall

Precipitation type Taiwan Palau

Stratiform Z = 299.55 R1.38 Z = 226.61 R1.39

Convective Z = 256.82 R1.37 Z = 163.2 R1.41

Total Z = 283.35 R1.35 Z = 203.28 R1.34

Figure 10. Box and whisker plot of convective available potential energy
(CAPE, kJ kg�1) for Taiwan (blue color box) and Palau (red color box)
regions. The centerline of the box indicates the median, and the bottom and
top lines of the box indicate the 25th and 75th percentiles, respectively.
The bottom and top of the dashed vertical lines indicate the 5th and 95th
percentiles, respectively. The outliers are represented with plus symbols.
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that the aerosols can act as cloud condensation nuclei, increasing the number of cloud droplets and reduces
the effective size of the cloud particles (Breon et al., 2002). This characteristic is confirmed by the higher aero-
sol optical depth (AOD) over Taiwan when compared to Palau (Figure 13). Figure 13 is also drawn by consid-
ering the AOD for the JWDmeasured rainy days over Taiwan (NCU; 24.375°� 25.5°N, 120.625°–121.75°E) and
Palau (6.75°–7.875°N, 133.875°–135°E) stations from level 3 data product of MODIS. Rangno and Hobbs (2005)
noticed the least influence of aerosols on the subcloud layer on the height above the cloud base in the
Marshall Islands. With the least influence of aerosols over the oceanic station (Palau), the CER of ice and water
are larger as compared to Taiwan (NCU). By using satellite measurements, Breon et al. (2002) also found larger
cloud droplet size over remote tropical oceans and smaller cloud droplet size over highly polluted continen-
tal areas. Present CER values over polluted station (NCU) and remote oceanic station (Palau) revealed the
similar characteristics to that of Breon et al. (2002).

Strong convective activity extends the clouds to deeper altitudes results in cold rain process with faster
growth of ice crystals above the melting layer. The strong updrafts carry the small drops to higher altitudes
and thereby allowing bigger drops to precipitate locally. Middle drops grow at the expense of suspended
small drops at higher altitudes. Drop sorting and evaporation process attribute to the less number of small
drops in heavy precipitation (Atlas et al., 2000; Sauvageot & Lacaux, 1995). Because of relatively higher
CAPE values over the observational site of Taiwan (NCU) than Palau (Figure 10), one could expect more large
drops at NCU than Palau by the above mentioned processes. In deep stratiform clouds, the ice crystals have
sufficient time to grow as larger snowflakes by one or more of the growth modes (vapor deposition, aggre-
gation, and riming), and these large snowflakes transform to relatively large drops once they cross the
melting layer. Because of the sufficiently higher bright band over Taiwan (NCU), aggregation and riming

Figure 11. Box and whisker plots of (a) storm height and (b) bright band height for Taiwan (blue color box) and Palau (red color box) regions.

Figure 12. Box and whisker plots of cloud effective radius (CER, μm) of (a) liquid and (b) ice particles over Taiwan (blue color box) and Palau (red color box) regions.
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process above the melting layer and drop sorting and collision-
coalescence process below the melting layer result in bigger drops at
the ground (Heymsfield et al., 2002; Medina & Houze, 2003; Rosenfeld &
Ulbrich, 2003; Yuter & Houze, 2003). The dominant low storm heights
(< 4 km) over Palau (Figure 11a) confirm that the most of the precipitating
clouds over Palau are associated with warm rain process, in which
collision-coalescence is the dominant process. The relatively large size of
cloud droplets over Palau (Figure 12) is favorable for the collision-
coalescence process between the cloud droplets and raindrops, which
results in precipitation with more small drops and thus generating smaller
Dm and higher Nw values. A lower concentration of cloud condensation
nuclei (CCN) and cloud droplet concentration result in broad droplet size
spectra through the collision-coalescence process. Whereas if the concen-
tration of CCN and cloud droplets are high, the droplet-size spectra are
narrow (Wallace & Hobbs, 1977). The higher aerosol concentration
(Figure 13) over Taiwan (NCU) inhibits the collision-coalescence proces-
sing (suppresses warm rain process), increases the number of cloud
droplets, and decreases their effective radius (Figure 12), leading to narrow

droplet size spectra (Albrecht, 1989; Rosenfeld, 1999; Twomey, 1977). More aerosols (Figure 13) over Taiwan
(NCU) delay the precipitation above the melting layer, and this delay in precipitation provides sufficient time
for the conversion of liquid particles to ice hydrometeors. This conversion can be due to contact nucleation or
homogeneous freezing (Wang, 2013). The latent heat released during the ice hydrometeor conversion can
upturn the convective activity (showing higher CAPE values over Taiwan in Figure 10) (Khain et al., 2005;
Lee et al., 2010; Rosenfeld et al., 2008). Low aerosol concentration over Palau (Figure 13) increase the size
of the cloud droplets (Figure 12) through the collision-coalescence process, which results in broad droplet
size spectra. As the most of the precipitating clouds over Palau are of warm clouds (lower storm heights,
Figure 11), aerosols have the least influence on the vertical development of precipitation clouds (an increase
of cloud top heights) over Palau (Li et al., 2011). In terrain-influenced precipitation, the windward slope has
heavily rimed particles fall out (Hobbs et al., 1973). Increase in the collision-coalescence process is aided by
strong updraft by holding the small drops aloft result in large Dm over Taiwan when compared to Palau rain-
fall. Similar results were noticed by May et al. (2011) over Darwin, and they showed that thunderstorm with
higher aerosols concentration has lower Nw and large median volume diameter (Do) when compared to
thunderstorms with lower aerosol concentration.

5. Summary and Conclusions

For the first time, by using five years of JWD data, RSD variability in summer season rainfall between two
islands (Palau and Taiwan) in western Pacific region are studied. In addition to JWDmeasurements, reanalysis
(ERA-Interim) and remote sensing (TRMM and MODIS) data sets are used to illustrating the possible dynami-
cal and microphysical process that occurred at these two locations. This study provides a unique opportunity
in understanding the rain microphysics responsible for the RSD variations between oceanic station to that of
a terrain surrounded station in western Pacific region. Themain conclusions drawn from the current study are
as follows:

1. Palau rainfall has a higher concentration of small drops when compared to Taiwan rainfall.
2. Normalized raindrop spectra of Taiwan and Palau rainfall showed a clear demarcation, which clearly indi-

cates that the RSD evolution at these two stations is involved with different microphysical processes.
3. RSD Stratification by rain rate showed a higher concentration of mid and large drops in Taiwan rainfall

than that of Palau. Taiwan has a higher mass-weighted mean diameter (Dm) and a lower normalized inter-
cept parameter (Nw), slope parameter (Λ), shape parameter (μ) than Palau.

4. Classification of summer rainfall into stratiform and convective regimes showed a lower concentration of
small drops, and a higher concentration of middle and large drops at Taiwan’s station than Palau’s station
in both the rainfall regimes (stratiform and convective). Themass-weightedmean diameter (Dm) of Palau’s
convective rainfall is deviated from the maritime-like convective Dm of Bringi et al. (2003), whereas
Taiwan’s convective Dm is similar to the maritime-like convective Dm of Bringi et al. (2003).

Figure 13. Box and whisker plot of aerosol optical depth (AOD) for Taiwan
(blue color box) and Palau (red color box) regions.
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5. The radar reflectivity-rain rate (Z-R) relations are found to be different between Palau and Taiwan rainfall.
6. Significant differences in CAPE, storm heights, bright band heights, CER, and AOD are found between

precipitation at Palau and Taiwan observational sites.

The present study suggests that both orography and aerosol loading are responsible for the spatial variability
of RSD over western Pacific region. The results achieved in this study affords a physical basis in improving the
remote-/ground-based radar rainfall retrieval algorithms and in cloud microphysics parameterization in
numerical models.
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