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Abstract: 

This paper explores the characteristics of raindrop spectra in terms of raindrop size 

distribution (RSD) using four years of Joss–Waldvogel disdrometer data over Palau islands (7
o
 

20‘ N, 134
o
 28‘ E) in Western Tropical Pacific ocean.  The RSD characteristics are studied in 

two seasons (Easterly monsoon-EM and Westerly monsoon-WM) using three (stratiform, deep 

convection and shallow convection) rain types identified from collocated 1290-MHz Wind 

Profiler Radar (WPR).  In addition to the ground based sensors observations, TRMM and 

MODIS satellite derived rain parameters and atmospheric parameters are utilized to study RSD 

characteristics.  RSD characteristics stratified on the basis of rainrate show that the mean values 

of raindrop concentrations of small (medium and larger) drops are same (more) in WM 

compared to EM season.  Normalized gamma distribution of RSD shows that the mean value of 

mass weighted mean diameter, Dm (normalized intercept parameter, log10Nw) is higher (lower) in 

WM than the EM season. In addition, the mean value of Dm (log10Nw) is higher (lower) in deep 

convective precipitation as compared to the other two types of precipitation (stratiform and 

shallow convection) in both monsoon periods.  In conjunction with the remote sensing data 

(MODIS & TRMM), RSD shows that the presences of cold clouds which extend to deeper 

altitudes are responsible for the higher Dm during WM season. The immediate significance of the 

present work is that (1) it contributes to our understanding of seasonal variations of RSD and 

distribution of different rain types, and (2) it provides information which is useful for 

quantitative estimation of rainfall from weather radar observations. 

 

Key words − Raindrop Size Distribution (RSD), Rainrate, Mass weighted mean diameter, 

Normalized intercept parameter. 

 

 

 

1. Introduction 

Knowledge of raindrop size distribution (RSD) and its variability is important for 

understanding the processes associated with precipitation growth–decay, radio communications, 

microwave remote sensing and cloud modeling. The shape of distribution reflects the complex 

microphysical processes that transform the condensed water into rain. RSD information is one of 

the fundamentals required for successful modeling of radar meteorology and tropospheric wave 

propagation. The precipitation forecasting or simulation through numerical weather prediction 
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models relies greatly on raindrop spectra (Curic et al., 2010). The largest source of model 

uncertainty in the prediction of convective-scale systems is the microphysical parameterization. 

Several researchers studied the sensitivity of microphysical processes in the model performance 

(Gilmore et al., 2004b; Cohen and McCaul, 2006). Gilmore et al. (2004b) investigated the 

sensitivity of accumulated precipitation with respect to the particle size distribution.  They 

showed that variations in RSD related to microphysical parameterization within the observed 

range of uncertainty can cause significant changes in hydrometeor concentration and type.  Van 

den Heever and Cotton (2004) showed that similar variations can change the storm between 

high-precipitation and low precipitation types. Ultimately, the extent of modeling is intrinsically 

dependent on the RSD approximation. Therefore, the physical quantities of raindrops such as 

size and shape need to be assessed when using NWP models for precipitation forecasting or 

simulations.  For aforesaid applications, accurate measurements of RSD are essential.  

Rain attenuation is a major hurdle in the design of radio systems such as terrestrial and 

satellite communication systems operating at frequencies above 10 GHz (Chakravarty and 

Maitra, 2010; Badron et al., 2011).  Microwave and millimeter wave attenuation depends 

considerably on rainrate and raindrop size distribution (Das et al., 2010).  Hence, to design radio 

links for telecommunications and to evaluate the fading caused by rain, it is important to have 

good RSD models. Several researchers have studied the importance of spatial and temporal 

characteristics of rainfall such as rainrate and RSD (Berne and Uijlenhoet, 2005).  The size of the 

raindrop is an essential micro-structural property in the modeling and prediction of rain 

attenuation.   

RSD changes in space and time, in correspondence with change in microphysical processes 

(Rosenfeld and Ulbrich, 2003). Some in-situ measurements of RSD have been conducted using 

various techniques in various climatic regimes (Tokay and Short, 1996; Testued et al., 2001; 

Bringi et al., 2003; Schönhuber et al., 2008; Suh et al., 2015).  Numerous studies have been 

carried out to understand the variations of RSD in diurnal, seasonal, intra-seasonal (Reddy and 

Kozu, 2003; Kozu et al., 2006; Rao et al., 2009; Jayalakshmi and Reddy, 2014), different storms 

(Maki et al., 2001; Friedrich et al., 2013) and rain types (Tokay and Short, 1996; Reddy et 

al.,2005; Niu et al., 2010).  However, most of these studies have been carried out in the 

continental regions and are limited over maritime regions.  High temporal RSD characteristics 

https://www.researchgate.net/publication/229359049_Rain_induced_attenuation_studies_for_V-band_satellite_communication_in_tropical_region?el=1_x_8&enrichId=rgreq-66676385-8a97-40bb-87b6-b3f6f17ccbe3&enrichSource=Y292ZXJQYWdlOzI5Mjk3MDUwNztBUzozMjUyNTA2NTYwMzA3MjVAMTQ1NDU1NzIwNzk3Mg==
https://www.researchgate.net/publication/40119472_A_stochastic_model_of_range_profiles_of_raindrop_size_distributions_Application_to_radar_attenuation_correction?el=1_x_8&enrichId=rgreq-66676385-8a97-40bb-87b6-b3f6f17ccbe3&enrichSource=Y292ZXJQYWdlOzI5Mjk3MDUwNztBUzozMjUyNTA2NTYwMzA3MjVAMTQ1NDU1NzIwNzk3Mg==
https://www.researchgate.net/publication/235637835_Rain_attenuation_studies_over_an_earth-space_path_at_a_tropical_location?el=1_x_8&enrichId=rgreq-66676385-8a97-40bb-87b6-b3f6f17ccbe3&enrichSource=Y292ZXJQYWdlOzI5Mjk3MDUwNztBUzozMjUyNTA2NTYwMzA3MjVAMTQ1NDU1NzIwNzk3Mg==
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are still sparse in the tropical oceanic region, particularly in the Western Pacific ocean.  There are 

limited observations over Pacific Ocean, especially over Palau (7
o
 20‘ N, 134

o
 28‘ E) region 

(Moteki et al., 2008; Ushiyama et al., 2009; Kozu et al., 2010; Krishna et al., 2014).  Variations 

in the melting layer between Westerly and Easterly monsoon seasons and their possible 

mechanisms over Palau islands were illustrated by Krishna et al. (2014). Kozu et al. (2010) 

studied the gamma RSD model with one year data set over Palau islands. Whereas Ushiyama et 

al. (2009) studied diurnal to inter annual variations in RSD characteristics.  However, their works 

are not focused on better rainfall classification and type of precipitation. Hence, in the present 

study, four years of RSD data collected from Joss-Waldvogel disdrometer, Lower Atmospheric 

Wind Profiler and satellite data are utilized to understand RSD variations in two seasons 

(Easterly monsoon-EM and Westerly monsoon-WM) as well as three type of precipitation 

(stratiform, shallow convection and deep convection). 

This paper is structured in the following manner.  A short description about the data and 

methodology used in the present study is presented in Section 2.  Observational results are 

detailed in terms of RSD characteristics of seasonal and type of precipitation in Section 3 

followed by possible reasons for the variations in RSD in Section 4.   Finally Section 5 

summarizes the conclusion of the present work. 

 

2. Location, Data and methodology 

Japan Agency for Marine-Earth Science and Technology (JAMSTEC) is carrying out 

research at Palau Islands (7
o
 20‘ N, 134

o
 28‘ E) called ―Pacific Area Long-term Atmospheric 

observation for Understanding of climate change (PALAU)‖ project to reveal cloud-precipitation 

processes and air-sea interactions over the warm water pool, mainly focusing on seasonal and 

intra-seasonal variations (Kubota et al., 2005; Moteki et al., 2008; Ushiyama et al., 2009).  The 

Republic of Palau (Fig. 1) 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.  The Palau islands are 

almost 800 kilometers equidistant west of the Philppines, north of Irian Jaya and southeast of 

Guam. Aimeliik is located in the island of Babeldaob [in the Palau (508 Sq. km) archipelago], 

which is one of the largest islands in the western Pacific Ocean. Field experiments in Palau 

provided long-term high-temporal resolution observational data over the off-equatorial region of 
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the warm-water pool (Moteki et al., 2008; Ushiyama et al., 2009).  For the present study, data 

collected from the ground based sensors viz. Joss-Waldvogel Disdrometer (JWD), Wind Profiler 

Radar (WPR), and Automatic Weather Station (AWS) installed by JAMSTEC at Aimeliik 

observatory (7.3
o
N, 134.3

o
E) were used.   

Four years (July 2003 - June 2007) Joss-Waldvogel disdrometer (Joss and Waldvogel, 

1969; Waldvogel, 1974) data is used to measure high-resolution (1-minute) RSD at Palau 

Islands. The JWD is one of the most widely used instruments around the globe for analyzing the 

RSD and rain characteristics.  JWD estimates the diameter of the drops by sensing the voltage 

induced from the downward displacement of a 50 cm
2 

styrofoam cone, once it is hit by rain 

drops. The output voltage relates to the diameter of the raindrop falling at terminal velocity. It 

measures hydrometeors with a size ranging from 0.3 – 5.1 mm with an accuracy of 5% and 

arranges them in 20 channels for one-minute integration time.  The rain drop concentration N(D) 

(mm
–1

 m
–3

) at an instant of time from JWD is obtained from the following equation, 

      
  

               

  
     -----------(1) 

where ni is the number of drops reckoned in the size bin i, A(m
2
) and Δt(s) are the sampling area 

and time, Di (mm) is the drop diameter for the size bin i and ΔDi is the corresponding diameter 

interval (mm), v(Di) (m/s) is terminal velocity in the raindrops in the i
th

 channel and is estimated 

from v(Di) = 9.65-10.3 exp(-6*Di) (Gunn and Kinzer, 1949). From the raindrop concentration 

N(D), drop diameter (Di) and terminal velocity V(Dj), radar reflectivity factor Z (mm
6
 m

–3
) and 

rain rate R (mm/h) are derived by using the equation 

          
    

  
      ---------(2) 

 

                                                             
    

  
    --------- (3) 

 

The advantages and drawbacks of this instrument were well documented in the past 

(Tokay et al., 2001; Tokay et al., 2003; Atlas and Ulbrich, 2006; Tokay et al., 2013). The JWD is 

unable to resolve the drop size larger than 5 to 5.5 mm and its calibrations assumes that the 

raindrops are falling at terminal velocity in still air.  Under extremely noisy (high rainrates 

associated with winds) conditions, JWD miscounts drops in lower size bins, in particularly for 

drops of lesser than 1 mm diameter (Tokay et al., 2003).  To overcome this problem, an error 
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correction multiplication matrix is provided by the manufacturer based on the correction 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 and short 1996).  As the dead time correction is not universally 

utilized within the field (Tokay et al., 2001), we didn‘t applied correction to the present study. In 

order to reduce the sampling errors due to insufficient raw drop counts, rainrate less than 0.1 

mm/h are discarded in the present study (Tokay and Short, 1996). For the validation of JWD, 

daily accumulated rainfall amounts measured from JWD were compared with tipping bucket rain 

gauge of the collocated AWS. AWS provides surface meteorological parameters and also rainfall 

(rainfall amount and rainrate) data at 1-min sampling interval. Tipping bucket rain gauge 

measures if only the rainfall accumulation is greater than 0.5 mm.  The scatter plot of daily 

accumulated rainfall amount for four years of data sets obtained from JWD and rain gauge is 

show in Fig. 1. A linear fit is carried out to the scatterplot. The correlation coefficient is 

reasonably good between these two measurements. The results suggests that rain integral 

parameters derived from JWD can be utilized to understand seasonal characteristics of 

precipitating clouds over Palau region. 

The one minute RSD is fitted with gamma function as suggested by Ulbrich (1983). The 

functional form of the gamma distribution is given as 

N(D) = NoD
μ
exp(−ΛD)                        ----------(4) 

Where D(mm) is drop diameter, N(D) is number of drops per unit volume per unit size interval, 

N0 (mm
–1

 m
–3

) is number concentration parameter, μ is shape parameter, and Λ (mm
–1

) is slope 

parameter.   

The slope parameter - Λ (mm
-1

) is given by 

                                               
       

  
   ----------(5) 

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

   
                

      
  ---------- (6) 

where     
  
 

      
     ----------(7) 
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The normalized intercept parameter Nw (mm
-1

 m
-3

) defined by Bringi et al. (2003) as 

   
  

   
 
    

  
     ----------(8) 

Where ρw (1.0×10
3 

kg/m
3
) represents the density of water and W (kg/m

3
) represents the liquid 

water content for the corresponding size distribution. 

The n
th 

order moment of the drop size distribution is expressed as 

             
    

    
  ----------(9) 

here n stands for the n
th

 moment of the size distribution.   

The mass-weighted mean diameter Dm, shape parameter μ and slope parameter Λ are 

evaluated from the 3
rd

, 4
th

, and 6
th

 moments of the size distribution.  

    
  

  
    ----------(10) 

 

To study the RSD characteristics during different rain types, we have classified the 

precipitating clouds over Palau into three categories by using WPR moments data. Palau-WPR is 

a LAP-3000 built by Vaisala Corporation (formerly Radian Corporation) in Boulder, Colorado, 

with post-processing software from Sonoma Technology Inc. The design is the commercialized 

version of the systems designed in the NOAA Aeronomy laboratory (Ecklund et al., 1988; Carter 

et al., 1995). The operating frequency is 1290 MHz.  The WPR has an electronically steered 

phased array antenna capable of producing five beams. Nominally the five beam directions are 

north, south, east, west, and vertical. The off-vertical beams are at an elevation of 74.5 degrees 

(15.5 degrees down from vertical). The transmitter is capable of producing pulses of four 

lengths: 400, 700, 1400 and 2800 ns. These correspond to vertical resolutions of 60, 105, 210 

and 420 meters. The inter-pulse period (pulse repetition frequency) is fully controllable, so the 

maximum range is limited only by the strength of the returned signals (depends on the 

background meteorological conditions). Sampling of the returned signal (i.e. the range gates) can 

be done at intervals that are multiples of the pulse lengths. This radar operates continuously in 

pulse mode, using three beams [one vertical and two oblique (North & East)]. It is configured to 

operate in two modes (hereafter called ―low/boundary layer mode‖ and ―high/precipitation 

mode‖), which correspond to two different vertical resolutions (respectively 58 and 202 m) and 

two different vertical ranges (respectively from 130 to 4120 m, and from 332 to 11260 m).   The 

https://www.researchgate.net/publication/249604042_A_UHF_Wind_Profiler_for_the_Boundary_Layer_Brief_Description_and_Initial_Results_J_Atmos_Oceanic_Technol_5432-441?el=1_x_8&enrichId=rgreq-66676385-8a97-40bb-87b6-b3f6f17ccbe3&enrichSource=Y292ZXJQYWdlOzI5Mjk3MDUwNztBUzozMjUyNTA2NTYwMzA3MjVAMTQ1NDU1NzIwNzk3Mg==
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two modes are interlaced in time. A dwell time of 35 sec is used to get the data from each 

pointing beam. For each cycle of (low- and high-mode) observations about three and half minute 

time is required.  The in-house digital signal processor of the LAP-3000 system can calculate 

moments and winds apart from spectra and also store data in the radar computer. In the present 

study WPR is used only for classifying the precipitation into three categories namely stratiform 

(ST), deep convection (DCT) and shallow convection (SCT) by examining the vertical structure 

of radar reflectivity and Doppler velocity based on the original algorithm proposed by Williams 

et al.(1995).  

In addition to the ground based sensors, we have utilized Precipitation Radar (PR) 

onboard Tropical Rainfall Measuring Mission (TRMM) satellite data for estimation of storm top 

height. The measurement of TRMM provides different parameters including rain intensity, rain 

type, height of the melting layer, and the storm top height as a function of range at its operational 

frequency 13.8 GHz in 0.5
o
×0.5

o
 grid. PR has a vertical resolution of 250 m and horizontal 

resolution of 4.3 km. It covers the tropical region from 37°S to 37°N. The data description and 

algorithm for level 3A25 data was given in TRMM-PR algorithm instruction manual for version 

7. For details please refer to Iguchi et al. (2000) and Kummrow et al. (2001).  Apart from this, 

the cloud effective radius (CER) values for ice, water, and mixed state particles from Moderate 

Resolution Imaging Spectroradiometer (MODIS) level–3 were also utilized. MODIS level–3 

daily global atmospheric data product (MOD08_D3) consists of 1
o
×1

o
 grid average values of 

atmospheric parameters related to aerosol particle properties, water vapor, cloud optical and 

physical properties (Remer et al., 2005). Multispectral reflectance is used to retrieve CER for 

liquid and ice phases. The basic physical principle behind the retrieval of CER is the bispectral 

solar reflectance method first described by Nakajima and King (1990) and applied to airborne 

data. An overview of the MODIS cloud product algorithms along with example results is 

provided in Platnick et al. (2003) and King et al. (2003). For the present study, four years (July 

2003-June 2007) of TRMM and MODIS data were utilized. 

 

3. Results 

To study the seasonal variation in RSD characteristics, the precipitation datasets are 

classified into WM and EM seasons as defined by Kubota et al. (2005). Westerly winds 

https://www.researchgate.net/publication/249613035_Seasonal_Variations_of_Precipitation_Properties_Associated_with_the_Monsoon_over_Palau_in_the_Western_Pacific?el=1_x_8&enrichId=rgreq-66676385-8a97-40bb-87b6-b3f6f17ccbe3&enrichSource=Y292ZXJQYWdlOzI5Mjk3MDUwNztBUzozMjUyNTA2NTYwMzA3MjVAMTQ1NDU1NzIwNzk3Mg==
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prevailed from June to November over Palau region. The onset of WM season can be defined as 

the first day that the 5-day running mean zonal wind exceeded 5 ms
-1

. Onset of westerly 

monsoon occurred during May and withdrawal occurred during November in the year 2003. 

However, onset of westerly monsoon occurred in June for 2004, 2005 and 2006 and withdrawal 

occurred during November for 2004 and October for 2005 and 2006. JWD and WPR 

measurements are available for four WM (2003, 2004, 2005, and 2006) and four EM (2004, 

2005, 2006, and 2007) seasons. We have analyzed four years of data to understand the RSD 

characteristics during two monsoon seasons and three rain types.   

 

3.1 Seasonal variation of RSD 

The variation in the mean raindrop concentration, N(D), with rain drop diameter D  in 

WM and EM season for four years data is depicted in Fig. 2.   N(D) is represented in logarithmic 

units to accommodate its large variations. In this paper, the raindrops below 1 mm diameter and 

above 3 mm diameter are considered as small and large drops, respectively.  Raindrops from 1 to 

3 mm diameter are considered as midsize drops (Tokay et al., 2008, Rao et al., 2009). These 

raindrop diameter classes are given in table 1. From the figure it is apparent that the number 

concentrations of mid and large drops are higher in WM season when compared to EM season.  

Whereas the small drops have same number concentration in both the seasons. However, the 

midsize drops up to ~2.6 mm diameter have small concentration in WM than EM season. The 

mean along with standard deviation of N(D) for different drop diameter classes is given in table 

2. To ascertain the differences in N(D), a statistical test is applied to the drop concentrations of 

two seasons.  The student‘s t test results disproves the null hypothesis H0 (N(D) during WM 

season = N(D) during EM season) for all diameter classes except for the diameter size 2.584 mm. 

This indicates that the N(D) distributions are different during WM and EM seasons. These 

results are consistent with the observations of Tokay et al. (2002). They observed more number 

of large (small) drops in EM (WM) season over Amazon basin in the Southern hemisphere. 

However, Palau is situated in the Northern hemisphere. Ushiyama et al. (2009) found increasing 

(decreasing) values of mean drop diameters during El Nino (La Nina) years of westerly monsoon 

period over Palau region. More number of small drops in North-East monsoon and large number 

of big drops in South-West monsoon are observed by other researchers over southern India 
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(Reddy and Kozu, 2003; Kozu et al., 2006; Rao et al., 2009; Jayalakshmi and Reddy, 2014).  

Chakravarty and Raj (2013) observed more number of large drops in post monsoon and medium 

and small drop in monsoon season over tropical western India.  However, over eastern India, 

higher concentration of large (small) drops in Pre-monsoon (monsoon) months was reported by 

Chakravarty et al., (2013).  Intra seasonal variation of RSD in response to Madden Julian 

Oscillation (MJO) was studied by Kozu et al., (2005) over Indonesia. They found broader 

(narrow) RSD during non-active (active) phases of MJO.  Recently, Marzuki et al., (2015) 

reported higher concentration of medium and large-size drops in inactive phase of MJO than 

active phase for the same Indonesia region. 

           Four years data collected from JWD are stratified into nine rainrate (RR) classes 

(1<RR<2, 2<RR<4, 4<RR<6, 6<RR<8, 8<RR<10, 10<RR<30, 30<RR<60, 60<RR<90 and 

RR>90). Nine rainrate classes are selected based on these two criteria: (1) the number of data 

(number of one minute data samples) points should be large in each class, so that the results will 

be strong, and (2) the mean RR for each class should be nearly equal in both the seasons. 

Rainrate statistics of the EM and WM rainfall for different rainrate classes are shown in Table 3. 

From the table, it is clear that mean value of each rainrate class is approximately equal in both 

the seasons except for last two rainrate classes and each rainrate class has higher duration in WM 

than EM seasons. The mean of raindrop concentration, N(D) variation with rain drop diameter D 

for nine rainrate classes in EM and WM seasons are given in Fig. 3. The distribution is nearly 

linear at low rainrates (< 8 mm/h) and show curvature at larger rainrates (> 8 mm/h). It is 

apparent from the figure that the RSD concentrations of small drops is either equal or very 

slightly higher in EM than WM in all the rainrate classes except for the first two rainrate classes 

(<4 mm/h). However, for the rainrate classes above 8 mm/h, concentration of larger drops in 

WM season is higher than EM season. The difference in RSD concentration of larger drops 

during WM and EM season increases with the increase in rainrate class. In both the seasons, 

concentration of small drops decreases and large drops increases with increase in rainrate.  

Similar type of phenomena was observed by Kozu et al., (2006) for oceanic regions (Singapore 

and Indonesia) as well as for continental region (Gadanki). The significant difference in N(D) 

from WM to EM season is pronounced in the rainrate classes above 8 mm/h. Lower rainrate 

classes (< 8 mm/h) show unimodal distribution and higher rainrate classes (> 8 mm/h) show 

https://www.researchgate.net/publication/250140122_Seasonal_and_Diurnal_Variations_of_Raindrop_Size_Distribution_in_Asian_Monsoon_Region?el=1_x_8&enrichId=rgreq-66676385-8a97-40bb-87b6-b3f6f17ccbe3&enrichSource=Y292ZXJQYWdlOzI5Mjk3MDUwNztBUzozMjUyNTA2NTYwMzA3MjVAMTQ1NDU1NzIwNzk3Mg==
https://www.researchgate.net/publication/250140122_Seasonal_and_Diurnal_Variations_of_Raindrop_Size_Distribution_in_Asian_Monsoon_Region?el=1_x_8&enrichId=rgreq-66676385-8a97-40bb-87b6-b3f6f17ccbe3&enrichSource=Y292ZXJQYWdlOzI5Mjk3MDUwNztBUzozMjUyNTA2NTYwMzA3MjVAMTQ1NDU1NzIwNzk3Mg==
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bimodal distribution.  The possible reasons for these distribution variations are given in section 

3.2. A difference in RSD of EM and WM can be seen from Fig. 2 & 3 and these distributions are 

represented without normalization.  In order to ascertain the difference in RSD in two seasons, 

Testud et al., 2001 method is applied.  The averaged normalized distribution of RSD for both the 

seasons is depicted in Fig. 4.  From this figure it is observed that clear demarcation between EM 

and WM which imply that the shapes of RSD are different in both the seasons. 

The important application of RSD is its utilization in cloud modeling studies.  To 

facilitate this, WM and EM precipitation RSDs are fitted to gamma distribution (Eqs. 4). The 

shape parameter (μ) describes the breadth of RSD and determines whether the RSD is of concave 

downward (μ>0), upward (μ<0), or of exponential (μ = 0) shape (Ulbrich, 1983). The slope 

parameter (Λ) characterizes truncation of RSD tail along D, for example 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. The variation of mass weighted 

mean diameter Dm, normalized intercept parameter Nw, shape μ and slope parameter Λ as a 

function of rainrate class for WM and EM seasons is shown in Fig. 5. It can be noticed from this 

figure that the mean values of Dm shows a similar pattern of variation i.e., a continuous increase 

with rainrate in both the seasons. This is due to decrease of small drops and increase of large 

drops with increase in rainrate. This feature is consistent with the observations of other 

researchers (Testud et al., 2001; Rosenfeld and Ulbrich, 2003; Rao et al., 2009; Jayalakshmi and 

Reddy, 2014).  The mean Dm values of WM season are higher compared to EM seasons in all the 

rainrate classes. The lower Dm values in all the rainrate classes of EM are due to relatively large 

number of small drops compared to WM seasons in all the rainrate classes.  The mean Dm value 

varies between1.05 and 2.4 mm in WM and it ranges from 1.04 to 2.2 mm in EM season.  The 

difference in mean Dm between WM and EM season increases with rainrate class and it varied 

from 0.012 to 0.175 mm. Jayalakshmi and Reddy (2014) reported higher values for the 

difference in mean Dm (varies from 0.15 to 0.32 mm) between south west and north east 

monsoon seasons over continental location.  The mean normalized intercept parameter log10Nw 

increases up to rainrate class 7 (below 60 mm/h) and then decreases in both seasons. The mean 

value of log10Nw varies between 4.57 and 4.89 during WM and is between 4.66 and 5.03 during 

EM season. The mean value of log10Nw is higher in EM than WM in all the rainrate classes 

https://www.researchgate.net/publication/230481846_Differences_in_raindrop_size_distribution_from_southwest_monsoon_to_northeast_monsoon_at_Gadanki?el=1_x_8&enrichId=rgreq-66676385-8a97-40bb-87b6-b3f6f17ccbe3&enrichSource=Y292ZXJQYWdlOzI5Mjk3MDUwNztBUzozMjUyNTA2NTYwMzA3MjVAMTQ1NDU1NzIwNzk3Mg==
https://www.researchgate.net/publication/253394625_Cloud_Microphysical_Properties_Processes_and_Rainfall_Estimation_Opportunities?el=1_x_8&enrichId=rgreq-66676385-8a97-40bb-87b6-b3f6f17ccbe3&enrichSource=Y292ZXJQYWdlOzI5Mjk3MDUwNztBUzozMjUyNTA2NTYwMzA3MjVAMTQ1NDU1NzIwNzk3Mg==
https://www.researchgate.net/publication/249606983_The_Concept_of_Normalized'_Distribution_to_Describe_Raindrop_Spectra_A_Tool_for_Cloud_Physics_and_Cloud_Remote_Sensing?el=1_x_8&enrichId=rgreq-66676385-8a97-40bb-87b6-b3f6f17ccbe3&enrichSource=Y292ZXJQYWdlOzI5Mjk3MDUwNztBUzozMjUyNTA2NTYwMzA3MjVAMTQ1NDU1NzIwNzk3Mg==
https://www.researchgate.net/publication/249606983_The_Concept_of_Normalized'_Distribution_to_Describe_Raindrop_Spectra_A_Tool_for_Cloud_Physics_and_Cloud_Remote_Sensing?el=1_x_8&enrichId=rgreq-66676385-8a97-40bb-87b6-b3f6f17ccbe3&enrichSource=Y292ZXJQYWdlOzI5Mjk3MDUwNztBUzozMjUyNTA2NTYwMzA3MjVAMTQ1NDU1NzIwNzk3Mg==
https://www.researchgate.net/publication/280821000_Natural_variations_in_the_analytical_form_of_the_raindrop_size_distribution?el=1_x_8&enrichId=rgreq-66676385-8a97-40bb-87b6-b3f6f17ccbe3&enrichSource=Y292ZXJQYWdlOzI5Mjk3MDUwNztBUzozMjUyNTA2NTYwMzA3MjVAMTQ1NDU1NzIwNzk3Mg==
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except at RR<2 mm/h. The mean value of Λ in both monsoons shows a monotonous decrease 

with increase in rainrate. The mean Λ values are found to be in the range of 4.71-14.96 mm
−1 

(5.8-14.69 mm
−1

) in WM (EM) season.  Presence of relatively large drops in WM season 

decreases the mean Λ. This feature is more predominant at higher rainrates. Hence the seasonal 

difference is also significant at these rainrates. On the other hand, the seasonal variation in μ is 

not clear. The variation of μ with rainrate is small in comparison with the variation of Λ. The 

mean value of µ is higher in WM precipitation for rainrate classes 1<RR<2, 2<RR<4 & 

8<RR<10 mm/h and is lower for the remaining classes than EM precipitation. The μ values for 

WM (EM) season are in the range of 10.94-8.1 (10.07-8.21) up to a rainrate of 4 mm/h (a 

decreasing trend with increasing rainrate), increases to 10.28 (11.28) at 30mm/h, and then 

decreases again to 6.92 (8.0) for rainrate >30mm/h.  Mean values of Dm, Nw, µ and Λ for WM 

and EM seasons at different rainrate classes are given in Table 4. 

A better way to represent RSD characteristics is possible by considering the mean value 

of the RSD parameters (Bringi et al., 2003; Marzuki et al., 2010). Fig. 6 shows the variation of 

mean values of log10Nw (along with standard deviation) with Dm for different rainrate classes in 

both the seasons. It is evident from this figure that the mean value of Dm increases with rainrate. 

The mean values of log10Nw show a wide and large range for higher values of Dm, whereas this 

range tends to decrease for lower Dm values. The mean values of Dm (log10Nw) are larger (smller) 

in WM season than EM season in all the rainrate classes except at class 1. It indicates that the 

WM season RSD is somewhat broader (more larger drops and smaller drop concentration) than 

those in EM season. Further, the difference in mean values of log10Nw between WM and EM 

seasons increases with the increase in rainrate class. However, the standard deviation (within a 

rainrate class) decreases with the increase in raindrop diameter in both the seasons. 

 

3.2 RSD Variation in stratiform, deep, and shallow convective precipitation 

RSD structures are significantly different during convective regimes than that of 

stratiform regimes.  For instance, Ulbrich and Atlas (2007) argued to use different Z–R relations 

in different rain types by showing changes in RSD parameters during stratiform to convective 

precipitation. Variations in RSDs during stratiform and convective rain type using two different 

disdrometers in different climatic regimes were studied by Bringi et al. (2003). Tokay and Short 
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(1996) demonstrated that raindrop parameters are sequentially altered from convective 

precipitation to stratiform precipitation in a tropical system.  It is well known that the 

microphysical dynamics of raindrop spectra is different in different rain types. Due to this 

reason, we have investigated raindrop spectra characteristics of three precipitation types 

(stratiform, deep convection, and shallow convection).  Identification of RSD features with these 

three precipitation types is useful and important for numerous applications (Kozu et al., 2006).  

There are number of rain classification schemes proposed by many researchers using different 

ground based instruments like disdrometer, profiler, and radar (Steiner et al., 1995; Tokay and 

Short, 1996; Rao et al., 2001; Bringi et al., 2003; Thurai et al., 2015).   

Vertical profiles of radar reflectivity and Doppler velocity collected from WPR are used 

to classify precipitation into three types on the basis of three criteria. 1). If there is a clear 

signature of bright band (the region just below zero degree isotherm having enhanced reflectivity 

which is produced by liquid coated ice particles) is observed by WPR then the corresponding 

rainfall at the ground is considered as stratiform. 2). If there is an enhanced turbulence above the 

zero degree isotherms with the absence of bright band then the corresponding rain at ground is 

considered as deep convection.  3). Rainfall at the ground level is considered as shallow 

convection if the clouds are not extended beyond zero degree isotherm level with turbulence 

within the cloud system (Williams et al., 1995). The only difference between the present rainfall 

classification and Williams et al. (1995) classification is: they classified rain into stratiform, 

mixed, shallow, and deep convection but in the present study we have classified them into three 

types only (stratiform, shallow, and deep convection). As an example for the classifications of 

three precipitations on the basis of above three criteria, vertical profile of radar reflectivity on 7
th

 

July, 2003 is shown in Fig. 7. Fig. 8 (a) & (b) shows RSD characteristics of stratiform, deep and 

shallow convective precipitation observed during WM and EM seasons.  A clear difference in 

raindrop concentration between convective (deep and shallow) and stratiform precipitations can 

be seen in both the seasons. The mean concentration of raindrops (small, midsize, and large) is 

higher for deep convective precipitation and smaller for stratiform precipitation during both 

monsoon seasons. Similar type of distribution was observed by other researchers for continental 

locations (Niu et al., 2010; Chen et al., 2013; Jayalakshmi and Reddy 2014).  Mean raindrop 

concentration is intermediate for shallow convective precipitation. In both seasons, only small 

https://www.researchgate.net/publication/274269908_Statistical_Characteristics_of_Raindrop_Size_Distribution_in_the_Meiyu_Season_Observed_in_Eastern_China?el=1_x_8&enrichId=rgreq-66676385-8a97-40bb-87b6-b3f6f17ccbe3&enrichSource=Y292ZXJQYWdlOzI5Mjk3MDUwNztBUzozMjUyNTA2NTYwMzA3MjVAMTQ1NDU1NzIwNzk3Mg==
https://www.researchgate.net/publication/250140122_Seasonal_and_Diurnal_Variations_of_Raindrop_Size_Distribution_in_Asian_Monsoon_Region?el=1_x_8&enrichId=rgreq-66676385-8a97-40bb-87b6-b3f6f17ccbe3&enrichSource=Y292ZXJQYWdlOzI5Mjk3MDUwNztBUzozMjUyNTA2NTYwMzA3MjVAMTQ1NDU1NzIwNzk3Mg==
https://www.researchgate.net/publication/249603717_Distributions_of_Raindrop_Sizes_and_Fall_Velocities_in_a_Semi-Arid_Plateau_Climate_Convective_vs_Stratiform_Rains?el=1_x_8&enrichId=rgreq-66676385-8a97-40bb-87b6-b3f6f17ccbe3&enrichSource=Y292ZXJQYWdlOzI5Mjk3MDUwNztBUzozMjUyNTA2NTYwMzA3MjVAMTQ1NDU1NzIwNzk3Mg==
https://www.researchgate.net/publication/240487855_Classification_of_tropical_precipitating_systems_and_associated_Z_-_R_relationships?el=1_x_8&enrichId=rgreq-66676385-8a97-40bb-87b6-b3f6f17ccbe3&enrichSource=Y292ZXJQYWdlOzI5Mjk3MDUwNztBUzozMjUyNTA2NTYwMzA3MjVAMTQ1NDU1NzIwNzk3Mg==
https://www.researchgate.net/publication/249606835_Climatological_characterization_of_three-dimensional_storm_structure_from_operational_radar_and_rain_gauge_data?el=1_x_8&enrichId=rgreq-66676385-8a97-40bb-87b6-b3f6f17ccbe3&enrichSource=Y292ZXJQYWdlOzI5Mjk3MDUwNztBUzozMjUyNTA2NTYwMzA3MjVAMTQ1NDU1NzIwNzk3Mg==
https://www.researchgate.net/publication/276093951_Separating_Stratiform_and_Convective_Rain_Types_based_on_the_Drop_Size_Distribution_Characteristics_using_2D_Video_Disdrometer_Data?el=1_x_8&enrichId=rgreq-66676385-8a97-40bb-87b6-b3f6f17ccbe3&enrichSource=Y292ZXJQYWdlOzI5Mjk3MDUwNztBUzozMjUyNTA2NTYwMzA3MjVAMTQ1NDU1NzIwNzk3Mg==
https://www.researchgate.net/publication/240686020_Evidence_from_Tropical_Raindrop_Spectra_of_the_Origin_of_Rain_from_Stratiform_versus_Convective_Clouds?el=1_x_8&enrichId=rgreq-66676385-8a97-40bb-87b6-b3f6f17ccbe3&enrichSource=Y292ZXJQYWdlOzI5Mjk3MDUwNztBUzozMjUyNTA2NTYwMzA3MjVAMTQ1NDU1NzIwNzk3Mg==
https://www.researchgate.net/publication/240686020_Evidence_from_Tropical_Raindrop_Spectra_of_the_Origin_of_Rain_from_Stratiform_versus_Convective_Clouds?el=1_x_8&enrichId=rgreq-66676385-8a97-40bb-87b6-b3f6f17ccbe3&enrichSource=Y292ZXJQYWdlOzI5Mjk3MDUwNztBUzozMjUyNTA2NTYwMzA3MjVAMTQ1NDU1NzIwNzk3Mg==
https://www.researchgate.net/publication/234237161_Classification_of_Precipitating_Clouds_in_the_Tropics_Using_915-MHz_Wind_Profilers?el=1_x_8&enrichId=rgreq-66676385-8a97-40bb-87b6-b3f6f17ccbe3&enrichSource=Y292ZXJQYWdlOzI5Mjk3MDUwNztBUzozMjUyNTA2NTYwMzA3MjVAMTQ1NDU1NzIwNzk3Mg==
https://www.researchgate.net/publication/234237161_Classification_of_Precipitating_Clouds_in_the_Tropics_Using_915-MHz_Wind_Profilers?el=1_x_8&enrichId=rgreq-66676385-8a97-40bb-87b6-b3f6f17ccbe3&enrichSource=Y292ZXJQYWdlOzI5Mjk3MDUwNztBUzozMjUyNTA2NTYwMzA3MjVAMTQ1NDU1NzIwNzk3Mg==
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and mid-drops are observed in stratiform precipitation. Because of higher extent of clouds in 

deep convection, there is sufficient time for collision and coalescence process leading to the 

growth of raindrops as compared to the other two types of precipitations (shallow convection and 

stratiform). In order to understand the seasonal variation in RSD in different rain types, we have 

plotted the concentration of raindrops against drop diameter for different rain types in Fig. 8 (c)-

(e). In all types of precipitation, concentration of smaller drops in EM season is the same (or 

slightly higher) as that in WM season. Whereas the concentration of larger drops is higher in 

WM compared to EM season. Raindrops with diameter below ~1.4 mm have higher 

concentration in EM season for stratiform precipitation.  However, the concentration of raindrops 

is same during both monsoon periods in stratiform precipitation for diameter greater than 1.4 

mm. The raindrop concentration above 2 mm diameter is higher in WM season than EM season 

for both deep and shallow convective precipitation. The deep convective precipitations of both 

the seasons show a bimodal distribution (Steiner and Waldvogel, 1987) whereas stratiform and 

shallow convection shows unimodal distribution. The bimodal distribution (multiple peaks) in 

the deep convection may be due to the melting/breakup process at the freezing level and 

coalescent growth of cloud droplet (Gossard et al., 1990) or occurrence of secondary ice 

generation and super cooled drizzle near the melting level (Zawadzki et al., 2001). 

The variation of mean values of intercept parameter, log10Nw (shown as <log10Nw>) with 

the mean values of mass weighted mean diameter, Dm (shown as <Dm>) for different raintypes in 

EM and WM seasons are shown in Fig. 9. The standard deviation of the intercept parameter is 

also shown in the figure. This figure evidently indicates an inverse relationship between <Dm> 

and <log10Nw>. For example, during deep convective precipitation, <Dm> is found to be 1.48 

mm with <log10Nw>=4.67 in WM period. On the other hand, relatively lower <Dm>=1.44 mm 

and higher <log10Nw>=4.8 are observed in EM period.  During shallow convection of WM (EM) 

season <Dm>=1.14 (1.00) mm and <log10Nw>=4.5 (4.8) are observed. Bringi et al., (2003) 

studied the variation of <Dm> and <Nw> for wide range of locations from near equator to 

subtropics to oceanic (referred as maritime-like) and high plains to continental to subtropics to 

tropics (referred as Continental-like) for convective precipitation.  They found maritime-like 

clusters are located around <Dm> ~1.5 -1.75 mm and <Nw> ~4-4.5 while continental-like cluster 

is characterized by <Dm> ~2 -2.75 mm and <Nw> ~ 3-3.5.  Our results are different from their 

https://www.researchgate.net/publication/249604022_Evolution_of_Dropsize_Distributions_in_Liquid_Precipitation_Observed_by_Ground-Based_Doppler_Radar?el=1_x_8&enrichId=rgreq-66676385-8a97-40bb-87b6-b3f6f17ccbe3&enrichSource=Y292ZXJQYWdlOzI5Mjk3MDUwNztBUzozMjUyNTA2NTYwMzA3MjVAMTQ1NDU1NzIwNzk3Mg==
https://www.researchgate.net/publication/249608984_Peaks_in_Raindrop_Size_Distributions?el=1_x_8&enrichId=rgreq-66676385-8a97-40bb-87b6-b3f6f17ccbe3&enrichSource=Y292ZXJQYWdlOzI5Mjk3MDUwNztBUzozMjUyNTA2NTYwMzA3MjVAMTQ1NDU1NzIwNzk3Mg==
https://www.researchgate.net/publication/222258668_Observations_of_supercooled_water_and_secondary_ice_generation_by_a_vertically_pointing_X-band_Doppler_radar?el=1_x_8&enrichId=rgreq-66676385-8a97-40bb-87b6-b3f6f17ccbe3&enrichSource=Y292ZXJQYWdlOzI5Mjk3MDUwNztBUzozMjUyNTA2NTYwMzA3MjVAMTQ1NDU1NzIwNzk3Mg==
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observations and are somewhat closer to the maritime-like cluster in both EM and WM seasons.  

However <Dm> =0.79 mm (0.9 mm) and <log10Nw>= 5.02 (4.69) are observed in stratiform 

precipitation during WM (EM) period. These results are consistent with the results of Testud et 

al. (2001) and Marzuki et al. (2013). Further, the values of mean Dm (log10Nw) is larger (smaller) 

during WM period than in EM period for deep and shallow convective precipitation. However, in 

stratiform precipitation Dm is lower in WM than in EM season and this may be due to higher 

perecentage of stratiform precipitation with lower bright band height in WM than EM season 

(krishna et al., 2014). 

Distribution of Dm for stratiform, deep convective, and shallow convective precipitation 

during EM and WM periods are represented with box and whisker plot in Fig. 10. In this plot the 

boxes represent data between the first and third quartiles and the whiskers show data from 12.5 

to 87.5 percentiles.  In the figure the symbol ‗×‘ represents 99% and 1% significant levels and 

the horizontal line with in the box represent the median value of Dm. The median value of Dm is 

higher for deep convective precipitation, smaller for stratiform precipitation, and intermediate for 

shallow convective precipitation in both EM and WM period. Median value of Dm is same in 

both WM and EM monsoon periods for deep convective precipitation whereas the median value 

of Dm is higher in WM period as compared to EM period for shallow convection precipitation.  A 

reverse trend with higher Dm is observed in EM as compared to WM season for stratiform 

precipitation.  The mean values along with their standard deviation of Dm values for the three 

types of precipitations are given in Table 5. 

 

3.3 Implications of seasonal differences in RSD 

The major uncertainty in radar rainfall estimation is due to the variability of RSD. These 

variations affect the Z-R relation, where Z represents radar reflectivity and R represents rainrate 

(Chapon et al., 2008).  RSD varies from one climatic region to the other, from one storm to the 

next and even within a storm.  A number of studies offered a single, dual or multiple Z-R 

relations (Tokay and Short, 1996; Atlas et al., 1999; Marzuki et al., 2013). The leading cause for 

these observed differences is due to the difference in type of precipitation (i.e. convective and 

stratiform precipitation). Numerous researchers have shown that the RSD structures are 

significantly different during convective regimes than that of stratiform regimes. For instance, 

https://www.researchgate.net/publication/240487425_Systematic_variation_of_drop_size_and_radar-rainfall_relations?el=1_x_8&enrichId=rgreq-66676385-8a97-40bb-87b6-b3f6f17ccbe3&enrichSource=Y292ZXJQYWdlOzI5Mjk3MDUwNztBUzozMjUyNTA2NTYwMzA3MjVAMTQ1NDU1NzIwNzk3Mg==
https://www.researchgate.net/publication/222702907_Variability_of_rain_drop_size_distribution_and_its_effect_on_the_Z-R_relationship_A_case_study_for_intense_Mediterranean_rainfall?el=1_x_8&enrichId=rgreq-66676385-8a97-40bb-87b6-b3f6f17ccbe3&enrichSource=Y292ZXJQYWdlOzI5Mjk3MDUwNztBUzozMjUyNTA2NTYwMzA3MjVAMTQ1NDU1NzIwNzk3Mg==
https://www.researchgate.net/publication/235767512_Raindrop_axis_ratios_fall_velocities_and_size_distribution_over_Sumatra_from_2D-Video_Disdrometer_measurement?el=1_x_8&enrichId=rgreq-66676385-8a97-40bb-87b6-b3f6f17ccbe3&enrichSource=Y292ZXJQYWdlOzI5Mjk3MDUwNztBUzozMjUyNTA2NTYwMzA3MjVAMTQ1NDU1NzIwNzk3Mg==
https://www.researchgate.net/publication/235767512_Raindrop_axis_ratios_fall_velocities_and_size_distribution_over_Sumatra_from_2D-Video_Disdrometer_measurement?el=1_x_8&enrichId=rgreq-66676385-8a97-40bb-87b6-b3f6f17ccbe3&enrichSource=Y292ZXJQYWdlOzI5Mjk3MDUwNztBUzozMjUyNTA2NTYwMzA3MjVAMTQ1NDU1NzIwNzk3Mg==
https://www.researchgate.net/publication/249606983_The_Concept_of_Normalized'_Distribution_to_Describe_Raindrop_Spectra_A_Tool_for_Cloud_Physics_and_Cloud_Remote_Sensing?el=1_x_8&enrichId=rgreq-66676385-8a97-40bb-87b6-b3f6f17ccbe3&enrichSource=Y292ZXJQYWdlOzI5Mjk3MDUwNztBUzozMjUyNTA2NTYwMzA3MjVAMTQ1NDU1NzIwNzk3Mg==
https://www.researchgate.net/publication/249606983_The_Concept_of_Normalized'_Distribution_to_Describe_Raindrop_Spectra_A_Tool_for_Cloud_Physics_and_Cloud_Remote_Sensing?el=1_x_8&enrichId=rgreq-66676385-8a97-40bb-87b6-b3f6f17ccbe3&enrichSource=Y292ZXJQYWdlOzI5Mjk3MDUwNztBUzozMjUyNTA2NTYwMzA3MjVAMTQ1NDU1NzIwNzk3Mg==
https://www.researchgate.net/publication/240686020_Evidence_from_Tropical_Raindrop_Spectra_of_the_Origin_of_Rain_from_Stratiform_versus_Convective_Clouds?el=1_x_8&enrichId=rgreq-66676385-8a97-40bb-87b6-b3f6f17ccbe3&enrichSource=Y292ZXJQYWdlOzI5Mjk3MDUwNztBUzozMjUyNTA2NTYwMzA3MjVAMTQ1NDU1NzIwNzk3Mg==
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Ulbrich and Atlas (2007) argued to use different Z–R relations in different rain types by showing 

changes in RSD parameters during stratiform to convective precipitation.  

Differences in RSD during different rain type, season and location has implications on Z-

R relations. Normally, weather radars estimate rainfall using the relationship between radar 

reflectivity factor (Z) and rainfall intensity (R), i.e., Z = A*R
b
. The coefficient ―A‖ infers 

presence of smaller or bigger raindrops while the exponent ―b‖ infers microphysical processes. 

Large exponent value (b>1) characterizes size or mixed controlled case while linear Z-R 

relationship (b~1) is associated with number controlled case for steady and statistically 

homogeneous or equilibrium rainfall (Atlas et al., 1999; Atlas and Williams, 2003; Steiner et al., 

2004; Sharma et al., 2009). Adapting the Z–R relationship to different rain types within a given 

storm is seen as a promising way to improve radar quantitative precipitation estimation 

(Waldvogel, 1974). We have analyzed Z-R relations using the linear regression on log-

transformed values of R and Z. Table 6 details Z-R relations during different seasons and rain 

types. We can notice an appreciable variability in the coefficients of Z-R relation.  During WM 

season, the coefficient ―A‖ and the exponent ―b‖ show higher values than EM season. These 

higher values are consistent with larger Dm values associated with WM season. The coefficient 

and the exponent values for stratiform, deep convective, and shallow convective precipitation 

agree well with the previous results of Kozu et al. (2006) and Marzuki et al. (2013). Hence, 

different RSDs at different location, season and rain type leads to different Z–R relationships. 

Thus, the usage of a single Z–R relationship may under estimate rainfall at one site and over 

estimate at other site. 

 

4 Discussion 

The differences in microphysical processes from EM to WM seasons play a crucial role 

in modifying RSD.  RSD evolves into an equilibrium distribution under the influence of 

processes such as collision, coalescence, and break-up, if the 0
o 

C isotherm level is sufficiently 

high (Hu and Srivastava, 1995; Atlas and Ulbrich, 2006). Therefore, if the height of melting 

level is different in these seasons, it may cause some differences in RSD at the surface. Krishna 

et al. (2014) found a significant difference in the height of the melting level from EM to WM 

seasons over Palau. They found that the mean bright band height is ~4.8 km during EM season, 

https://www.researchgate.net/publication/251426140_Drop_size_spectra_and_integral_remote_sensing_parameters_in_the_transition_from_convective_to_stratiform_rain?el=1_x_8&enrichId=rgreq-66676385-8a97-40bb-87b6-b3f6f17ccbe3&enrichSource=Y292ZXJQYWdlOzI5Mjk3MDUwNztBUzozMjUyNTA2NTYwMzA3MjVAMTQ1NDU1NzIwNzk3Mg==
https://www.researchgate.net/publication/240487425_Systematic_variation_of_drop_size_and_radar-rainfall_relations?el=1_x_8&enrichId=rgreq-66676385-8a97-40bb-87b6-b3f6f17ccbe3&enrichSource=Y292ZXJQYWdlOzI5Mjk3MDUwNztBUzozMjUyNTA2NTYwMzA3MjVAMTQ1NDU1NzIwNzk3Mg==
https://www.researchgate.net/publication/249609701_The_Anatomy_of_a_Continental_Tropical_Convective_Storm?el=1_x_8&enrichId=rgreq-66676385-8a97-40bb-87b6-b3f6f17ccbe3&enrichSource=Y292ZXJQYWdlOzI5Mjk3MDUwNztBUzozMjUyNTA2NTYwMzA3MjVAMTQ1NDU1NzIwNzk3Mg==
https://www.researchgate.net/publication/268822470_Observational_study_on_melting_layer_characteristics_over_Palau_in_Pacific_Ocean?el=1_x_8&enrichId=rgreq-66676385-8a97-40bb-87b6-b3f6f17ccbe3&enrichSource=Y292ZXJQYWdlOzI5Mjk3MDUwNztBUzozMjUyNTA2NTYwMzA3MjVAMTQ1NDU1NzIwNzk3Mg==
https://www.researchgate.net/publication/268822470_Observational_study_on_melting_layer_characteristics_over_Palau_in_Pacific_Ocean?el=1_x_8&enrichId=rgreq-66676385-8a97-40bb-87b6-b3f6f17ccbe3&enrichSource=Y292ZXJQYWdlOzI5Mjk3MDUwNztBUzozMjUyNTA2NTYwMzA3MjVAMTQ1NDU1NzIwNzk3Mg==
https://www.researchgate.net/publication/249603860_Characteristics_of_Rain_Integral_Parameters_during_Tropical_Convective_Transition_and_Stratiform_Rain_at_Gadanki_and_Its_Application_in_Rain_Retrieval?el=1_x_8&enrichId=rgreq-66676385-8a97-40bb-87b6-b3f6f17ccbe3&enrichSource=Y292ZXJQYWdlOzI5Mjk3MDUwNztBUzozMjUyNTA2NTYwMzA3MjVAMTQ1NDU1NzIwNzk3Mg==
https://www.researchgate.net/publication/249610065_A_microphysical_interpretation_of_radar_reflectivity-rain_rate_relationships?el=1_x_8&enrichId=rgreq-66676385-8a97-40bb-87b6-b3f6f17ccbe3&enrichSource=Y292ZXJQYWdlOzI5Mjk3MDUwNztBUzozMjUyNTA2NTYwMzA3MjVAMTQ1NDU1NzIwNzk3Mg==
https://www.researchgate.net/publication/249610065_A_microphysical_interpretation_of_radar_reflectivity-rain_rate_relationships?el=1_x_8&enrichId=rgreq-66676385-8a97-40bb-87b6-b3f6f17ccbe3&enrichSource=Y292ZXJQYWdlOzI5Mjk3MDUwNztBUzozMjUyNTA2NTYwMzA3MjVAMTQ1NDU1NzIwNzk3Mg==
https://www.researchgate.net/publication/249608146_The_N_0_Jump_of_Raindrop_Spectra?el=1_x_8&enrichId=rgreq-66676385-8a97-40bb-87b6-b3f6f17ccbe3&enrichSource=Y292ZXJQYWdlOzI5Mjk3MDUwNztBUzozMjUyNTA2NTYwMzA3MjVAMTQ1NDU1NzIwNzk3Mg==


AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

17 

 

whereas it is ~4.6 km during WM season.  In addition, the convective activity is different in 

these seasons. The percentage of occurrence of convective activity is larger in WM season than 

in EM season (Fig. 11). This indicates that the storms in WM season are deeper as compared to 

storms in EM season. These deep and intense convective activities have stronger updrafts which 

affect the rain RSD in two ways: drop sorting and enhancing the collision–coalescence process. 

Strong updrafts carry small drops aloft into divergent regions, but allow bigger drops to 

precipitate locally, thereby increasing Dm values. The updrafts can also hold drops aloft, thereby 

increasing the chance of collision and also changing the size of the drop. Therefore, one can 

expect large Dm values during WM season. 

Further the storm top height is an important parameter in stratiform clouds. In deep 

stratiform clouds, the ice crystals have sufficient time to grow by vapor deposition and 

aggregation to large snowflakes, which in turn produces relatively large drops while crossing the 

melting level. Box and whisker plot of storm top height measured using TRMM-PR during EM 

and WM seasons for the period 2003 - 2007 is shown in Fig. 12. The median value of storm top 

height is higher in WM period as compared to EM period. The percentage occurrence of storm 

top height greater than 4.6 km is higher (40%) in WM season than in EM season (17.2%). 

Hence, cold rain is dominant in WM season. On the other hand, percentage occurrence of warm 

rain is higher during EM season than in WM season (14.2% and 10% of storm top height <4.6 

km during EM and WM season respectively).  These results are strongly supported by higher 

values of mean cloud effective radii of ice phase particle and smaller values of water phase in 

WM season than EM season (Fig. 13).  Therefore, the storm top heights are consistent with the 

observed RSD variations during EM and WM seasons. From the microphysical perspective, 

stratiform rain results via the melting of snowflakes and/or tiny graupel or rimed particles. If the 

bright band is ‗‗strong,‘‘ then it reflects melting of large, low-density dry snowflakes into rain, 

whereas, if the bright band is ‗‗weak‘‘ then it may reflect the melting of tiny, compact graupel or 

rimed snow particles (Fabry and Zawadzki, 1995). In fact, the transition from large, dry 

snowflakes to tiny, compact graupel or rimed particles during a stratiform rain event leads to the 

so-called No-jump effect (Waldvogel, 1974). In essence, the larger, low-density snowflakes lead 

to RSD that has smaller <log10Nw>and larger <Dm> relative to tiny, compact graupel or rimed 

snow particles.  
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5 Conclusions 

Four years of RSD measurements made with Joss–Waldvogel disdrometer, Wind Profiler 

Radar along with ancillary information from TRMM and MODIS satellite data were analyzed to 

understand WM and EM seasonal behavior. The observational results revealed that the number 

concentration is greater in WM season compared to EM season for larger drops.  Smaller 

raindrops have same number concentration in both the seasons.  The RSD stratified on the basis 

of rainrate showed that the concentration of small drops are almost same in both EM and WM 

season for the rainrate classes below 8 mm/h and the concentration of larger drops is slightly 

higher in WM season than EM season for the same rainrate classes. However, for the rainrate 

classes above 8 mm/h, concentration of larger drops in WM season is higher than EM season. 

The higher percentage of convective activity in WM season and the difference in microphysical 

phenomenon are responsible for the variations in RSD during these seasons. The RSD fitted to 

gamma function showed that the mean value of Dm is higher in WM in all the rainrate classes.  

Furthermore, the difference in mean Dm between WM and EM season increases with rainrate. 

The mean value of log10Nw is higher in EM than WM in all the rainrate classes except at RR<2 

mm/h. However, the seasonal variations in slope and shape parameters are not as much as 

observed in Dm and Nw. The RSD shows significant variations in different rain types (stratiform, 

deep convection, and shallow convection). The concentration of smaller drops is slightly higher 

for these three types of precipitation during EM season whereas the concentration of midsize and 

larger drops is higher for deep and shallow convection in WM season. The mean value of Dm 

(log10Nw) is higher (lower) in deep convective precipitation compared to other types of 

precipitation in both the monsoon seasons. The transition of large, dry snow flakes to tiny, 

compact graupel or rimed particles results in larger Dm and smaller Nw during deep convective 

precipitation. Different RSDs during different seasons and rain types show different Z-R 

relationships.  
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FIGURE CAPTIONS: 

Fig.1: Scatterplot for daily accumulated rainfall collected from Joss Waldvogel disdrometer vs 

tipping bucket rain gauge of the automatic weather station. 

 

Fig.2: Mean raindrop concentration during easterly monsoon and westerly monsoon 

precipitation. 

 

Fig.3: Mean RSD during easterly monsoon and westerly monsoon precipitation for different 

rainrates.  

 

Fig.4: Normalized gamma RSD for easterly monsoon and westerly monsoon precipitation. 

 

Fig.5: Variations in mean values of Dm, log10(Nw), µ and Λ in each rainrate class during easterly 

monsoon and westerly monsoon precipitation. 

 

Fig.6: Variation of mean normalised intercept parameter (log10NW) (along with ±1standard 

deviation) with mass weighted mean diameter (Dm) for EM (blue color) and WM (red 

color) precipitation in different rain classes. 

 

Fig.7: Vertical profile of signal to noise ratio (on 07 July, 2003) showing the three types of 

precipitation. Here ST represents stratiform precipitation, DCT represents deep 

convective precipitation and SCT represents shallow convective precipitation. 

 

Fig.8: Variation of RSD with rain type during easterly monsoon and westerly monsoon 

precipitation. 

 

Fig.9: Mean and standard deviation of normalized intercept parameter (log10Nw) versus average 

mass weighted mean diameter (Dm) for stratiform, deep convective and shallow 

convective precipitation during easterly monsoon and westerly monsoon precipitation. 

 

Fig.10: Box and whisker plot of <Dm> during stratiform, deep convective and shallow 

convective precipitation.  

 

Fig.11: Percentage occurrence of stratiform, deep convective and shallow convective 

precipitation during EM and WM seasons. 

 

Fig.12: Box and whisker plot of mean storm top heights during easterly monsoon and westerly 

monsoon precipitation for the period 2003 to 2007. 

 

Fig.13: Mean values of cloud effective radius for different phases of hydrometeors during 

easterly monsoon and westerly monsoon precipitation of 2003 to 2007. 
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TABLE CAPTIONS: 

 

Table.1: Classification of raindrop diameter. 

 

Table.2: Mean, maximum and standard deviation of N(D) for each drop diameter class during 

EM and WM seasons. 

 

Table.3: Statistical measure of disdrometer derived rainrates (classified into 9 rain rate classes) 

for EM and WM seasonal raindrop size distribution sets. 

 

Table.4: Mean values of Dm, log10(Nw), µ and Λ during easterly monsoon and westerly monsoon 

precipitation. 

 

Table.5: Mean and standard deviation of Dm for three types of precipitations during easterly 

monsoon and westerly monsoon precipitation. 

 

Table.6: Radar reflectivity and rainrate (Z-R) relations for EM and WM and their rain types. 
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Figure 2 
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Table.1: Classification of raindrop diameter. 
 

  

Type of raindrops  

  

Diameter (D)  range   

Small drops D < 1mm  

  

Mid drops 1 <D <3 mm 

  

Large drops D > 3 mm  
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Table.2: Mean, maximum and standard deviation of N(D) for each drop diameter class during 

EM and WM seasons. 

Sl. 

No. 

Drop 

Diameter 

Mean N(D) Maximum Standard deviation 

EM WM EM WM EM WM 

1 0.359 340.74 730.70 24541.74 112495.5 282.78 842.75 

2 0.455 920.03 1205.21 67919.8 81225.07 641.25 787.74 

3 0.551 1863.19 2050.29 180064.2 128520.2 1893.38 2161.61 

4 0.61 1973.58 1708.10 57198.21 56012 2678.55 2517.64 

5 0.771 866.56 595.42 23118.79 20325.66 945.48 522.95 

6 0.913 467.70 399.70 5849.93 5427.61 111.75 103.86 

7 1.116 522.35 677.61 6389.12 103234.8 208.69 852.92 

8 1.331 327.61 310.53 1581.42 1791.82 197.46 195.89 

9 1.506 261.08 254.85 1217.28 1715.44 214.90 208.96 

10 1.665 221.01 206.90 2052.05 984.43 218.96 199.12 

11 1.912 229.75 187.26 2024.74 1355.70 280.77 202.87 

12 2.259 100.49 96.64 557.89 638.89 155.57 136.12 

13 2.584 43.87 47.57 245.58 335.16 72.68 75.02 

14 2.869 19.15 24.08 194.55 194.55 32.94 40.84 

15 3.198 8.77 12.12 124.12 134.91 16.12 22.17 

16 3.544 3.58 5.68 68.39 103.81 7.05 11.02 

17 3.916 1.39 2.25 36.89 48.31 2.92 4.52 
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18 4.35 0.28 0.87 14.17 22.51 0.59 1.88 

19 4.859 0.04 0.36 7.06 19.26 0.08 0.85 

20 5.373 0.004 0.16 31.27 254.97 0.009 0.3 
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Table.3: Statistical measure of disdrometer derived rainrates (classified into 9 rain rate classes) 

for EM and WM seasonal raindrop size distribution sets. 

 

  

Class Rainrate 

threshold 

Easterly Monson Westerly Monsoon 

No. of 

data 

Mean 

(mm/h) 

Standard 

deviation 

No. of 

data 

Mean 

(mm/h) 

Standard 

deviation 

1 1≤RR<2 6408 1.430 0.287 10930 1.430 0.286 

2 2≤RR<4 6228 2.869 0.573 9469 2.849 0.573 

3 4≤RR<6 3400 4.911 0.579 4486 4.910 0.576 

4 6≤RR<8 1961 6.911 0.575 2544 6.925 0.569 

5 8≤RR<10 1355 8.937 0.577 1563 8.920 0.577 

6 10≤RR<30 4886 17.491 5.567 6155 17.805 5.754 

7 30≤RR<60 1772 40.472 8.056 2201 40.016 8.265 

8 60≤RR<90 232 69.059 7.585 458 72.028 8.043 

9 RR≥90 76 94.851 4.467 107 108.431 31.966 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

44 

 

Table.4: Mean values of Dm, log10(Nw), µ and Λ during easterly monsoon and westerly monsoon 

precipitation. 

 

Rainrate 

class 

Easterly Monson Westerly Monson 

Dm log10(Nw) µ Λ Dm log10(Nw) µ Λ 

1 1.04 4.67 10.06 14.69 1.05 4.69 10.94 14.96 

2 1.17 4.67 8.65 11.75 1.20 4.61 8.73 11.62 

3 1.26 4.72 8.21 10.29 1.33 4.59 8.09 9.66 

4 1.31 4.78 8.95 10.3 1.37 4.67 8.92 9.64 

5 1.34 4.84 9.66 10.5 1.39 4.74 10.27 10.17 

6 1.45 4.94 11.28 10.3 1.49 4.87 10.28 9.28 

7 1.64 5.02 8.01 6.87 1.78 4.88 7.87 6.28 

8 2.04 4.71 8.0 5.89 2.18 4.57 7.73 5.45 

9 2.21 4.66 8.6 5.82 2.38 4.58 6.92 4.71 
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Table.5: Mean and standard deviation of Dm for three types of precipitations during easterly 

monsoon and westerly monsoon precipitation. 

 

Type of 

Precipitation 

Mass weighted mean diameter (Dm) 

Easterly Monsoon Westerly Monsoon 

Min Max Mean SD Min Max Mean SD 

Stratiform 0.414 2.472 1.206 0.298 0.368 5.300 1.192 0.326 

Deep Convection 0.374 5.303 1.042 0.435 0.359 5.300 0.905 0.476 

Shallow Convection 0.376 3.004 1.002 0.428 0.373 3.938 1.140 0.470 
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Table.6: Radar reflectivity and rainrate (Z-R) relations for EM and WM and their rain types. 

 

  
Monsoon  Seasonal Stratiform Deep convection Shallow convection 

A b A b A b A b 

Westerly 165.66 1.45 291.58 1.37 133.14 1.49 198.77 1.29 

Easterly 184.79 1.33 280.91 1.38 165.77 1.33 150.62 1.38 
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Highlights 

 There are very limited studies carried out over Tropical Pacific Ocean, especially over 

Palau. 

 This paper deals with the long term variations of rain drop size distribution over Palau 

Islands. 

 Deals with the rain drop size distribution during different monsoon seasons using better 

rainfall classification and type of precipitation 

 This study provides information which is useful for quantitative estimation of rainfall 

from weather radar observations 


