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Abstract 

The Southwest Monsoon (SWM), which brings nearly half of the Philippines' annual 

rainfall, has been extensively studied; however, its rainfall microphysics remain largely 

unexplored.  This study investigates the microphysical characteristics of rainfall in South 

Luzon, Philippines, during the 2018 SWM season (June to September), using data from a 

PARSIVEL disdrometer and the Tagaytay C-band dual-polarization weather radar.   

Four precipitation types are presented: strong widespread convection (SWC), strong 

isolated convection (SIC), weak shallow convection (WC), and weak stratiform (WS).  

Applying principal component analysis (PCA) to the drop size distribution (DSD) and integral 

rain parameters, PCA groups (PGs) are identified and linked to dominant microphysical 

processes. PGs and the averaged time-height plots of reflectivity (ZH), differential reflectivity 

(ZDR), specific differential phase (KDP), and co-polar cross-correlation coefficient (ɟHV) were 

time-matched to reveal these processes.  SIC exhibited high concentrations of mid-to-large 

drops and with high ZH, ZDR, and KDP values reaching heights up to 10 km τtypical for deep 

convective systems. Most ice-based convection DSDs (PG6) were observed after the peak 

rainfall rate (R), liquid water content (LWC), and ZH, explaining the large drops observed at the 

surface.  SWC showed wider range of drop diameters with multiple PGs observed showing the 

transitions within the system.  The values of normalized intercept parameter (log10Nw), mass-

weighted mean diameter (Dm) and LWC are comparable to SIC, but with lower R.  High 

concentrations of small drops were typically observed in WC, but convective reflectivities (>35 

dBZ) were confined at the lower levels, hence the shallow classification.  Meanwhile, in WS, 

small to mid-sized drops dominate, with low R, with an evident bright band signature and DSDs 

are tightly clustered below the convective-stratiform (CS) separation line.  

Contoured frequency by altitude diagrams (CFAD) were used to relate radar vertical 

profiles to specific PGs.  Both normal convection DSD group (PG1) and PG6 have high values 
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of the same radar parameters. However, reflectivity values for PG6 are centered around 40 dBZ 

and usually show pronounced columns of ZH, ZDR and KDP.  For shallow convection (PG3), high 

values of ZH (Ó35 dBZ) are confined below 5 km suggesting the less intense and shallow nature 

of this convection compared to other convective groups. CFADs for stratiform groupsτweak 

(PG2) and moderate (PG4) τ revealed high frequencies of low ZH, ZDR and KDP values.  PG4 

has slightly higher values, likely due to more intense melting, which produces larger drops as 

reflected in the ZDR CFAD.  These findings provide a more detailed perspective on Philippine 

precipitation systems which were not presented in previous literature. 
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Chapter 1 INTRODUCTION  

This chapter opens the discussion on recent studies and trends in precipitation 

microphysics studies, the weather and climate of the Philippines specifically discussing the 

Southwest Monsoon (SWM) season. Finally, the motivation of the study is presented as well as 

the studyôs scope and delimitations.  

 1.1 On precipitation microphysics  

Understanding the microphysical characteristics and processes behind precipitation 

systems has crucial implications especially for remote sensing of rainfall and other hydrological 

applications.  Surface instruments such as disdrometers provide information about the drop size 

distribution (DSD), drop concentration, drop diameter, and other rainfall parameters. Providing 

more spatial coverage than point observations, weather radars reveal essential details such as 

reflectivity, shape and type of hydrometeors, and even liquid water content (LWC). Combining 

and relating both data opens opportunities to look at rainfall events in full detail such as 

developing more accurate rainfall estimates derived from rainfall rate-radar reflectivity (R-ZH) 

relationships which are significant products used in flood prediction models (Krajewski & 

Smith, 2002). Moreover, knowing the raindrop spectra helps to improve the microphysics 

parameterization in numerical models (McFarquhar et al., 2015). 

Various climatological and regional differences in the atmospheric environment 

significantly affect and determine the microphysical characteristics of precipitation (Bringi et 

al., 2003). Using long term observations from two-dimensional video disdrometers, Bang et al. 

(2020) showed the differences in DSD characteristics between South Korea (Daegu and 

Boseong) and the United States (Norman, Oklahoma). Rainfall in the South Korean sites were 

shown to be light and were derived from shallow systems. Additionally, DSD characteristics 

were found to be similar to Eastern China DSDs (Chen et al., 2013) and the maritime clusters 

(MT). On the contrary, rainfall from a more continental environment such as in Norman, 

Oklahoma, were typically heavy with the collision-coalescence process dictating drop growth 

as well as the production of graupel and ice particles due to strong updrafts. In another study, 

Seela et al. (2017) compared the DSDs of Taiwan and Palauτ two islands in the western 

Pacificτ with more concentration of mid-sized to large drops observed in Taiwan.   In an 

attempt to generalize and describe DSD, Dolan et al. (2018), hereafter DO18, examined global 
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disdrometer datasets which was divided into three significant groups: high, mid- and low 

latitudes. DSD variability was clearly observed using a statistical tool called principal 

component analysis (PCA) which helped cluster and determine trends within the data.  

 1.2 The Philippine Southwest Monsoon (SWM) season  

The Philippinesôs geographic location in the Western North Pacific (WNP) basin, which 

is the most active tropical cyclone (TC) basin globally (Huang et al., 2024), makes it susceptible 

to various severe weather conditions which brings considerable impacts to both lives and 

livelihood.  In fact, the country expects 18 to 20 TCs annually which peaks during July and 

August. Coinciding with the TC season, from June to September, the SWM (locally known as 

ñHabagatò) becomes active and affects most of the western parts of the country. The 

differential heating between the greater Asian landmass and the vast waters of the Indian Ocean 

drives this monsoon system.  While it is active, winds prevail from the southwest bringing rains 

over most of the country. In effect, around 43% of the annual average accumulated rainfall in 

the country is associated with SWM (Flores & Balagot, 1969; Bagtasa, 2020). 

Studies have explored the combined effects of TCs and SWM particularly looking into 

the enhancing effects of TCs to the monsoon rains. Ba¶ares et al. (2021) studied convective 

events in Metro Manila from 2013-2014 using observations from a network of 16 automated 

weather stations. They noted that the highest average accumulated rainfall is from SWM and 

that rains associated with TCs contributed to almost 25% of the total rainfall. Cayanan et. al. 

(2011) studied the effects of this TC-monsoon interaction on rainfall through flow 

decomposition.  Their study concluded that the presence of TCs over the northeast of Luzon 

generate a strong southwesterly wind over the western part of Luzon.  These findings are 

supported by Bagtasa (2019) who analyzed high precipitation events (HPE) during the same 

season. Interestingly, TC occurrences coincide with more than 90% of the identified HPEs from 

the dataset. It is further revealed that TCs usually move along a line segment between northern 

Luzon and Okinawa, Japan during HPEs. In another study, the deepening of the Asian monsoon 

trough due to the presence of TCs (Typhoon Haikui and Typhoon Utor) led to the remarkable 

enhanced SWM events in August 2012 and 2013 (Bagtasa, 2023).  

Though the Philippines has a network of weather radars managed by the Department of 

Science and Technology - Philippine Atmospheric Geophysical and Astronomical Services 

Administration (DOST - PAGASA), the countryôs weather bureau, the use of radars to observe 

SWM rain events is still relatively underexplored. The study of Heistermann et al. (2013) is the 
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first to use radar data from the Subic S-band radar in Zambales, Philippines in combination with 

the dense rain gauge network in Metro Manila to reconstruct the enhanced SWM event in 

August 2012.  The study revealed that if the rainfall field moved no more than 20 kms eastward, 

it would have increased the Marikina River peak discharge to 30% which may mean more 

damage than what was experienced in Metro Manila. Using another radar from the network, 

Crisologo et al. (2014) evaluated the potential for quantitative precipitation estimation (QPE) 

of the Tagaytay C-band dual polarization dual polarization weather radar. An elaborate quality 

control (QC) process was implemented though the reflectivity was still deemed underestimated 

due to radar miscalibration. Also using the Subic radar, Abon et al. (2016) evaluated the 

potential of using QPE products in application to a hydrological model. In a recent study, 

Macuroy et al. (2021) evaluated radar QPE from the Tagaytay radar using raindrop size 

distribution (RSD) in Southern Luzon. These studies, though few in number, highlights the 

potential of use of weather radars and its applications in the Philippines. 

Aside from climatological studies focusing on the dynamics of SWM, several research 

has been conducted to understand the microphysical characteristics and processes associated 

with the SWM rain events. Using observations from four disdrometers from 2020-2022, Iba¶ez 

et al. (2022) analyzed the RSD of SWM in the western Philippines. The larger drops from 

convective rains observed at the Clark station are said to be influenced by the terrain and both 

the maritime and continental air, thus, the continental-maritime clusters (Bringi et al., 2003) are 

not observed. Iba¶ez et al. (2023) further looked into the DSD characteristics of SWM focusing 

in Metro Manila and developed QPE relations from disdrometer data. On the other hand, 

Aragon et al (2024) provided a detailed discussion on the seasonal differences in DSD 

characteristics between the monsoon systems noting the abundance of smaller drops during the 

Northeast Monsoon (NEM) season and, conversely, the high concentration of mid-sized to large 

drops in both the transition months (TRA) and SWM. 

 1.3 Motivation of the study 

The SWM has been extensively studied in the past decade albeit from a synoptic and 

climatological perspective.  Most of what is known about this monsoon season is limited by the 

lack of studies using both surface and radar observation data. Thus, this study endeavors to 

investigate the microphysical characteristics of precipitation systems in South Luzon, 

Philippines during the 2018 SWM season using the combined DSD observations from 

PARSIVEL disdrometer and the Tagaytay radar, specifically answering the following questions: 
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a) How do DSDs vary among precipitation types during the SWM season in South Luzon 

based on disdrometer observations? 

b) How are these variations in rainfall microphysics reflected in dual-polarimetric 

variables in different precipitation types? 

 1.4 Scope and Delimitation 

To have a general description of the seasonal variability of the DSD in South Luzon, 

Philippines, this study used the whole set of DSD data (2018-2024). However, for the joint 

DSD-radar analysis of rainfall events, this research only focused on the 2018 SWM season due 

to the limited data availability for other seasons. The microphysical analysis is only limited to 

the calculated integral rainfall parameters (IRP) shown in Chapter 2. These parameters were 

chosen since they describe both the DSD and the DSD variability.  The Tagaytay C-band 

weather radar data, upon inspection, significantly requires quality control (QC) process to 

ensure the usability of the data. The QC steps implemented for the radar data are determined as 

needed. The QC steps implemented may deviate or add to the existing QC steps done by DOST 

- PAGASA or the earlier published papers using the same radar.  While there are significant 

improvements in the data, issues may still remain unresolved which can be attributed to the 

hardware issues.  
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Chapter 2 DATA AND METHODS 

This chapter introduces the domain of the research study, the instruments used and as 

well as the data gathered. This also tackles the quality control procedures implemented for both 

the disdrometer and radar data, related processes in obtaining DSD and IRPs, principal 

component analysis of DSD, and selection of case studies which best describes a certain type 

of precipitation in South Luzon. Finally, the process of matching DSD groups to radar is also 

discussed. 

 2.1 Domain, instrumentation and data 

According to the updated Kºppen-Geiger climate classification (Kottek et al., 2006), 

the climate of the Philippines, an archipelagic country in Southeast Asia, is considered both 

equatorial rainforest, fully humid (Af), and equatorial monsoon (Am). The climate of South 

Luzon, our subject domain, is under the combined influence of Climate I and Climate III based 

on the Modified Coronas Classification (Flores & Balagot, 1969). Generally, June to September 

(JJAS) is considered the wet season with the SWM bringing most of the rain. The rest of the 

year is divided into NEM season (October to February), and the transition months (TRA) from 

March to May. These follows the classification used by Aragon et. al. (2024). The present study, 

while it also discusses the variability across the seasons, will put much emphasis on the SWM 

season since an average of 43% of the annual rainfall in the country can be attributed to this 

season (Asuncion & Jose, 1980). 

To observe microphysical characteristics of rainfall, a PARSIVEL disdrometer 

(hereafter, disdrometer) has been installed at the Agrometeorology station inside the University 

of the Philippines-Los Ba¶os (UPLB) compound. This disdrometer uses laser emitter and a 

receiver which measures changes in signal voltage when hydrometeors pass through. This 

simultaneously measures particle size and velocity of precipitation with 1-min sampling 

interval and groups them into 32 bins (Lºffler-Mang & Joss, 2000). Using this data, one can 

derive drop concentration, particle diameter as well as the kinetic energy of the hydrometeors. 

We can also determine the type, calculate intensity and amount of precipitation, and other IRPs. 

Details about these are discussed in the next section.  

The primary source of weather radar data for this study is the Tagaytay C-band dual-

polarization radar (hereafter, radar) which sits at the highest peak of the Tagaytay ridge in the 

southern part of Luzon, Island, Philippines (Figure 2.1). This radar is around 40 kms south of 
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Metro Manila and around 24 kms west of the disdrometer. The radar scans every 10 minutes 

and, given the altitude, with the lowest data available at about 1-km above the surface.  This 

radar is one of the major radars from the weather bureauôs network. It has run operationally and 

regularly maintained by DOST-PAGASA since 2012.  The radar technical specifications are 

shown in Table 2.1. 

Table 2.1 The Tagaytay C-band weather radar technical specifications. 

Specification Value 

Radar Name DWSR-93C 

Location Lat: 14Á8ô31ò / Lon: 121Á1ô19ò 

Altitude 752 m a.m.s.l. 

Polarization Dual-Pol 

Wavelength 5.34375 cm 

Peak Power 250 kW 

Antenna Diameter 4.3 m 

Maximum Range 120 km 

Gate Length 500 m 

Volume Cycle Interval 10 min 

Transmission Simultaneous 

Elevation Angle (ϲ) 
0.5, 1.0, 1.5, 2.4, 3.4, 4.3, 5.3, 6.2, 7.5, 8.7, 10, 12, 

14, 16.7, 19.5 

 2.2 Disdrometer data and quality control procedures 

The DSD characteristics of precipitation was observed through the PARSIVEL 

disdrometer (hereafter disdrometer), which gathers 1-minute samples of both the size and fall 

velocity of drops.  This study made use of both 1-minute and 6-minute DSD samples with the 

former used to observe the behavior of the DSD per rain event in terms of rainfall rate, 

measurements of the logarithmic form of the normalized intercept parameter (log10NW; m
-3 mm-

1), mass-weighted mean diameter (Dm; mm) and LWC (g m
-3) while the latter is used for the 

simulation of dual polarimetric parameters via the T-matrix scattering method.  

The disdrometer collected data starting May 2018 up to the present (as of this writing). 

The data inventory shown in Figure A.1 and A.2 (see Appendix), revealed periods of sparse to 

no data recorded. This inconsistency is attributed to certain factors: (1) frequent power 

interruption at the site, and (2) operations was severely affected during the COVID-19 

pandemic. Though this lack can evidently affect the overall representation of the seasonal 

variability of DSD in the chosen domain, enough DSD samples were gathered for the SWM 

season in 2018 and thus this season is deemed sufficiently represented.  
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To ensure no contamination of rainfall events likely triggered or influenced by tropical 

cyclones (TC) in the analysis, all DSD data were subjected to a preliminary check to determine 

certain days likely affected by any synoptic event. TC and non-TC days were determined from 

the analysis. This is achieved by calculating the great circle distance between the disdrometer 

location and the eye or center of the TC. A day is considered a TC-day and excluded once any 

calculated 3-hour distance is less than 1000 kilometers.  Such technique has been employed in 

earlier studies that discriminate among rainfall events (Bagtasa, Contribution of Tropical 

Cyclones to Rainfall in the Philippines, 2017). TC information was gathered from the National 

Oceanic and Atmospheric Administration International Best Track Archive for Climate 

Stewardship (NOAA IBTrACS) for the period of the study. The archive provides best track data 

every three hours. This preliminary check determined 113 (16%), out of the overall 677 days 

with available disdrometer data, are considered TC days. It should be noted that DSD samples 

in 2018 were reduced by about 18% after this initial check.  A detailed description of this 

TC/non-TC classification is shown in Figure 2.2.  

Figure 2.1 Digital Elevation Map (DEM) of the area of study from the NASA Shuttle Radar Topography 

Mission (SRTM) (2013). The location of the Tagaytay weather radar is represented by the yellow star 

symbol, while the red box represents the site of the PARSIVEL disdrometer. The triangles are the locations 

of DOST-PAGASA synoptic stations: Port Area, Manila (blue), Ambulong, Batangas (green) and Science 

Garden in Quezon City (magenta).  
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 After the preliminary check, the QC process for the disdrometer data follows. Drops 

falling outside the 50% spread of the empirical diameter-velocity curve (Beard, 1976) are 

excluded (Figure 2.4a and 2.4b). This ensures that outliers are removed before processing and 

will not skew the results. Also, to address bias in the disdrometer data, daily accumulated 

rainfall calculated from both the station and the disdrometer are averaged and compared. A 

multiplication factor was applied to correct the one-minute DSD thereby removing the bias but 

retaining the shape of the DSD (Chang et al., 2020). The choice to utilize the daily accumulated 

rain instead of rainfall data with finer time resolution stemmed from the data issue observed in 

the retrieved surface observation data from the nearest automated weather stations (AWS). 

Figure 2.4c reveals a meager 0.14 dBR bias between the station and the calculated rainfall from 

the disdrometer. This implies that the disdrometer overestimates rainfall albeit not that much. 

A rainfall threshold of 1 mm hr-1 is used to sift through various rain rates with those less than 

this set threshold being excluded entirely in the analysis. A simple flow chart that details the 

QC process for the disdrometer data is shown in Figure 2.3.  

Figure 2.2 2018 to 2024 plots for TC vs non-TC days. Note that there is no data for 2021. 
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Figure 2.4 The quality control process implemented for the disdrometer data. 
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Figure 2.3 Sample DSD (a) before, and (b) after QC process, and (c) mean bias (dBR) calculated 

from observed rainfall vs calculated rainfall from disdrometer. 
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2.3 Calculation of DSD information and integral rainfall parameters 

The number of raindrops per unit volume per unit volume-equivalent diameter is 

represented by N(D) (mm-1 m-3) in the form 

ὔὈ ὔὈ ὩὼὴΏὈ (1) 

This gamma model of the DSD (Ulbrich, 1983) is characterized by the intercept N0 (mm
-

1 m-3), shape parameter ɛ (dimensionless) and slope parameter ȿ (mm-1). These parameters can 

be derived by calculating the integration of the third, fourth, and sixth moments of DSDs.  

ὔ
ɤ ὓȢ

ɜ‘ τ
 (2) 

  

‘  
ρρὋ ψ ὋὋ ψ

ςρ Ὃ
 (3) 

  

ɤ  
‘ τὓȢ

ὓ
 (4) 

where 

Ὃ  
ὓ

ὓȢ ὓ
 (5) 

To derive the mass-weighted mean diameter Dm (mm), the third and fourth DSD 

moments are also used. 

Ὀ
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To compare spectra with different LWC and Dm, normalization should be applied in 

such a way that the intrinsic shape of the DSD is not dependent on the said parameters. In this 

study, we use the normalized gamma distribution to illustrate the DSDs (Testud et al., 2001; 

Willis, 1984; Sekhon & Srivastana, 1971) . The normalized intercept parameter Nw (mm
-1 m-3) 

can be derived from 

ὔ
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where ɟw is the density of rainwater (1.0 g cm-3) and LWC (g m-3) calculated from the DSD.  

The Nw parameter can be incorporated into the gamma distribution of DSDs and transform it to 

the normalized gamma distribution in the form 

ὔὈ ὔὪ‘
Ὀ

Ὀ
Ὡὼὴ τȢπ ‘

Ὀ

Ὀ
 (8) 

where  

Ὢ‘
φ

τȢπ

τȢπ  ‘

ɜ‘ τ
 (9) 

  

In this study, using the DSD measured by the optical disdrometer, drop concentration 

per unit volume N(Di) can be calculated through  

ὔὈ
ὲ

ὺὈ ὃὸɝὈ
 (10) 

  

where Di is the drop diameter (mm) for the size bin i, drop fall velocity is represented by v(Di), 

A is the sampling area, t is the sampling time and ȹDi (mm) is the corresponding diameter 

interval.  

IRPs can be deduced from DSD information. The following equations are used to 

calculate rainfall rate R (mm hr-1), LWC (g m-3), total number concentration Nt (m
-3), and 

reflectivity factor Z (mm6 mm-3) from DSD data. 

Ὑ φ“  ρπ ὺὈ ὔὈ ὈЎὈ (11) 
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“
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 The mass spectrum standard deviation ům (mm), which is dependent on Dm, can be 

expressed using N(D) as presented by Williams et. al (2014). This parameter tells how close the 

masses of drops are from Dm. Low values usually pertains to stratiform rainfall, and high values 

are associated with convective precipitation due to mixed drop sizes.  

The DSD and IRPs shown in this section are employed to analyze the microphysical 

characteristics of each precipitation type discussed in the study. 

 2.4 T-matrix scattering simulation 

To calculate dual polarization parameters from DSD information, the T-matrix/Mueller 

scattering simulation method, which was first introduced by Waterman (1971), was used. This 

method calculates electromagnetic scattering of non-spherical particles. Parameters such as 

radar wavelength, elevation angle, axis ratio, and environmental temperature are needed to 

simulate radar parameters. The axis ratio is assumed to be oblate and follows the raindrop shape 

model proposed by Brandes et. al. (2002) which can be expressed as a fourth-order polynomial 

equation: 

‎ πȢωωυρπȢπςυρὈ πȢπσφττὈ πȢππυπσὈ πȢπππςτωςὈ  (16) 

where ɔ is the axis ratio (vertical axis divided by the horizontal axis) and D is the equivalent-

volume drop diameter (mm).  Diameter range is set to 0.01 mm to 10 mm at 0.01 mm intervals.   

Compared to previous studies (Macuroy et al., 2021; Iba¶ez et al., 2023; Aragon et al., 

2024), this study set the environmental temperature to 28.4ÁC for the SWM season which was 

based on the averaged 1991-2020 climatological normal of the DOST-PAGASA synoptic 

stations near the domain (see Table 2.3): (a) Science Garden in Quezon City, (b) Port Area, 

Manila, and (c) Ambulong station in Batangas Province. This value is much higher than the 

20ÁC initially set by these earlier studies. It can be noted that attenuation is sensitive to 

temperature variability (Jameson, 1992), so it is crucial to set near realistic values.  Variations 

in attenuation coefficients due to temperature variability was also clearly shown in the work of 

Loh et. al. (2022) highlighting the importance of simulating radar parameters with realistic 

temperature values. The details on the full control conditions are summarized in Table 2.2. 

„
Ὀ

τ ‘

В Ὀ Ὀ ὔὈὈὨὈ

В ὔὈὈὨὈ
 (15) 
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Table 2.2 Control conditions for T-matrix scattering simulations used to retrieve polarimetric 

variables from disdrometer data. 

T-matrix control condition Value 

Radar wavelength 5.3 cm 

Radar elevation angle 0Á 

Hydrometeor type Rain 

Environmental temperature 28.4 ÁC 

Raindrop shape model Brandes et. al. (2002) 

Diameter range 0.1 mm to 10 mm 

Diameter interval 0.1 mm 

 

Table 2.3 Monthly (mon_ave)  and seasonal (swm_ave) average temperature (ÁC)  from three synoptic 

stations near the domain based on 1991-2020 climatological normals (DOST-PAGASA, n.d.). Science 

Garden and Port Area are located north of the domain in Quezon City and City of Manila, 

respectively. Ambulong station is located in the Province of  Batangas which is south of the domain.  

Month 
Stations Average 

Science Garden Ambulong Port Area mon_ave swm_ave 

June 29.1 28.7 29.7 29.17 

28.4 
July 28.2 27.8 28.7 28.23 

August 27.9 27.7 28.5 28.03 

September 27.9 27.8 28.4 28.03 

      

 2.5 Tagaytay C-band weather radar data and quality control procedures 

For this study, radar data from the 2018 SWM season was utilized.  Initial inspection of 

the raw radar data revealed the following problems: (1) inconsistency of ʌDP values at or near 

the radar site, (2) ʌDP folding, (3) severe attenuation especially for cases of heavy rainfall, and 

(4) huge area of negative ZDR values (see Figure 2.6). Due to these identified data issues, a 

comprehensive QC procedure must be done.  

An earlier study on this same radar noted serious hardware miscalibration which 

prompted recalibration of reflectivity using self-consistency techniques (Crisologo et al., 2014).  

The QC procedures implemented are shown in Figure 2.5 and is mostly based on the work of 

Loh et. al. (2022) who assessed the reflectivity biases and wet-radome effect of collocated S- 

and C-band radars in Taiwan.  
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Figure 2.5 The quality control process implemented for the Tagaytay weather radar data. 

 

 2.5.1 ʌDP processing 

 Differential phase shift (ʌDP; ϲ) is a radar parameter that measures the phase difference 

between horizontally and vertically polarized waves as it moves through a medium such as rain 

(Carey et al., 2000).  This parameter usually increases monotonically with range under rainfall 

conditions. However, once it exceeds its maximum unambiguous value, folding or wrapping 

can occur.  Strong rainfall events are severely affected by folding thus the unfolding process of 

the ʌDP is applied to the data.   

Exclude 
the first 4 

kms of data

Remove ɟhv

< 0.85

SD ʌDP > 15

SNR > 15 
dB 

ʌDP

unfolding, 
subtracting, 
smoothing

Attenuation 
correction

System 
Bias 

correction

Calculate
KDP

B A 

C D 

Figure 2.6 Sample raw PPI plots for (a) ZH, (b) ZDR, (c) ɟHV, and (d) ʌDP showing issues that need to be 

addressed in the QC process. The x- and y-axis are range in kilometers. 



15 

 

Upon inspection, it can be observed that ʌDP values at or near the radar site are 

inconsistent, hence warranting the decision to exclude the nearest four kilometers of data. This 

step is crucial since ʌDP is subtracted from the initial values (ʌDP
0, or Phi0) (Jameson, 1991) 

to obtain ȹʌDP, which is used for attenuation correction in the later part of the QC process. 

After these processes, smoothing of ʌDP is done.  

 

 2.5.2 Removal of noise and non-meteorological signals 

 Once issues with ʌDP have been addressed, removal of noise and non-meteorological 

signals follows. Crisologo et. al. (2014), working on the same radar, addressed these signals 

through fuzzy logic classification which was initially presented by Vulpiani et. al. (2012).  A 

recent study by Lin et al. (2021) also made use of the fuzzy logic approach to remove these 

signals using three radars in the Philippine radar network such as Hinatuan, Mactan and 

Tagaytay.   

A simpler approach to addressing these unwanted signals has been implemented for the 

current radar data set. This is done though using the co-polar cross correlation coefficient (ɟhv) 

and setting the threshold to 0.85. In rainfall, it is known that ɟhv values range from 0.98 to 1. 

Setting the threshold of Ò0.85 efficiently excludes non-uniform scatterers such as ground and 

sea clutters, biological scatterer and anomalous propagation. Following this step is the removal 

of noise by using the standard deviation of ʌDP (ůʌDP) of five neighboring gates. Where the 

ůʌDP > 20ϲ, data is thereby excluded. Finally, signal-to-noise ratio (SNR) of less than 15 dB is 

also eliminated to ensure that the data only captures meteorological signals. 

Figure 2.7 ʌDP processing for Tagaytay C-band radar data. (a) ʌDP raw data and (b) ʌDP after unfolding. 

Green box is the area of folding shown by the abrupt shift from positive values to negative values.  
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 2.5.3 Attenuation correction 

 As observed in the radar raw plots, especially for strong convective precipitation, the 

data suffered from severe attenuation appearing like a óshadowô after a region of increased ZH 

and ZDR values (see Figure 2.6a-b). Attenuation is known to become increasingly serious 

especially for radar wavelengths, ,˂ below 10 cm (Smyth & Illingworth, 1998). This issue is 

not unexpected since this has been observed in most operational C-band radars.  Thus, before 

the data can be used and proper analysis can be done, the attenuated radar measurements should 

be corrected.   

Generally, attenuation can be effectively estimated through specific differential phase 

(KDP; ϲkm-1) since this radar parameter is relatively unaffected by system biases, antenna and 

receiver gain factors, attenuation, power calibration, partial beam blockage, and less sensitive 

to the DSD variability (Chang et al., 2014; Loh et al., 2022; Ryzhkov & Zrnic, 1996). Added to 

this advantage is the linear relationship of KDP to both the one-way specific attenuation (AH; dB 

km-1) and differential attenuation (ADP; dB km
-1) as shown in the work of Bringi et. al. (1990).  

 Recalling that the ʌDP is twice the sum of KDP over a specified range, we can use the 

ʌDP-based method (Bringi et al., 1990) to estimate the path-integrated attenuation (PIA) and 

differential attenuation (PIDA) using the increments of ʌDP in precipitation. 

ὖὍὃ ‌ ὼ ɝ‰  (17) 

Figure 2.8 Removing non-meteorological signals for Tagaytay C-band radar data. (a) ZH raw data and 

(b) ZH after ɟhv and ůʌDP thresholds were applied. 
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where ȹʌDP is the increment of observed ʌDP and the coefficients Ŭ and ɓ are in dBZ km-1.  

For this study, using the available DSD data from 2018 to 2024, attenuation coefficients 

Ŭ and ɓ are calculated using least squares fitting of KDP-AH and KDP-ADP for (a) all season, (b) 

SWM, (c) NEM and (d) TRA as shown in Figure 2.9 and Table 2.4. Using these attenuation 

coefficients and the calculated PIA and PIDA, ZH and ZDR can then be corrected as follows:  

ὤ ὤ ὖὍὃ (19) 

ὖὍὈὃ ‍ ὼ ɝ‰  (18) 

Figure 2.9 Attenuation coefficients (Ŭ and ɓ) derived from fitting KDP-AH and KDP-ADP respectively for 

(a) all season data, (b) SWM, (c) NEM, and (d) transition months (TRA). 
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ὤ ὤ ὖὍὈὃ (20) 

where ZH
cor is the corrected ZH and ZDR

cor is the corrected ZDR. Table 2.4 shows the attenuation 

coefficients calculated for SWM, NEM, TRA and all season.  

Table 2.4 Attenuation coefficients calculated through least-squares fitting of KDP-AH and KDP-ADP. 

Attenuation coefficients ALL SWM NEM TRA 

Ŭ 0.0623 0.0631 0.0553 0.0706 

ɓ 0.0170 0.0177 0.0121 0.0217 

 2.5.4 ZDR system bias correction 

To further address the issue with the regions of negative ZDR, correction of system bias 

follows attenuation correction. ZDR system bias is determined through vertical pointing radar 

assuming that the shape of raindrops at 90ϲ are nearly circular (Vivekanandan et al., 2003). 

However, this can be quite a challenge since most operational radars cannot scan vertically. 

Smyth and Illingworth (1998) suggests using data from weak echo regions or reflectivity from 

regions of light rain. In principle, rain drops in these regions are expected to be nearly spherical.  

In this study, to calculate for the ZDR system bias, the following characteristics are used 

to classify regions of light rain: 

a) ɟHV > 0.95 

b) 15 dBZ Ò ZH Ò 25 dBZ 

c) ȹʌDP < 15 ϲ km-1 

d) altitude: below 4 km (to avoid freezing level) 

e) completely exclude beams with blockages 

 Most of these parameters also appeared in Macuroy et. al. (2021) albeit the slight 

differences in values. The mean ZDR from radar, ZDR
rad is calculated from all beams for all 

elevation angles. The same averaged ZDR is calculated from 2018-2014 disdrometer data, ZDR
par. 

Finally, these values are then used to calculate the ZDR system bias using the equation: 

 

 2.6 Time-height plots of averaged dual polarization parameters 

After all the QC steps has been completed, generating time-height plots of ZH, ZDR, KDP, 

and ɟHV over the disdrometer site follows. These plots are used to examine the averaged vertical 

ὤ ὄὭὥίάὩὥὲ ὤ  άὩὥὲ ὤ  (21) 
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profile over the disdrometer site during selected rainfall events. This is done by setting a 10 km 

by 10 km area, with the disdrometer at the center. Values within the selected area are averaged 

for every level with 0.25 km vertical resolution. While averaging values is expected to lessen 

or dampen the magnitude of the parameters, it should still adequately capture the dominant 

features of precipitation systems that passed through the site.  

 2.7 Principal component analysis on DSD data 

To provide an in-depth analysis on the microphysical characteristics and its 

corresponding transitions within the precipitation system, we employ the principal component 

analysis (PCA) to study the current DSD data. The methods and processes applied here are 

based on DO18, who studied global DSD datasets and determined PCA clusters which 

corresponds to dominant microphysical process as verified by the matched disdrometer and 

radar data. This study made use of the same parameters as the DO18ôs study, such as log10Nw, 

Dm, ům, logLWC, logR, and logNt.  These DSD parameters were chosen because they describe 

the DSD itself and its variability.  The same threshold of ҕ1.5 is applied to determine the PCA 

groups, however, it should be noted that this threshold is arbitrary and that increasing 

(decreasing) this value decreases (increases) the overlap between clusters. DO18 determined 

seven PCA groups (PGs), with the six groups corresponding to either convective and stratiform 

processes and the one set as ambiguous (AMB) since multiple principal components overlap 

with this group. The characteristics of each group is shown and summarized in Table 2.5. 

Table 2.5 PCA group characteristics based on Dolan et. al (2018). 

PCA group Characteristics 

1 
Convective. PG has components of both warm and ice-based processes 

and conforms with the Bringi et. al. (2009), henceforth BR09, 

convective-stratiform (C/S) separation line. 

2 

Stratiform. This PG corresponds to weak stratiform precipitation with 

small to mid-sized drops. Increasing Dm and log10Nw correlates to 

increasing bright band (BB) intensity (~20 to 25 dBZ). Melted vapor-

grown particles leads to aggregation and riming. 

3 
Convective. Shallow weak convection.  Numerous but small drops, 

shallow echo top height and generally weak reflectivities. Associated with 

weak convective motions (tropics) or orographic enhancement. 

4 
Stratiform. Characterized by larger drops but low log10Nw values 

compared to PG2. BB reflectivity reaches >30 dBZ.  
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5 
Convective. Dominated by warm rain processes especially in deep 

convection. Collision-coalescence process leads to growth of drops. 

Conforms the BR09 CS separation line.  

6 
Convective. Ice-based convective precipitation. Melting of graupel and 

hail results to large drops at the surface. Conforms the BR09 C/S 

separation line.  

AMB DSDs that overlaps with multiple PCs and thus excluded from analysis. 

 

 2.8 Selection and description of case studies 

To facilitate the detailed examination of rainfall events and the related microphysical 

characteristics and mechanisms, a list of possible case studies has been created through 

matching both the available disdrometer and radar data. Continuous rainfall events were 

considered when the time gap between R is less than or equal to 10 minutes. Rainfall events 

with time gaps exceeding this set threshold are considered entirely different rainfall events. This 

threshold allows efficient isolation of rainfall events especially for days with multiple rainfall 

events observed. Rainfall events with recorded rainfall durations less than 10 minutes were 

excluded further since the Tagaytay radar scans only every 10 minutes. Including these short-

lived rainfall events in the analysis can be quite challenging given the limitations with the data 

available. The remaining possible rainfall event cases were individually checked against the 

available time-height averaged vertical profile of dual polarization parameters such as ZH, ZDR, 

KDP and ɟHV.   

From the viable 2018 data, a total of 42 (48%) were identified from the pool of 88 

rainfall events (Figure 2.10a). These were further classified into four types: strong widespread 

convection (SWC), strong isolated convection (SIC), weak shallow convection (WC) and weak 

stratiform (WS). These classifications were based on the earlier work of Thompson et. al. 

(2015), hereafter TH15, which grouped rainfall events from tropical oceanic datasets obtained 

from Manus and Gan Island. About 37% of the cases are WS, while SWC cases are around the 

same at 36%. WC and SIC are about 17% and 10% of the cases respectively.  

 2.9 Contoured Frequency by Altitude Diagrams (CFAD) per PCA group 

To further explore the relationship between the averaged vertical profiles and the 

disdrometer observations, both radar and DSD data were time matched to create contoured 

frequency by altitude diagrams (CFADs) of ZH, ZDR and KDP for each PGs.  
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It can be recalled that the DSD data has a 1-min time resolution while the radar scans 

every 10 minutes.  These differences in time resolution can be quite a challenge when 

comparing both data thereby creating a dilemma in selecting the PCA group to represent each 

radar vertical profile since in one radar time stamp can have multiple PGs. To address this, 10-

mins worth of PGs per identified radar scan time were examined and the PG with the most 

dominant DSDs were chosen to represent the radar vertical profile for that same time range. 

This stringent threshold, however, threatens to further decrease radar samples for DSD groups 

such as PG5 and PG6 which has relatively lesser samples compared to other PGs. With this, for 

PG5 and PG6, once DSD samples contain at least 3 of these they will automatically be 

represented by such PGs. 

Excluding the ambiguous groups (PG7) from the analysis, a total of 131 DSD-radar 

samples were identified (Figure 2.10b) with 31% (40) and 26% (34) representing PG1 and PG2 

respectively. This is followed by PG4 at 21% (27) and PG3 at 14% (19). PG5 and PG6 trailed 

behind with fewer samples at 3% (4) and 5% (7).  The radar vertical profiles for each PG were 

combined to create a CFAD to facilitate the joint analysis of both DSD and radar data.  

  

Figure 2.10  Pie charts for precipitation type classification and the identified DSD-radar samples. 

(a) precipitation types, and (b) DSD groups  
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Chapter 3 RESULTS AND DISCUSSIONS 

 This chapter discusses in detail the results from the methods of analysis laid out in the 

previous chapter. This includes the variability of the DSD across seasons while putting 

emphasis on the SWM, changes in the microphysical characteristics of DSD during the rain 

event shown in the log10NW-Dm and LWC-Dm plane, and the modes of DSD revealed by the PCA 

matched with the averaged time-height profiles of radar dual polarization variables. To compare 

the general characteristics of the precipitation types in terms of radar parameters, pseudo range-

height indicator (PRHI) plots and CFAD are also presented.  

 3.1 Seasonal variation of DSD in South Luzon 

To show variations of DSDs across seasons log10NW-Dm plots were generated from the 

2018-2024 data. Around 60% of the dataset are from the SWM season, hence, enough data to 

represent this season. For the general purpose of discussion, we compare the DSDs between 

these seasons shown in Figure 3.1. 

The frequency distribution log10NW-Dm plots (Figure 3.1a-d) generally shows that most 

of the DSD fall below the BR09 separation line, thus most rainfalls are classified as stratiform. 

Average values for Dm for SWM and TRA are bigger than the all-season average, while NEM 

generally has almost the same average log10NW value compared with the all-season average (see 

Table 3.1).  For all season, log10NW values are around 3.7 mm
-1 m-3 with Dm values at 1.7 mm. 

For SWM, mean value for log10NW is at 3.3 mm
-1 m-3, which is lower than the all-season average 

and the NEM average (3.7 mm-1 m-3). However, the Dm average for SWM is the highest 

recorded at 1.8 mm, followed by TRA at 1.7 mm with NEM trailing behind at 1.4 mm. This is 

not unexpected for NEM since most of the rainfall recorded from this season falls under 

stratiform. The average values for these parameters are lower, though not very significant, 

compared to those determined by Aragon et. al. (2024). Figure 3.1e-h reveals much more details 

as DSDs are classified into convective and stratiform groups. This is done by simply applying 

the R > 10 mm hr-1 threshold to consider a DSD as convection.  The plots show that convective 

and stratiform mean for both SWM and TRA are close to the continental cluster (CT) introduced 

by Bringi et. al (2003). The NEM mean values, on the other hand, is much closer to the maritime 

cluster (MT), which is characterized by high concentration of relatively small drops. This is 

consistent with initial findings such as that of Iba¶ez et al. (2022) and Aragon et. al (2024). 
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Figure 3.1 Frequency distribution of DSD in log10Nw-Dm plane (a-d), C/S classification (e-h). (a, d) all 

data, (b, f) SWM, (c, g) NEM, and (d, h) transition months 



24 

 

To further investigate the differences in DSD characteristics between the seasons, N(D) 

and Dm are examined by grouping DSD into various R classes (Figure 3.2a-e). In this study, 

five R classes were determined (Class 1: R = 0.5-5 mm hr-1; Class 2: R = 5.1-10 mm hr-1; Class 

3: R = 10.1-25 mm hr-1; Class 4: R = 25.1-50 mm hr-1, and Class 5: R > 50 mm hr-1).  This R 

classification was adapted from previous research (Seela et al., 2017; Aragon et al., 2024) but 

was modified for this study due to the number of DSD samples available. Classification of 

drops to small (0-1 mm), mid-size (1-3 mm) and large (>3 mm) drops were also adapted.  

Regardless of the R class, it can be clearly seen that for small drops (0-1 mm), NEM has the 

highest concentration compared to the other seasons. For mid-sized to large drops, specifically 

Ó2.5 mm, SWM and TRA has much higher concentration. This difference can be clearly seen 

in classes with higher R specifically classes 3 and 4. 

Figure 3.2 Averaged seasonal DSD per rain rate classes. (a) Class 1, (b) Class 2, (c) Class 3, (d) Class 

4, (e) Class 5, and (f) normalized DSD. Red represents SWM, blue represents NEM and TRA shown in 

green.  Values presented in the plot are mean R and count per season per rain rate class. 










































































