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摘要 

西南氣流伴隨梅雨鋒面不僅能為台灣帶來豐沛的降水量，過多的雨水也會帶來致

災的風險。本篇研究希望透過了解對流在結構上的變化、動力場的特徵及微物理過程的

演化，診斷出對流胞當時的發展特徵，進一步分析這些過程隨時間上的表現。而要做到

上述事情，必須仰賴對流胞辨識與追蹤技術， 「SMART 」 (Storm Motion Analysis by 

Radar Tracking) 就此誕生。本篇研究收集了 2008 年西南氣流聯合觀測實驗中，NCAR 

SPOL 所提供的雷達雙偏參數資料，透過給定回波門檻與面積門檻來進行對流胞的辨識。

研究中利用兩個不同的回波門檻，針對相同的降水事件，定義出兩種對流胞範圍。低回

波門檻辨識出的對流胞稱為「parent-cell」，用以選取整個系統的降水範圍；高回波門檻

辨識出的對流胞稱為「child-cell」，用來找出對流胞的核心區域。針對兩種辨識結果，皆

能計算出如下的對流胞特徵：幾何中心(X, Y)、回波權重中心(𝑋𝑧, 𝑌𝑧)、面積(A)、長軸

與短軸(𝑟1 與 𝑟2)、方向性(θ)以及該對流胞範圍內的雙偏參數(DPM)。因此，隨著對流

胞的移動，這些特性將得到進一步的檢驗。 

本研究透過 38 個個案統計與 5 個個案分析的結果，定量上的探討雙偏參數在水

平及垂直上的分離現象與特徵。其結果指出，當對流胞發展至成熟階段，雙偏參數在水

平方向會有顯著的 𝑍𝐷𝑅 與 𝐾𝐷𝑃 分離現象。而從垂直分離趨勢可知，當對流胞從發展至

成熟階段，雙偏參數會出現正轉負的分離趨勢；反之，當對流胞從成熟至消散階段，則

會出現負轉正的分離趨勢。透過趨勢上的轉換，更能幫助我們了解其雙偏參數隨對流胞

發展至不同階段的特徵。本研究分析結果顯示了利用雙偏極化參數診斷對流胞發展的潛

力。 
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Abstract 

The mesoscale convective systems (MCSs) associated with East Asia summer south-

westly monsoon and Mei-Yu front play essential role in contributing heavy precipitation in 

Taiwan. A storm identification and tracking technique (SMART: Storm Motion Analysis by 

Radar Tracking) using radar data was applied to investigate various characteristics of structural 

evolutions, dynamic, microphysics processes of these precipitation systems. The NCAR SPOL 

data during SoWMEX/TiMREX was analyzed to derived the storm characteristics. Storms were 

identified by considering two reflectivity threshold values. Lower reflectivity threshold value 

reveals entire precipitation system. On the other hand, the higher reflectivity threshold value 

locates the core of the convective system. The dual-reflectivity threshold technique 

distinguishes ‘child-cell’ (convective core zone) from ‘parent-cell’ (complete precipitation area). 

After identifying child-cell and parent-cell, the storm properties including geometric centroid 

(X, Y), reflectivity-weighted centroid (𝑋𝑧, 𝑌𝑧), size (A), major and minor axes (𝑟1 𝑎𝑛𝑑 𝑟2), 

orientation of the major axes relative to the x axis (θ) and dual-polarimetric parameters within 

the storm area are analyzed. In addition, microphysical characteristics of convective system are 

investigated by the vertical slop and horizontal separation distance of various dual-polarimetric 

measurements (DPMs). These properties thus are examined with the evolution of the storm 

track.  

There are 38 cases selected for statistical analysis and 5 cases selected for detailed case 

study. Both horizontal and vertical microphysics characteristics are analyzed quantitatively. The 

tendency of vertical slope of dual-polarimetric parameters vary from positive to negative values 

during the developing stage of the storm. Subsequently, the tendency varies from negative to 

positive during dissipating stage. The analysis has shown the potential of diagnosing the storm 

development by utilizing dual-polarimetric parameters. Furthermore, pronounced horizontal 
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separation distance between 𝑍𝐷𝑅 and 𝐾𝐷𝑃centers can be noticed during mature state of the 

storm. As the result shows, the separation distance has high correlation to the mid-level wind 

condition (6 km). 
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Chapter 1 Introduction 

1.1 Motivation 

In terms of the intensity and the duration, the convective precipitation systems can be 

either strong intensity with short temporal duration or moderate intensity with long duration. 

Both of these two types of convective precipitation systems can cause severe disasters as the 

accumulated rainfall reach the limitation of the capacity. The evolution of microphysical 

process of the precipitation system plays crucial role in modulating the surface rainfall. Better 

understanding the evolution and development of these storms from various of observational 

data is key to improve their short predictability. 

盧 (2018) investigate microphysical process of seven heavy rainfall events from 

SoWMEX/TiMREX. The collocated observations of NCAR SPOL radar (National Center for 

Atmospheric Research S-band Dual Polarization Doppler Radar) and 16 disdrometers were 

analyzed to understand the relation of surface DSD (drop size distribution) of rain and vertical 

structures of various DPMs (dual-polarimetric measurements). However, to gain more 

understanding about the microphysical process of cell storms within the rainfall events, 

combining radar observations and storm evolution is an essential step.    

 With the development of dual-polarimetric capability, DPMs from radar can be used 

to reveal cloud microphysical properties and physical process. Previous studies (Loeffler et al. 

2020; Loeffler and Kumjian 2018) had investigated the distance between center of enhance 

𝑍𝐷𝑅 (differential reflectivity) region and center of enhance 𝐾𝐷𝑃 (specific differential phase 

shift) region for studying size sorting. The high correlation between microphysical process and 

dynamical effect is applied to investigate the helicity of super cell.  
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Even though dual-polarimetric radar can only observed microphysical process indirectly, 

the microphysical characteristics can be retrieved by using the dual-polarimetric parameters 

from radar data. With high spaciotemporal resolution DPMs, the shape of droplet and their 

distribution information can be obtained. Tracking storms with DPMs, characteristics of 

structural evolutions and microphysics processes can be investigated comprehensively. 

Subsequently, utilizing the knowledge of the evolutions of the kinematic and microphysical 

fields can improve the short forecast of convective precipitation systems. (Loeffler and Kumjian, 

2018)  

 

1.2 Literature Review 

Over the past few decades, various of the techniques have been developed to identify 

convective and stratiform region by applying thresholds for both reflectivity and size or using 

the fuzzy logic algorithm. By classifying the precipitation systems, the cloud dynamics and 

microphysics processes in different rainfall types are investigated utilizing observational data. 

Thus, the simulations of microphysical process in numerical models are improved. Applying 

storm tracking technique is essential to efficiently analyze massive dataset from radar 

measurements. Two types of tracking algorithm were utilize, the cross-correlation method 

including TINT (TINT Is Not TITAN; Fridlind et al. 2019), TREC (Tracking of Radar Echo 

with Correlations; Rinehart and Garvey 1978) and COTREC (Continuity of TREC vectors; Li 

et al. 1995); The centroid method including TITAN (Thunderstorm Identification, Tracking, 

Analysis, and Nowcasting; Dixon and Wiener 1993), SCIT (Storm Cell Identification and 

Tracking; Johnson et al. 1998) and ForTraCC (Forecast and Tracking the Evolution of Cloud 

Clusters; Vila et al. 2008). In addition, Hu et al. (2019) suggest that the cross-correlation method 

is better identify and track isolated cells, and centroid tracking algorithms may not capture the 

entire storm evolution of cells due to the depending on threshold values to identify storm cells.  
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Dixon and Wiener (1993) have proposed a methodology of thunderstorm real-time 

identification and tracking technique based on volume-scan radar data by applying threshold 

values for reflectivity (𝑇𝑍 ), storm size (𝑇𝑉 ) and storm speed (𝑇𝑆 ). The sensitivity tests for 

reflectivity threshold from 30-dBZ to 40-dBZ for convective storms were performed, and value 

of 𝑇𝑍 was selected as 35-dBZ to identify convective storm. Yet, single threshold value may 

not properly identify convective storm. Steiner et al. (1995) proposed an algorithm to separate 

the radar echo into convection and stratiform area by applying three criteria, namely reflectivity 

intensity, peakness and surrounding grids. The influence radius for surrounding grids and the 

reflectivity threshold are the functions of area-averaged background reflectivity. Yang et al. 

(2013) developed a fuzzy logic (FL) algorithm to classify convective and stratiform rainfall 

based on radar reflectivity observations. By setting the membership function, the FL algorithm 

derived the classifications in a probabilistic manner.  

Even though there are numerous algorithms of storm identification and tracking, 

detailed analysis in microphysical process through Lagrangian description had not appeared 

until the appearance of dual-polarization radar (Yuter and Houze 1995, Ryzhkov and Kumjian 

2009, Homeyer et al. 2020, Loeffler et al. 2020, Wapler 2021). Loeffler and Kumjian (2018) 

utilized three-and-a-half-year dataset from July 2013 to December 2016 over the mid-Atlantic 

and southeastern United States, aim to reveal any characteristics in different stage of 

nonsupercell tornadic storms for which polarimetric radar data are available. It shows that the 

distance between the centroid of enhance 𝑍𝐷𝑅 and 𝐾𝐷𝑃 will reach maximum value when the 

tornado occurs. In addition, the separation orientation will tend to be more orthogonal to storm 

motion around the tornado touch down report. Loeffler and Kumjian (2018) intend to utilize 

this feature to aid tornado forecast. Even though tornado is rare in Taiwan, the 𝑍𝐷𝑅 and 𝐾𝐷𝑃 

separation of convective storms in Taiwan is worthy further investigation to understand the 

correlation between the characteristics of dual-polarimetric parameters and the environmental 
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dynamical field.  

Hu et al. (2019) investigate four different types of convective storms including shallow 

convection, isolated deep convection, multi-cell convective storm and supercell. Time height 

cross section of DPMs [Reflectivity (𝑍𝐻𝐻), Differential Reflectivity (𝑍𝐷𝑅), Specific Differential 

Phase Shift (𝐾𝐷𝑃) and Correlation Coefficient (𝜌ℎ𝑣)] were examined. An example of isolated 

deep convective storm with mixed-phase processes are shown in Figure 1. 1 (adopted from Hu 

et al. 2019). The cell continued to grow for 25 minutes until the echo top reach around 16 km 

height and subsequently dissipated after 30 minutes of initial identification (Figure 1. 1 (a)). 

The convective process can be inferred from the time-height cross section. Figure 1. 1 (a) shows 

a strong convective core at t=30 min and H=8km, which descends and reaches the surface after 

5 to 10 minutes along the black line. The green line in Figure 1. 1 (b) marks a 𝑍𝐷𝑅 column 

that represent the largest raindrops which form in the convective updraft, reach the surface at 5 

to 10 minutes before the main precipitation shaft (the black line). Large 𝐾𝐷𝑃 value marked by 

the blue line in Figure 1. 1 (c) reached the surface at around 5 minutes after the main 

precipitation shaft. Figure 1. 1 (d) shows the correlation coefficient (𝜌ℎ𝑣) less than 0.9 at t=30 

min and h=6km, illustrate a strong signal of hail and graupel. Figure 1. 1 (e) to Figure 1. 1 (h) 

are the retrieved mean volume diameter ( 𝐷𝑚 ), normalized raindrop concentration ( 𝑁𝑤 ), 

integrated very high frequency (VHF) lighting sources and the hydrometeor classifications 

respectively. Similar investigation of DPMs time-height cross section is proposed in this study. 

An analytical method by calculating the vertical slope of DPMs at each storm track time is 

obtained to understand the microphysical processes of convections. The goal is intending to 

reveal transitional signal from storm development stage to dissipation stage. 

Understanding the microphysical process not only facilitates the short-term forecast but 

also improve the microphysics scheme in numerical models. Fridlind et al. (2019) had 

compared the storm physics of isolated cell tracks from observations and simulations. Result 
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showing that although the 𝑍𝐷𝑅  and 𝐾𝐷𝑃  patterns are similar, the strength in 𝑍𝐷𝑅  (𝐾𝐷𝑃 ) 

column of simulations may be an order greater (weaker) than observations, illustrate that there 

is still room for improvement of the microphysics scheme.  

Diverse environmental conditions and microphysics processes in Taiwan are different 

from other regions. The heavy precipitation events are mainly associated with Mei-Yu systems. 

Various studies investigate heavy precipitation systems using sophisticated NCAR SPOL data 

from SoWMEX/TiMREX. 童 (2009) has arranged the weather pattern during the entire 

experiment. 汪(2009), 陳(2009), 蔡(2009), 盧(2018) had studied the characteristics of drop 

size distribution (DSD) during the campaign. Furthermore, research related to simulation and 

data assimilation in different intensive observation period (IOP) and distinct microphysical 

scheme were well studied (錢 2010, 邱 2010, 陳 2011, 廖 2014, 邵 2015, 陳 2017, 鄭 2017, 

陳 2018, 梁 2019). There are several studies of the precipitation structure through both 

observations and simulations. Yet, seldom study aims to investigate the microphysical process 

within the single convective core which were embedded in the precipitation system. 

Investigating the characteristics of microphysical process in different development stage of 

storm are expects to improve storm predictability.  
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1.3 Research Purposes 

Previous studies had illustrated the relationship between storm development and 

microphysical process by studying dual-polarimetric parameters features. Both observational 

and numerical simulation studies focus on few cases study of convective cells. This research 

will focus on the statistical performance of convective storms by the high-quality NCAR SPOL 

radar data collected from the SoWMEX/TiMREX experiment. The objective of this research is 

to utilize the advantage of storm tracking technique and investigate statistical Lagrangian 

features of DPMs from storm development to dissipation stage.   

 

1.4 Paper Structure 

The structure of this study includes a methodology section and a results section. The 

Methodology section includes details about the SoWMEX/TiMREX international field 

campaign, storm identification and tracking algorithm, and the usage of reanalysis data, also 

the dual-polarimetric parameters presentation. The results section includes the overview of the 

SPOL observation from the international field campaign, consequences of both horizontal and 

vertical dual-polarimetric parameter separation, also the motion vectors combing both 

observations and reanalysis data.  
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Chapter 2 Data and Methodology  

Before the analysis of convective storms evolution, a storm identification and tracking 

technique using radar data is proposed and applied to NCAR SPOL data. In this section, both 

radar data processing and synoptic reanalysis data will be introduced first. The storm tracking 

technique will be introduced as well. Finally, a brief introduction of dual-polarimetric 

parameters.    

 

2.1 International Field Campaign 

In 2008, from May 15th to June 30th, the Southwest Monsoon Experiment (SoWMEX, 

also called TiMREX, Terrain-Influenced Monsoon Rainfall Experiment) was held in Southern 

Taiwan. The goal of this experiment is to improve the capability of QPE and QPF (Quantitative 

Precipitation Estimation and Quantitative Precipitation Forecasting) during the Asian Summer 

Monsoon season. To investigate the characteristics of microphysical rainfall process, especially 

the duration of microphysical characteristics related to the heavy rain, various rainfall 

measurements were set at the northern Taiwan, including NCAR SPOL (S-band dual-

polarimetric Doppler radar system), Team-R (X-band mobile polarimetric Doppler radar 

system), and MRR (Micro Rain Radar systems). Location of SPOL radar is shown in Figure 2. 

1. During the experiment, 9 Intensive Observing Period (IOP) were implements. Date period 

are as follows: 

IOP 1 ： 0519 0600 Z – 0522 0000 Z ； IOP 2 ：0527 0600 Z – 0529 2100 Z 

IOP 3 ： 0529 2100 Z – 0531 2100 Z ； IOP 4 ：0601 2100 Z – 0603 1500 Z 

IOP 5 ： 0603 1800 Z – 0604 1200 Z ； IOP 6 ：0604 1800 Z – 0606 1200 Z 
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IOP 7 ： 0612 0000 Z – 0613 1200 Z ； IOP 8 ：0614 0000 Z – 0617 1200 Z 

IOP 9 ： 0623 0600 Z – 0626 1200 Z 

During the IOPs, soundings were launched every 3-hour. By collecting the sounding 

data, environmental wind can be obtained. The nearest station to the NCAR SPOL radar 

( longitude = 120.43 °E , latitude = 22.53 °N ), Pingtung Airport (46750) sounding, were 

chosen to reveal the environmental condition in this study.  

 

2.2 Reanalysis dataset 

Owing to the fact that the sounding data is only available for IOP cases, the reanalysis 

datum is utilized for non-IOP cases. The reanalysis dataset is collected from the European 

Centre for Medium-Range Weather Forecasts (ECMWF). ECMWF Reanalysis – Interim (ERA-

Interim) is the product chose for the further analysis. The spatial resolution is set as 

0.125° × 0.125° in longitude and latitude; The temporal resolution is about 6-hour (00 UTC, 

06 UTC, 12 UTC, 18 UTC). With 37 vertical pressure levels (1000 hPa to 775 hPa by 25, 750 

hPa to 300 hPa by 50, 250 hPa to 100 hPa by 25, 100, 70, 50, 30, 20, 10, 7, 5, 3, 2, 1). The 

parameters used in this study are the U and V component of wind.  

 

2.3 Storm Identification and Tracking System 

Based on the storm identification and tracking algorithms from Dixon and Wiener 

(1993), a storm identification and tracking system “SMART” (Storm Motion Analysis by 

Radar Tracking) was developed by Radar Metrology Laboratory in Department of 

Atmospheric Science, National Central University. SMART is first applied in the study of 

吳(2019). The SMART is utilized to investigate the characteristics of initiation, intensity and 
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duration of maritime and continental convections under weak synoptical scale forcing 

condition during warm season.  

2.3.1 Radar Data Processing  

SMART can process both 2-Dimensional and 3-Dimensional composite radar data and 

single radar data as long as the Radar coordinates data were transformed into Cartesian 

coordinates. This study focuses on the single radar datasets with 0.5-kilometer horizontal 

resolution and 0.5-kilometer vertical resolution within 150-kilometer radar radius and 20-

kilometer height.  

For data quality controls of NCAR S-POL radar, the entire process is similar to 盧

(2018), but modify the thresholds for both 𝜌𝐻𝑉  and 𝐿𝐷𝑅  to maintain more complete 

precipitation area. The data with the value of 𝜌𝐻𝑉 less than 0.6 and the value of 𝐿𝐷𝑅  gather 

than 0.0 dB will be removed. The SPOL radar can transmit and receive S-band horizontal and 

vertical EM-wave alternatively, which wavelength is about 10-centermeters. With the long 

wave length, SPOL has less attenuation issue; therefore, the structure of the storm can be 

observed.  

A schematic flow diagram before storm identification is shown in Figure 2. 2. After the 

data quality controls of radar data (Figure 2. 2 (a)), data were interpolated into Cartesian 

coordinates in different levels, namely CAPPI (Constant altitude plan position indicator) 

(Figure 2. 2 (b)). Data format for 2-Dimensional storm identification is the MOSAIC dataset 

(Figure 2. 2 (c)), which found the maximum reflectivity at each column above the grid point. 

After the well-prepared dataset, SMART can successfully provide cell properties which we are 

interested in.   
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2.3.2 2-Dimensional and 3-Dimensional Storm Identification 

To analysis the complexity of the mesoscale convective system (MCS), storm 

identification by selecting single threshold for reflectivity can be problematic. Due to the 

composition structure of mesoscale convective systems, MCSs are commonly form by 

composition of numerous convective cores and a wide spread stratiform precipitation area. 

When applying storm identification with a single reflectivity threshold, part of the information 

of weak convection and dissipating convection can be missing. For instance, a strong 

reflectivity threshold can capture the convective core within the entire system, however, for the 

analysis of cell structure, only the mature stage during the storm evolution can be capture; On 

the other hand, a weak reflectivity threshold can capture the entire precipitation region. 

Precipitation cells without a convective core may also be missed identified, therefore, a cell 

which only contains the stratiform precipitation area will contaminate the analysis result of 

convective storm. Consequently, the idea of dual-reflectivity thresholds technique is proposed 

in this study. It is designed to capture the complete precipitation system only when the 

convective core existed. 

According to Dixon and Wiener (1993), both 2-Dimensional and 3-Dimensional storm 

identification algorithm in SMART can identify thunderstorms by giving a threshold for both 

storm reflectivity intensity (𝑇𝑍) and storm size (𝑇𝑉). The value 𝑇𝑍 was set as 35 dBZ and 𝑇𝑉 

was set as 10 km2 for storm identification in Dixon and Wiener (1993). In this study, two 

reflectivity thresholds (𝑇𝑍 ) were applied to distinguish a storm region. To investigate the 

sensitivity of the precipitation area to the reflectivity threshold. 𝑇𝑍 was test from 15 to 35 dBZ 

with 5 dBZ interval, using the QPESUMS (Quantitative Precipitation Estimation and 

Segregation Using Multiple Sensor) data from CWB (Central Weather Bureau). An example of 

May 21, 2014 Mei-Yu case is shown in Figure 2. 3. The 15-dBZ captures the entire system 

including both convective and stratiform precipitation types. On the contrary, the 35-dBZ 
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captures smaller domain but the core of the convective system. 

Based on the results of the various threshold values of 𝑇𝑍 and 𝑇𝑉, lower reflectivity 

threshold (𝑇𝑍,𝑝𝑎𝑟𝑒𝑛𝑡) and higher reflectivity threshold (𝑇𝑍,𝑐ℎ𝑖𝑙𝑑) are determined as 30 and 35 

dBZ objectively and theoretically for the final thresholds in this study. Three different storm 

identification results were derived. 𝑇𝑍,𝑝𝑎𝑟𝑒𝑛𝑡  for identifying “parent cell”, 𝑇𝑍,𝑐ℎ𝑖𝑙𝑑  for 

identifying “child cell” and the storm content both convective core and precipitation area for 

“cell embed”.  

A schematic diagram of cell number and area in different reflectivity threshold is shown 

in Figure 2. 4. There were four cells identified by 35 dBZ reflectivity threshold as shown in 

Figure 2. 4 (a), which represent “child cell”. In Figure 2. 4 (b), three cells were identified by 

30 dBZ reflectivity threshold, which represent “parent cell”. From Figure 2. 1 (a) and (b), 

parent-cell-1 only contains one child cell (child-cell-1); parent-cell-2 contains three child cells 

(child-cell-1, 2 and 3); However, parent-cell-3 contains none of the child cell. Therefore, while 

applying dual-reflectivity threshold (Dual_dBZ; Figure 2. 1 (c)), parent-cell-1 and 2 will be 

maintain as cell-embed-1 and 2, which maintain both convective core from child cell and 

precipitation area from parent cell. Due to lacking convective core at parent-cell-3, it will be 

excluded by the Dual_dBZ threshold method in this study. Thus only 2 cells remain (cell-

embed-1 and 2) for further statistical analysis.  

For the identified storms, the storms with storm size (𝑇𝑉 ) less than 10 𝑘𝑚2  in 2-

Dimensional radar data are also removed; or remove the storms which storm size (𝑇𝑉) are less 

than 10 𝑘𝑚3 in 3-Dimensional radar data, same as the setting from 吳(2019). A schematic 

diagram is drawn in Figure 2. 5. Numbers in colored grid points represent the area identified 

by different reflectivity thresholds, “1” for 30 dBZ and “2” for 35 dBZ. Where storm 1, 2 and 

3 are the storms we are interested in. Storm 1 and 3 stands for storm embed with only one child 

cell in one parent cell; Storm 2 stand for simple parent cell; Storm 4 and 5 were ignored due to 
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the insufficient area. 

2.3.3 Storm Properties 

In order to analyze structure properties and cloud microphysical characteristics against 

convective storms, properties of storms need to be calculated after identifying cell storm. Due 

to the gridded data set, it is straightforward to calculate storm properties. Storm parameters 

which we had calculated are as follows:  

⚫ Area 

A = n dx 𝑑𝑦   (𝑘𝑚2)  (2-1) 

where n is the number of grid points that the storm contains, dx and dy are the 

Cartesian grid spacing in x and y, respectively. 

⚫ Volume 

V = ∑ 𝐴𝑖 𝑑𝑧ℎ
𝑖=1    (𝑘𝑚3)  (2-2) 

where h is number of layers which we conduct the interpolation calculation, dz is 

the Cartesian grid spacing in z. 

⚫ Geometric Centroid 

𝑥𝑔̅̅ ̅ = (∑ 𝑥𝑖
𝑛
𝑖=1 ) ×

1

𝑛
   ;    𝑦𝑔̅̅ ̅ = (∑ 𝑦𝑖

𝑛
𝑖=1 ) ×

1

𝑛
  (2-3) 

⚫ Reflectivity Weighted Centroid 

𝑥𝑒̅̅ ̅ = (∑ 𝑥𝑖
𝑛
𝑖=1 × ( 

𝑍𝑖

𝑛
 )) ×

1

𝑛
   ;    𝑦�̅� = (∑ 𝑦𝑖

𝑛
𝑖=1 × ( 

𝑍𝑖

𝑛
 )) ×

1

𝑛
  (2-4) 

where 𝑍𝑖 is the echo of each grid point. 

⚫ Orientation 

θ = tan−1 ( 
𝜈

𝜇
 )   (°) (2-5) 

where μ and ν are the normalized eigenvector of the covariance matrix. 
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⚫ Major and Minor axis 

𝑟𝑚𝑎𝑗𝑜𝑟 = 𝜎𝑚𝑎𝑗𝑜𝑟  (
𝐴

𝜋 𝜎𝑚𝑎𝑗𝑜𝑟 𝜎𝑚𝑖𝑛𝑜𝑟
)

1/2

    

𝑟𝑚𝑖𝑛𝑜𝑟 = 𝜎𝑚𝑖𝑛𝑜𝑟  (
𝐴

𝜋 𝜎𝑚𝑎𝑗𝑜𝑟 𝜎𝑚𝑖𝑛𝑜𝑟
)

1/2

    

(km) (2-6) 

where 𝜎𝑚𝑎𝑗𝑜𝑟  and 𝜎𝑚𝑖𝑛𝑜𝑟  are the standard deviation of the data in the u and v 

direction. More detail information were mentioned in Dixon and Wiener (1993).  

2.3.4 2-Dimensional Moment Invariants  

The translation, rotation and scaling of identified storms evolve drastically in a short 

period of time. To gain a better matching result of storm tracking, an algorithm solving pattern 

recognition problems were applied. Moment invariants theory is use to numerical the graphics 

geometric characteristics (Hu 1962, 陳 et al. 2016). There are four invariants that we often used 

in atmospheric science to describe storms feature and evolution. The two-dimensional 0𝑡ℎ 

order moments present physical quantity of storm area; 1𝑡ℎ  order moments present the 

parameters related to storm shape; 2𝑛𝑑 order moments present the difference of storm area 

and shape; 3𝑟𝑑 order moments present degree of distortion of storm (describe the degree of 

image asymmetry). The concept are as follows:   

Two-dimensional (𝑝 + 𝑞)𝑡ℎ order moments of a continuous function for convective 

identification 𝑓(𝑥,𝑦) are assume. Where (𝑝 + 𝑞)𝑡ℎ order moments are defined as below: 

𝑚𝑝𝑞 = ∫ ∫ 𝑥𝑝
∞

−∞

∞

−∞

𝑦𝑞𝑓(𝑥,𝑦) 𝑑𝑥 𝑑𝑦  ，  𝑝, 𝑞 = 0, 1, 2, … (2-7) 

Where x and y are the coordinate position along the x and y direction. 

The central can be written as: 

�̂� =
𝑚10

𝑚00
  ； �̂� =

𝑚01

𝑚00
 (2-8) 

Center moment relative to the central are defined as follow: 

𝜇𝑝𝑞 = ∫ ∫ (𝑥 − �̂�)𝑝
∞

−∞

∞

−∞

(𝑦 − �̂�)𝑞𝑓(𝑥,𝑦) 𝑑𝑥 𝑑𝑦  ，  𝑝, 𝑞 = 0, 1, 2, … (2-9) 
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After normalization by reference scale, center moments are defined as: 

𝜂𝑝𝑞 =
𝜇𝑝𝑞

𝜇
1+

(𝑝+𝑞)
2

  ， p + q = 2, 3, 4, … (2-10) 

With the basis of non-linear combination from 𝜂𝑝𝑞, seven features (𝜙1 ~ 𝜙7) with physical and 

geometric significance derived by 2𝑛𝑑 and 3𝑟𝑑 order moments were present after rotation 

coordinates.  

𝜙1 = 𝜂20 + 𝜂02 (2-11) 

𝜙2 = (𝜂20 − 𝜂02)2 + 4𝜂11
2  (2-12) 

𝜙3 = (𝜂30 − 3𝜂12)2 + (3𝜂21 − 𝜂03)2 (2-13) 

𝜙4 = (𝜂30 + 𝜂12)2 + (𝜂21 + 𝜂03)2 (2-14) 

𝜙5 = (𝜂30 − 3𝜂12)(𝜂30 + 𝜂12)[(𝜂30 + 𝜂12)2 − 3(𝜂21 + 𝜂03)2] 

        +(3𝜂21 − 𝜂03)(𝜂21 + 𝜂03)[3(𝜂30 + 𝜂12)2 − (𝜂21 + 𝜂03)2] 
(2-15) 

𝜙6 = (𝜂20 − 𝜂02)[(𝜂30 + 𝜂12)2 − (𝜂21 + 𝜂03)2] 

       + 4𝜂11(𝜂30 + 𝜂12)(𝜂21 + 𝜂03) 

(2-16) 

𝜙7 = (3𝜂21 − 𝜂03)(𝜂30 + 𝜂12)[(𝜂30 + 𝜂12)2 − 3(𝜂21 + 𝜂03)2] 

        −(𝜂30 − 3𝜂12)(𝜂21 + 𝜂03)[3(𝜂30 + 𝜂12)2 − (𝜂21 + 𝜂03)2] 
(2-17) 

Notice that for the continuous function graphic, the changes of translation, scale and rotation of 

the above seven features will not be changed. Normalization are computes after calculating the 

seven features:  

𝑉𝑘 =
𝜙𝑘 − (𝜙𝑘)𝑚𝑖𝑛

(𝜙𝑘)𝑚𝑎𝑥 − (𝜙𝑘)𝑚𝑖𝑛
 ，  𝑘 = 1,2,3, … , 7 (2-18) 

The value of 𝑉𝑘 will lies between 0 and 1, represent the similarity among all storms.  

To quantify the similarity of storms, the portion of current time period (superscript =0) 

and the portion of the following time period (superscript =i) are expressed as a seven-

dimensional vector:  

𝑃0 = [𝑉1
0,  𝑉2

0,  𝑉3
0,  𝑉4

0,  𝑉5
0,  𝑉6

0,  𝑉7
0] 

𝑃𝑖 = [𝑉1
𝑖 ,   𝑉2

𝑖,   𝑉3
𝑖,   𝑉4

𝑖 ,  𝑉5
𝑖,   𝑉6

𝑖,  𝑉7
𝑖  ] 

(2-19) 
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After that, we can calculate the distance similarity (DS) and the angle similarity (AS) between 

two vectors: 

𝐷𝑆(𝑃𝑖,𝑃0) = 1 −
𝐷(𝑃𝑖,𝑃0)

max [𝐷(𝑃𝑖,𝑃0)]
 (2-20) 

𝐴𝑆(𝑃𝑖,𝑃0) = 1 −
cos−1(

〈𝑃𝑖 ∙  𝑃0〉
‖𝑃𝑖‖ ∙ ‖𝑃0‖

)

𝜋
 

(2-21) 

Where 𝐷(𝑃𝑖,𝑃0) is the Euclidean distance (𝐷(𝑃𝑖,𝑃0) = √∑ (𝑉𝑘
𝑖 − 𝑉𝑘

0)27
𝑘=1  ) ;  

〈𝑃𝑖 ∙  𝑃0〉 is the inner product ( 〈𝑃𝑖 ∙  𝑃0〉 = ∑ 𝑉𝑘
𝑖 ∙ 𝑉𝑘

07
𝑘=1  ) ;  

‖𝑃𝑖‖ and ‖𝑃0‖ are the length (‖𝑃𝑖‖ = √∑ (𝑉𝑘
𝑖)27

𝑘=1  ; ‖𝑃0‖ = √∑ (𝑉𝑘
0)27

𝑘=1  ). 

According to the eq. (2-24) and eq. (2-25), once the value of DS and AS are closer to “1”, the 

closer vector length and smaller included angle they are. In our study, the final momentum 

invariant term (M) is set as equation (2-22). In the case of unknowing whether the DS or the 

AS is much more important, the weighting of DS and AS are set as equally. 

M = 1 − ( 0.5 (DS + AS)) (2-22) 

2.3.5 2-Dimensional Storm Tracking Methodology 

In this study, 2-D Tracking algorithm were used. According to Dixon and Wiener (1993), 

cell matching factors include the differences of distance (dD) and area (dA) between cells 

within two volume scans (𝑡1 , 𝑡2) are considered in the tracking algorithm. Furthermore, 吳

(2019) had shown that considering the momentum invariant (M) factor can slightly improve the 

accuracy of storm track. Thus, the tracking algorithm is to obtain minimum difference of the 

distance, size and momentum invariant of final matching cells from two volume scans. The 

difference, here after is considered as “Cost Function”, and can be obtained as follow: 

Suppose the state of storm i at 𝑡1 : 𝑆𝑡1𝑖 = (𝑥𝑒𝑡1𝑖  , 𝑦𝑒𝑡1𝑖  , 𝐴𝑡1𝑖, 𝑀𝑡1𝑖,𝑡2𝑗)  

                      j at 𝑡2 : 𝑆𝑡2𝑗 = (𝑥𝑒𝑡2𝑗  , 𝑦𝑒𝑡2𝑗 , 𝐴𝑡2𝑗 , 𝑀𝑡2𝑗,𝑡3𝑘) 
(2-23) 
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(assuming there are 𝑛1 storms at 𝑡1 and 𝑛2 storms at 𝑡2 ) 

X and Y represent the location of the storms. The A represent the area of the storm.  

It is defined that the “Cost” from state 𝑆𝑡1𝑖 to state 𝑆𝑡2𝑗 is obtained as follow:     

Cost = dD + dA + dM (2-24) 

   dD = √(𝑥𝑒𝑡1𝑖 − 𝑥𝑒𝑡2𝑗)
2

+ (𝑦𝑒𝑡1𝑖 − 𝑦𝑒𝑡2𝑗)
2
 

(2-25) 

   dA = |√𝐴𝑡1𝑖 − √𝐴𝑡2𝑗| (2-26) 

  dM =
𝑑𝐷 + 𝑑𝐴

2
× 𝑀 (2-27) 

Additional assumptions are:   

1. We consider that the shorter differences distance of storms, the more likely to be 

the same one.  

2. Storms of which storm size were similar, the higher probability to be the same one.  

3. If the value of ‘M’ is closer to ‘0’, it also indicates the high possibility to be the 

same storm. 

4. We also assume that it is impossible for storms to move over 1.8-kilometer per 

minutes. So, the maximum storm speed is set to 30 𝑚
𝑠⁄  to do the further matching. 

According to Dixon and Wiener (1993), the maximum expected storm speed was 

revised from 1-kilometer per minutes to 1.8-kilometer per minutes, the liberalized 

of storm speed will ensure to capture storm in a faster motion 

Through the entire process, a successful storm track will contain numerous cells. 

Information of cell parameters during the entire storm path will be recorded. Therefore, storm 

duration, storm movement direction, storm evolution including area and strength … etc. can be 

obtained. The storm microphysical process through the evolution of dual-polarimetric 

parameters can be investigated as well. The selected storms will be introduced at chapter 3. 

 



17 

 

2.4 Dual-Polarimetric Parameters  

Unlike the Doppler radar, dual-polarimetric radar transmits and receives both horizontal 

and vertical pulse of radio waves. By utilizing the DPMs, the information of hydrometeors 

including size, shape, phase composition and more can be obtained. The DPMs used in this 

study are listed as following:   

⚫ Reflectivity (𝑍𝐻𝐻) [units: dBZ] 

𝑍𝐻𝐻 is one of the products of co-polar scattering process. It transmits and receive 

the same polarization electromagnetic (EM) wave. From receiving the 

backscattered powers from precipitation particles, 𝑍𝐻𝐻 is determined by the size 

and distribution of hydrometers. Assuming the particle shape is spherical and 

particle size is smaller than wavelength, the back-scattering cross section in 

Rayleigh region can be written as bellow:  

𝑍𝐻𝐻 = ∫ 𝐷6
𝐷𝑚𝑎𝑥

𝐷𝑚𝑖𝑛

𝑁(𝐷) 𝑑𝐷 (2-28) 

The stronger backscattered powers, the bigger drop size or more particles exist. 

⚫ Differential Reflectivity (𝑍𝐷𝑅) [units: dB] 

𝑍𝐷𝑅  is the logarithmic ratio of the backscattered powers from horizontal and 

vertical polarizations. According to Seliga and Bringi (1976), 𝑍𝐷𝑅 can be written 

as equation (2-29).  

𝑍𝐷𝑅 = 10 log10(
𝑍𝐻𝐻

𝑍𝑉𝑉
) (2-29) 

For those spherical hydrometers, the 𝑍𝐷𝑅 equals to zero as the equivalent power 

at both horizontal and vertical polarization. As the increasing of the rain drop size, 

the suffer air resistance changes the drop shape to flatter during the descent. 

Therefore, larger 𝑍𝐷𝑅 will be observed from big drops. Besides, the EM wave is 

much more sensitive to liquid-phase hydrometers compare with ice-phase 
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hydrometers. That is, for a given size of rain and hail, the 𝑍𝐷𝑅 value of rain will 

be much larger than the 𝑍𝐷𝑅 value of hail. The measurement of 𝑍𝐷𝑅 is often used 

for the following research: (a) Particle size estimation (b) Quantitative precipitation 

estimation (QPE) of rain and ice (c) Radar quality control of system bias correction. 

To insure the hydrometers were in the warm rain process, showing a positive 

correlation between 𝑍𝐷𝑅 value and drop size in this study. Only the 𝑍𝐷𝑅 values 

below 4-kilometer height were analyzed. To investigate the spatial distribution of 

drop size quantitatively, vertical slope of 𝑍𝐷𝑅 in vertical profile were calculated. 

The positive value of vertical slope represents the larger hydrometers locates at a 

higher level; On the contrast, negative vertical value of slope represents the larger 

hydrometers were at the low level.   

⚫ Difference Reflectivity (𝑍𝐷𝑃) [units: dB] 

𝑍𝐷𝑃 was defined as the difference between horizontal and vertical reflectivity, it 

can be express as equation (2-30). Which is only defined for rain medium (𝑍𝐻𝐻 >

𝑍𝑉𝑉). 

𝑍𝐷𝑃 = 10 log10(𝑍𝐻𝐻 − 𝑍𝑉𝑉) (2-30) 

For ice particles, they tumble while falling, made the 𝑍𝐻𝐻 nearly equal to 𝑍𝑉𝑉. 

However, rain particles are become more oblate in shape with increase with size, 

and made the 𝑍𝐻𝐻 larger than 𝑍𝑉𝑉. For the reason mention above, this implies 

that 𝑍𝐷𝑃 is insensitive to the ice particles (Tong et al. 1998).  

⚫ Differential Phase Shift (𝜑𝐷𝑃) [units: °] 

𝜑𝐷𝑃  is the difference phase shift between horizontal and vertical polarizations. 

Theoretically, 𝜑𝐷𝑃 should be zero when radar emitting the EM wave. However, 

there’s no perfect waveguide and will always exist a non-zero value of 𝜑0 . 

Therefore, 𝜑0  should be calculated at each radar bin and subtract 𝜑0  when 

calculating 𝜑𝐷𝑃. The observed 𝜑𝐷𝑃 can be written as equation (2-31). 
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𝜑𝐷𝑃
𝑜𝑑𝑠 = 𝜑𝐷𝑃 + 𝜑0 + 𝛿 + 𝑁𝑜𝑖𝑠𝑒 (2-31) 

Where 𝜑𝐷𝑃 = 𝜑𝐻 − 𝜑𝑉  , 𝛿  is the backscatter differential phase shift. More 

detail descriptions were written in Kumjian (2013; see PartⅠ). As we know, 𝜑𝐷𝑃 

is a phase measurement, it will not affect by attenuation of EM waves. For the 

above reason, we often use 𝜑𝐷𝑃 for attenuation correction of radar data quality 

control.  

⚫ Specific Differential Phase Shift (𝐾𝐷𝑃) [units: °
𝑘𝑚⁄ ] 

By calculate the range derivative of 𝜑𝐷𝑃, a new dual-pol parameter named 𝐾𝐷𝑃 

can be derive.  

𝐾𝐷𝑃 =
1

2
(

𝑑𝜑𝐷𝑃

𝑑𝑟
) (2-32) 

Compare with 𝜑𝐷𝑃, 𝐾𝐷𝑃 is much more straightforward to the region of liquid-

phase hydrometers. Also, 𝐾𝐷𝑃 is related to emissive wavelength. For a given rain 

drop size, shorter wavelength will lead to higher value of 𝐾𝐷𝑃 . Unlike 𝑍𝐷𝑅  is 

proportional to the mass-weighted mean diameter (𝐷𝑚 ) of the system; 𝐾𝐷𝑃  is 

proportional to liquid water content (LWC). Hence, using 𝑍𝐷𝑅 , 𝐾𝐷𝑃 𝑎𝑛𝑑 𝜑𝐷𝑃 for 

quantitative precipitation estimation (QPE) shows more accurate compare with 

using 𝑍𝐷𝑅  𝑎𝑛𝑑 𝜑𝐷𝑃 only (洪 2020). To investigate the spatial distribution of LWC 

quantitatively, vertical slope of 𝐾𝐷𝑃  in vertical profile were calculated. The 

positive value of vertical slope represents the larger LWC locates at a higher level; 

On the contrast, negative vertical value of slope represent the larger LWC were at 

the low level, lead to a heavy precipitation.   

⚫ Correlation Coefficient (𝜌𝐻𝑉) [units: none] 

The Correlation Coefficient is defined as the co-polar correlation between 

horizontal and vertical polarization EM waves. Under normal circumstances, the 

value of 𝜌𝐻𝑉  will lays between 0 to 1. For instance, in pure rain, ice or snow 
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region, 𝜌𝐻𝑉 will shows nearly 1; In the contrary, 𝜌𝐻𝑉 will attend to be lower than 

0.8 in the mixing phase region. The lower 𝜌𝐻𝑉 is, the more likely to be the non-

meteorology echo. The definition of 𝜌𝐻𝑉 can be written as equation (2-33). The 

application of 𝜌𝐻𝑉 in this study is for the radar data quality control.  

𝜌𝐻𝑉 =
〈𝑆𝑉𝑉 𝑆𝐻𝐻

∗ 〉

√〈|𝑆𝐻𝐻|2〉 〈|𝑆𝑉𝑉|2〉
 (2-33) 

  

⚫ Linear Depolarization Ratio (𝐿𝐷𝑅) [units: none] 

𝐿𝐷𝑅 is one of the products of cross-polar scattering process. Which means the radar 

will only transmit horizontal polarization waves but receive both horizontal and 

vertical channels. 

𝐿𝐷𝑅 = 10 log (
𝑍𝐻𝑉

𝑍𝐻𝐻
) (2-34) 

For meteorological echo, 𝐿𝐷𝑅  will lays between -35 to 0. In rain region, 𝐿𝐷𝑅 

shows more closer to -35 (mostly between -35 and -26). The application of 𝐿𝐷𝑅 

in this study is for the radar data quality control.  
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Chapter 3 Results and Discussions 

3.1 Overview of SoWMEX SPOL Observations  

The weather conditions of each IOPs during SoWMEX/TiMREX are shown in Figure 

3. 1. Blue boxes indicate the time period of IOPs; black boxes indicate the time period of non-

IOPs. In general, IOP1 contains a widespread precipitation; IOP2 shows numerous of isolated 

convective cell; IOP3, IOP4 are the linear convective system moving toward the land; IOP5 

contains a leading convective system with trailing stratiform precipitation; IOP6 contains linear 

convective system; IOP7 contains a frontal system associated with linear convective line came 

from the ocean; IOP8 contain convective line with widespread trailing stratiform propagated 

toward the land and a MCS (Mesoscale convective system) moving toward the land; IOP9 

contains linear convective system organized by several isolated cells. 

The entire NCAR SPOL radar data from SoWMEX/TiMREX were applied to SMART 

and the result of storm identification including the distributions of storm type (child-cell, parent-

cell and cell-embed) will be introduced. From all of the daily numbers of child-cell (Figure 3. 

2 (a)) and parent-cell (Figure 3. 2 (b)), three extremum storm number occurs at June 1st to 4th, 

June 14th to 16th and June 26th to 28th, which are IOP4, IOP5, IOP6, IOP8 and IOP9. Since the 

SoWMEX/TiMREX were from mid-May to the end of June, most of the precipitation systems 

are related to Mei-Yu front or East Asia southwesterly monsoon, which contains a wide 

stratiform region with several individual convective cell inside. The highest peak occurs in 

Figure 3. 2 (a) and (b) are corresponding to the period of IOP8. However, embed cells identified 

by dual-reflectivity threshold shown in Figure 3. 2 (c) does not appears the corresponding peak 

during IOP8, illustrate that most of the parent-cells contained more than one child-cell during 

IOP8. To understand the cell-embed distribution, a daily multiple cell distribution in logarithm 
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scale is shown is Figure 3. 3. The x-axis is the time, and y-axis is the number of child-cell 

within one parent-cell. In Figure 3. 3, it shows that most of the parent-cell contains one to three 

child-cell. However, a parent-cell can also contain up to dozens of child-cells. The result reveals 

the multicellularity of the East Asia southwesterly monsoon accompanies with Mei-Yu front.   

To further investigate parent-cell area relative to other cell parameters. In Figure 3. 4, 

the distribution of parent-cell area corresponds to cell maximum reflectivity is shown. Even 

though the parent-cell area can spread widely over 25000 km2, most of the maximum 

reflectivity are within 50 dBZ to 60 dBZ, with none of any cell reflectivity occurs over 70 dBZ 

during the entire experiment. In Figure 3. 5, the distribution of parent-cell area corresponding 

to number of child-cell embed is shown. No matter the area of parent-cell is from 20000 km2 

up to 25000 km2, the greatest number of child-cell they can support will not exceed 52. From 

Figure 3. 5, a positive correlation was shown, with the increase of parent-cell area, number of 

child-cell embed also increase. Figure 3. 6 shows the storm duration of each day from parent 

cells. Three peaks occur just at the time as Figure 3. 2 shows, illustrate that although numerous 

cells were observed, most of them are in short life time (within 30 minutes). From Figure 3. 7, 

a vaguely negative correlation between storm maximum area and storm duration of parent cells 

is shown. It is postulated that splitting and merging of the storms causes the storm centroid 

shifted dramatically in a short period of time. Therefore, the tracking of storm ended due to 

splitting and merging. The storm split and merge had not been considered in SMART, which 

will be further improved in the future.  

 

3.2 Case analysis 

After reviewing all of the storm tracking results from NCAR SPOL observations, storm 

tracking with splitting and merging issues will be removed from further analysis. This study 

focuses on the isolated convections with sufficient tracking period. To select the interested cases, 
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three conditions were applied. First, single-cells are selected to avoid the complicated structure 

of multiple-cell. Second, storms of least 10 radar scans are selected to insure sufficient scans 

for analysis. Third, storm size should be adequately small to removed merging and splitting 

storms.  

From Figure 3. 8 (a), daily number of storm track from SMART with 30 dBZ reflectivity 

threshold, 10 km2 area threshold and 30 𝑚
𝑠⁄  speed threshold is shown. In order to analyze 

complete life cycle of a storm, storm with short life time is filtered out. Therefore, a duration 

threshold of least 10 radar scans is applied. After filtering storms with insufficient radar scans, 

there were 780 storms left as shown in Figure 3. 8 (b). Furthermore, an area threshold between 

30 to 300 km2 is further applied to avoid storms with multiple cells, and splitting and merging 

issues. Overall, there were 47 cases selected as shown in Figure 3. 8 (c). Storm track paths are 

shown in Figure 3. 9. Line color represents different storm path with the case number nearby. 

Detail information of each case are present in Table 1. 1. Including storm start time (black dots), 

storm end time, the case number used in this study and the corresponding IOP experiment. 

Visual examine of each storm was implemented to ensure the tracking results of selected cases.  

Considering the limitation of the scan strategy from single radar observation (e.g., blind 

zone), storms of which highest low-level blind zone (tL) must be lower than 2.5 kilometers 

height to insure the low-level structure of the storm was well observed. In addition, the lowest 

high-level blind zone (tC) must be higher than 3.5 kilometers height to assure the high-level 

structure of the storm was well observed. An example of the blind zone of storms in different 

time step is shown in Figure 3. 10. Black lines from the bottom to the top of each figure are the 

height of 3-, 5- and 10-kilometer, respectively. The gray area represents the effective 

observation area. Colored shaded is the storm area in the unit of dBZ. Dark purple shading 

shows the blind zone above the maximum elevation; Light purple shading shows the blind zone 

below the lowest elevation. From Figure 3. 10 (a) to (k), storm moves away from the radar 
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through time, led to the height of both high-level blind zone (tC) and low-level blind zone (tL) 

of the storm increase with time. Finally, 38 cases are left (case 6, 9, 11, 14, 15, 24, 25, 31, 41 

were removed).  

The mean DPM profiles of each selected storm are thus obtained to investigate the 

Lagrangian microphysical characteristics. The DPMs including ZHH, ZDR, and KDP were 

averaged from each storm, thus the mean DPM profiles were obtained. Additional threshold of 

mean reflectivity lower than 20 dBZ was applied to removed low quality of DPMs due to low 

SNR (signal to noise ratio). For all the cases, time series of mean DPM profiles of each storm 

track are summarized in Appendix A and B. Appendix A for 17 weak cases; Appendix B for 21 

strong cases. Three examples will be introduced in next section.  

  

3.2.1 Statistical Characteristics of 38 Cases 

Three different types of storm tracking result including developing stage (Figure 3. 11), 

dissipating stage (Figure 3. 12) and developing to dissipating stage (Figure 3. 13) are shown. 

The time before the storm reaches its mature stage are classify as the developing stage; On the 

contrary, the time after the storm reaches its mature stage are classify as the dissipating stage. 

The definition of mature stage of storms are mentioned below. The storm in development stage 

is chosen from June 14th, 2008. The storm case number is 30 and was tracked from 0000 UTC 

to 0115 UTC. Figure 3. 11 (a) shows the vertical evolution profile of mean reflectivity in dBZ 

(where DZ = 𝑍𝐻𝐻). In this study, the maximum accumulative reflectivity (max. acc. 𝑍𝐻𝐻) is 

defined as the mature stage with most strong intensity of the storm track. The calculation of 

accumulative reflectivity (acc. 𝑍𝐻𝐻) is shown as below. 

𝑎𝑐𝑐.  𝑍𝐻𝐻 = ∫ 𝑍𝐻𝐻(ℎ)
𝑒𝑛𝑑

𝑚𝑎𝑥.𝑡𝐿+0.5
 𝑑ℎ  (3-1) 

In case 30, the maximum low-level blind zone (max. tL) appears at the 11th time step, 
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about 1-kilometer height (height of tL  in each time step is marked as the black dot); the 

minimum high-level blind zone (min. tC) appears at the 1st time step, about 7-kilometer height 

(height of tC in each time step is marked as the blue dot). By calculating the accumulative 

reflectivity from the height of max. tL + 0.5  (1.5-kilometer for case 30) to the highest 

effective altitude at each time step (𝑎𝑐𝑐.  𝑍𝐻𝐻 values were show as the pink line), maximum 

accumulative reflectivity (max. acc. 𝑍𝐻𝐻) was thus obtained (marked by the pink square). As 

shown in Figure 3. 11 (a). The value of acc. 𝑍𝐻𝐻 remain increasing from the initial track time 

to the end of the storm track, with the max. acc. 𝑍𝐻𝐻 appears at the last time step (the 11th time 

step), indicating that the storm continues to growth within the entire storm track. 

Figure 3. 11 (b) shows the vertical profile of mean 𝑍𝐷𝑃  (where DP = 𝑍𝐷𝑃 ). The 

calculation of accumulative 𝑍𝐷𝑃  is shown in equation (3-2). Different to 𝑎𝑐𝑐.  𝑍𝐻𝐻 , 

accumulation of DPMs (acc. DPM) calculates only the value from the height of max. tL + 0.5 

to 4 kilometers height to insure only including warm rain processes. Due to the high correlation 

between 𝑍𝐻𝐻 and 𝑍𝐷𝑃, pattern of Figure 3. 11 (b) is similar to Figure 3. 11 (a), but with less 

variation. In case 30, the max. acc. 𝑍𝐷𝑃 occurs 2nd-time-step before the max. acc. 𝑍𝐻𝐻.  

𝑎𝑐𝑐.  𝑍𝐷𝑃 = ∫ 𝑍𝐷𝑃(ℎ)  𝑑ℎ
4

𝑚𝑎𝑥.𝑡𝐿+0.5
          (3-2) 

Figure 3. 11 (c) shows the vertical evolution profile of mean 𝑍𝐷𝑅 (where DR = 𝑍𝐷𝑅). 

The calculation of accumulative 𝑍𝐷𝑅 is shown in equation (3-3). The max. acc. 𝑍𝐷𝑅 occurs 

at the time max. acc. 𝑍𝐻𝐻 occurs, illustrating larger drop size appeared at the last time step of 

the storm track. Both 𝑎𝑐𝑐.  𝑍𝐷𝑃 and 𝑎𝑐𝑐.  𝑍𝐷𝑅 indicate the mean size of rain drop.  

𝑎𝑐𝑐.  𝑍𝐷𝑅 = ∫ 𝑍𝐷𝑅(ℎ)  𝑑ℎ
4

𝑚𝑎𝑥.𝑡𝐿+0.5
          (3-3) 

Figure 3. 11 (d) shows the vertical evolution profile of mean 𝐾𝐷𝑃 (where KD = 𝐾𝐷𝑃). 

The calculation of accumulative 𝐾𝐷𝑃 is shown in equation (3-4). The max. acc. 𝐾𝐷𝑃 occurs 

at the same time step as max. acc. 𝑍𝐷𝑃 (9th step). It shows that the highest liquid water content 

(LWC) appears earlier than forming numerous larger drop size. 
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𝑎𝑐𝑐.  𝐾𝐷𝑃 = ∫ 𝐾𝐷𝑃(ℎ)  𝑑ℎ
4

𝑚𝑎𝑥.𝑡𝐿+0.5
          (3-4) 

In this study, all of the maximum accumulative DPMs were calculated to investigate the 

relationship between storm development and the characteristic of microphysical process.  

A storm in dissipation stage is chosen from May 22th, 2008 (Figure 3. 12). The storm 

case number is 5 and was tracked from 0415 UTC to 0522 UTC. Figure 3. 12 (a) to (d) shows 

the same time-height cross section as Figure 3. 11 (a) to (d), but for the storm in dissipation 

stage. The acc. 𝑍𝐻𝐻 in Figure 3. 12 (a) shows the max. acc. 𝑍𝐻𝐻 at the second time step of 

the track, and continuous decrease gradually all the way to the end of the storm track. In case 

5, the height of the storm (mean reflectivity greater than 20 dBZ) decreased as the strength of 

storm decreasing.  

Last example is chosen from May 22th, 2008 (Figure 3. 13), the storm case number is 4 

and was tracked from 0345 UTC to 0507 UTC. Figure 3. 13 (a) to (d) shows the same way of 

presenting time-height cross section as Figure 3. 11 (a) to (d), but for storm evolution from 

development stage to dissipation stage. As shown in Figure 3. 13 (a), the max. acc. 𝑍𝐻𝐻 occurs 

at the 7th time step, with the increasing acc. 𝑍𝐻𝐻 signal start from the initiation of the storm 

track to the max. acc. 𝑍𝐻𝐻, then follow by the decreasing acc. 𝑍𝐻𝐻  signal to the end of the 

storm track. Showing the evolution of intensity in different storm stage. In this case, time step 

from 1 to 6 are define as the storm in developing stage, with the dissipation stage starting from 

the 8th time step to the 12th time step.  

As discussed in Hu et al. (2019), storm dissipation stage is characterized as the 

maximum reflectivity reached its maximum height and during which the reflectivity decrease. 

Base on this concept, vertical slopes of the DPM were calculated (light blue lines in Figure 3. 

13), from the height of max. tL + 0.5 km to  4-kilometer height. First of all, the maximum 

value and their corresponding height (marked as light blue hollow triangles in Figure 3. 13) 

need to be obtained at each time step to avoid missing data and clutter. If the height of the 
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maximum value is higher than tL + 0.5 km, the vertical slope will be calculated from tL +

0.5 to that level, a positive vertical slope will be derived, indicates that the DPMs increase with 

increasing altitude. On the contrary, if the height of the maximum value is just above the tL, 

thus the vertical slope calculated from tL + 0.5 km to 4-kilometers height, consequently, a 

negative vertical slope will be obtained. The positive vertical slope of 𝑍𝐷𝑅 represent the larger 

droplet is floating at a higher altitude; a positive vertical slope of 𝐾𝐷𝑃 represent a higher liquid 

water content locates at a higher altitude. It is postulated that positive (negative) vertical slope 

can be referred the storm in the developing (dissipating) stage (Hu et al. 2019).  

Maximum values of DPMs of each case are shown in Figure 3. 14. Time of the max. 

acc. 𝑍𝐻𝐻 are define as t = 0. Negative value of t represents the time before max. acc. 𝑍𝐻𝐻, 

illustrating storm in developing stage. Positive value of t represent the time after max. acc. 

𝑍𝐻𝐻, illustrating storm in dissipation stage. Cases were shown in order of their max. acc. 𝑍𝐻𝐻 

value, the magnitude of the max. acc. 𝑍𝐻𝐻 value are shown at the left-hand side of each figure. 

Cases with higher max. acc. 𝑍𝐻𝐻 value are shown at the upper part in each figures and cases 

with smaller max. acc. 𝑍𝐻𝐻 values are shown at the bottom part of the figures. As Figure 3. 

14 (a) to (d) shown, larger value appears at stronger case with the largest value occurs around 

the max. acc. 𝑍𝐻𝐻.    

Vertical slope of DPMs of each case are shown in Figure 3. 15. By calculating the 

vertical slope of different parameters, this study intent to find transition signal from develop to 

dissipation stage by looking for positive vertical slope to the negative vertical slope. 

Unfortunately, there is no clear tendency of positive vertical slope transferring to negative 

vertical slope. The signal of the vertical slope transition will be discussed comprehensively in 

the following next paragraph.  

Figure 3. 16 shows the number density function (NDF) of vertical slope and maximum 

value with the time relative to the maximum accumulative reflectivity (max. acc. 𝑍𝐻𝐻). Figure 
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3. 16 (a)、(c)、(e) and (g) are the NDF of different mean DPMs vertical slope; Figure 3. 16 

(b)、(d)、(f) and (h) are the NDF of different mean DPMs maximum value. (a) and (b) for mean 

reflectivity (DZ); (c) and (d) for mean difference reflectivity (DP); (e) and (f) for mean 

differential reflectivity (DR); (g) and (h) for mean specific differential phase shift (KD). From 

Figure 3. 16 (b), (d), (e), (f), (h), a descending signal after the max. acc. 𝑍𝐻𝐻  are shown. 

Figure 3. 16 (e) shows that larger rain drops have fallen to surface as the storm passed mature 

stage (vertical slope of 𝑍𝐷𝑅 decreasing as storm passing mature stage). Figure 3. 16 (b), (d), 

(f), (h) indicate that the strength of storms weakening after the time of max. acc. 𝑍𝐻𝐻.  

To investigate the variety of slope quantitatively, the temporal evolution of vertical slope 

of DPMs were calculated before and after the max. acc. 𝑍𝐻𝐻. A positive tendency indicates 

vertical slopes increasing with time. However, if the vertical slopes decrease with time, a 

negative tendency will be obtained. The positive tendency suggests the ascending hydrometers 

and negative tendency represents descending hydrometeors. In order to capture the transitional 

signal from the development, mature to dissipation stage, time for the analysis distinguish by 

max. acc. 𝑍𝐻𝐻 is required. As Figure 3. 16 shown, most of the data appears around the max. 

acc. 𝑍𝐻𝐻, with the time aloof, quantity of data decrease.  

For more accurate description of DPM characteristic during storm evolution, NDF of 

DPMs vertical slope and maximum value were distinguished into four groups to represent 

different storm evolution. Group 1 and 2 can be considered as developing stage of the storm. 

Group 3 and 4 can be considered as dissipating stage of storm. Figure 3. 17 display the boxplots 

of maximum value and the tendency of maximum value in four groups. Group 1 includes the 

data with -25 < t < -5 and group 2 includes the data with -5 < t < 0. Group 3 includes the data 

with 0 < t < 5 and group 4 includes the data with 5 < t < 25. Red line in the middle of the blue 

box represent the median value of the dataset (hereafter Q2); Upper boundary line shows the 

75th percentile of the dataset (hereafter Q3) and the bottom boundary line is the 25th percentile 
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of the dataset (hereafter Q1). From the maximum value (Figure 3. 17 (a), (c), (e), (f)), it shows 

a clearly increasing from group 1 to group 2, with the maximum values for all DPMs reach the 

peak at group 2, subsequently decrease all the way to group 4 for all parameters. As for the 

tendency of the maximum value, the most positive value also occurs at group 2 in 𝑍𝐻𝐻, 𝑍𝐷𝑃 

and 𝐾𝐷𝑃 (Figure 3. 17 (b), (d), (h)). However, the 𝑍𝐷𝑅 value (Figure 3. 17 (f)) shows a large 

variation from Q2 to Q3, indicates the noisily of 𝑍𝐷𝑅 maximum value. Owing to 𝑍𝐷𝑅 is a 

relative measurement between horizontal and vertical channel, the value is affected by the 

strength of the precipitation. Heavy precipitation tends to have a larger 𝑍𝐷𝑅  compare to 

shallow precipitation. 

To further examine the result, values of vertical slope and maximum are divided into 4 

groups as well. The vertical slope and the tendency of vertical slope are shown as boxplot in 

Figure 3. 18. From values of vertical slope in Figure 3. 18 (a), (c), (e), (g), Q2 shows the 

highest value at group 2 and then decrease at group 3. As for the vertical slope tendency (Figure 

3. 18 (b), (d), (f), (h)), most of the data of 𝑍𝐷𝑅 (Figure 3. 18 (f)) in group 3 are in negative 

also 𝐾𝐷𝑃 and 𝑍𝐷𝑃 (Figure 3. 18 (d) and (h)) have more negative value at group 4. Showing 

that the vertical slope decreases sharply of 𝑍𝐷𝑅  first and then 𝐾𝐷𝑃  and 𝑍𝐷𝑃 . Illustrate the 

larger drop size will falls earlier than smaller drop size.   

To understand the characteristic of maximum accumulative time between different dual-

polarimetric parameters, distribution of maximum accumulative DPMs relative to max. acc. 

𝑍𝐻𝐻 time of all 38 cases is shown in Figure 3. 19 (a). However, peaks of all parameters show 

a highly overlap with max. acc. 𝑍𝐻𝐻. To further reveal with the DPM features, all of the cases 

were separated into strong and weak groups. As the max. acc. 𝑍𝐻𝐻 exceeds 500 dBZ, it will 

be classified as a strong case. On the contrary, the max. acc. 𝑍𝐻𝐻 is below 500 dBZ, will be 

classified as a weak case. There were 21 strong cases and 17 weak cases for examination. From 

the strong cases (Figure 3. 19 (b)) most of the data shows a time lag with max. acc. 𝐾𝐷𝑃 

appears first, max. acc. 𝑍𝐻𝐻 and max. acc. 𝑍𝐷𝑅 appear later and max. acc. 𝑍𝐷𝑃 occurs at the 
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last. It is postulated that the larger size of rain drops forms by the collision-coalescence process 

as it descending to surface during maturing to dissipating stage. Before the collision-collection 

process, it is necessary to have sufficient LWC, and enhance the 𝐾𝐷𝑃 value during developing 

stage. Therefore, the time lag between maximum accumulative 𝐾𝐷𝑃 and 𝑍𝐷𝑅 can be noticed. 

As discussed in Hu et al. (2019), the high 𝑍𝐷𝑅 values occur at low level before the maximum 

reflectivity reaches the highest level are likely due to the early fallout of the heavier and larger 

raindrops. The result can also be found in Figure 3. 19 (b), which the max. acc. 𝑍𝐷𝑅 (blue 

square) first appears around t = −10. During the end of the dissipation stage (t ≥ 5 ), more 

numerous smaller raindrops are inferred to reach the max. acc. 𝐾𝐷𝑃 time (red dot). This may 

likely due to the large raindrops had already fallen out. On the other hand, the weak cases 

(Figure 3. 19 (c)) shows the same result as Figure 3. 19 (a), all the max. acc. DPMs appear at 

the same time, showing no significant time lag between different max. acc. DPM in weak storms.   

To summary from the results of statistical characteristics of vertical profiles, a 

conceptual model during storm evolution is shown in Figure 3. 20. X-axis shows the time series 

from storm development stage to storm dissipation stage. Left y-axis shows the approximately 

height and right y-axis shows the relative mean value of DPMs, black solid line for mean 𝑍𝐷𝑅 

and black dash line for mean 𝐾𝐷𝑃.  

As the conceptual model shows, mean drop size reaches the maximum value at the time 

before the storm reaches its mature stage, then decreases from mature to dissipation stage (black 

solid line). From the mean value of 𝐾𝐷𝑃 (black dash line), the peak of mean value also occurs 

at the time before the mature stage of storm, then decrease all the way to the storm dissipation 

stage. (See Figure 3. 17)  

As the drop size (blue shape) shows, most of the large drop size are located at the higher 

altitude in group 2, lead to the positive vertical slope of DPMs. Few of the larger drop size 

occurs at the near surface at the time right after the mature stage of storm, lead to the negative 
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vertical slope of DPMs. (see Figure 3. 18)   

As the shading bar shows in the conceptual model, the orange (blue) bar represents the 

percentage of max. acc. 𝐾𝐷𝑃  (max. acc. 𝑍𝐷𝑅 ) appears during the storm evolution. As the 

orange bar shows, the peak occurs at group 2, illustrate most of the storm will reach it maximum 

LWC before the mature stage of storm; On the contrary, the blue bar shows the peak at group 

3, illustrate most of the droplet merge to a larger size after the mature stage of storm. (see Figure 

3. 19)   

 

3.2.2 Horizontal Separation Discussion – 5 Cases  

After examining the characteristics of vertical profile of DPM cooperate with cloud 

microphysical process, the horizontal DPM features associated with kinematic fields will be 

discussed in this section. Five cases are selected for investigation of the relation of horizontal 

separation of DPMs to the environment wind profile. Cases are presented from weak to strong 

intensities. To gain more understanding of the relationship between system motion and the 

environmental wind field, further discussing the storm propagation, Pingtung airport sounding 

data were utilized. In this section, the initial time of the storm track is defined as t = 0 ; 

therefore, the first time-step of the storm track will be defined as t = 1, and so on.   

Figure 3. 21,  Figure 3. 24,  Figure 3. 27,  Figure 3. 30 and Figure 3. 33 show the 

horizontal reflectivity of the storm at the lowest level during the storm track, which do not 

contain any low-level blind zone of the scan strategy. The blue dot line represents the storm 

path, with the initial period marked as the black dot and the current storm reflectivity weighted 

centroid marked as the light green cross. Upper left corner in the figures display the storm 

properties, including storm area (A) in km2, storm orientation (θ) in degree, major and minor 

axis (R1 and R2) in km. Also, from those figures, two kinds of contour lines are shown, blue 

dash line and black dot line, which are the enhanced 𝑍𝐷𝑅 and 𝐾𝐷𝑃 region on the basis of the 
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value gather than 75th percentile (Q3) of the data at the current level. Values of Q3 are shown 

at the bottom right corner. The enhance 𝑍𝐷𝑅 region represent the area of big rain drop; On the 

contrary, the enhance 𝐾𝐷𝑃 region represent the area of large liquid water content. Sounding 

wind speed and the distance between 𝑍𝐷𝑅  center and 𝐾𝐷𝑃  center (separation distance) in 

kilometer are shown at the bottom left corner of the figures. Figures with a red star symbol are 

the time period chosen for the further motion analysis.   

Figure 3. 22,  Figure 3. 25,  Figure 3. 28,  Figure 3. 31 and  Figure 3. 34 show 

the enhance 𝑍𝐷𝑅  and 𝐾𝐷𝑃  center path at different altitude. Green dash line is the storm 

tracking result from SMART; Blue and black solid line shows the path of the enhance 𝑍𝐷𝑅 

center and the enhance 𝐾𝐷𝑃 center at the current level.   

Figure 3. 23, Figure 3. 26, Figure 3. 29, Figure 3. 32 and Figure 3. 35 show the 

hodograph from surface (0-kilometer height; marked as the blue 0 symbol) to 6 kilometers 

height (marked as the blue 6 symbol) in figures (a) and 5 vector field from figures (b) to (f), the 

chosen time are marked as the red star in the horizontal reflectivity figure (e.g. Figure 3. 21). 

Black arrow is the cell motion, calculated from 0 to 6 kilometers mean wind from sounding 

data; Red arrow is the system motion, calculated by SMART track (subtract the storm ended 

location by the initiated location). The storm propagation can be obtained by subtracting the 

system motion by cell motion (system motion – cell motion = storm propagation); Two magenta 

arrows are the separation vectors, pointing from the 𝑍𝐷𝑅  center to the 𝐾𝐷𝑃  center at the 

current time, calculations are as follows:      

Separation Length =  
4000 (𝑚)

𝑉𝐷
×

𝑠𝑝𝑒𝑒𝑑

1000
  (3-5) 

𝑉𝐷,𝐷𝑅 = 8 𝑚
𝑠⁄    ;   𝑉𝐷,𝐾𝐷 = 6 𝑚

𝑠⁄  (3-6) 

𝑉𝐷,𝐷𝑅 = 8 𝑚
𝑠⁄    ;   𝑉𝐷,𝐾𝐷 = 4 𝑚

𝑠⁄   (3-7) 

The Separation Length in equation (3-5) is the distance between 𝑍𝐷𝑅 center and 𝐾𝐷𝑃 

center. To calculate the advection speed of the hydrometers, we hypothesis the hydrometers 
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falls from 4-kilometer height. Also, different terminal velocity of big and small drop size is 

considered in two situations. The shorter separation vector is calculated by the setting from 

equation (3-6). On the contrary, the longer separation vector is calculated by the setting from 

equation (3-7). The numerical assumptions were referenced to Gunn and Kinzer (1949). Light 

green arrow represents the wind shear between 0 to 6-kilometer height; Dark green arrow shows 

the storm relative wind shear. Detail descriptions are in the continuous section of each cases.  

 

3.2.2.1 Weak Case 1 (case number 22) 

The weakest storm case is selected from June 4, 2008, 0000 UTC to 0122 UTC, 

with 12 radar scans duration. In terms of sounding data, the closest sounding 00 UTC is 

selected. Figure 3. 21 shows the horizontal reflectivity of the storm at 2-kilometer height. 

In this case, the storm moves from south-west to north-east, almost moves around the 

center of the radar.  

The mean vertical DPM profiles as shown in Appendix A.10, the max. acc. 𝑍𝐻𝐻, 

max. acc. 𝑍𝐷𝑅 and max. acc. 𝐾𝐷𝑃 appears at the same time step (t = 10) except max. 

acc. 𝑍𝐷𝑃  (t = 11 ). Showing almost no significant time lag signal between different 

parameters. From the vertical slope of different parameters, vertical slope of 𝑍𝐻𝐻 

decreases to negative value after the max. acc. 𝑍𝐻𝐻. The storm had high reflectivity value 

locate at the lowest level as the storm dissipated gradually. For the vertical slope of 𝑍𝐷𝑃, 

high value locate higher than tL + 0.5, lead to the positive vertical slope through the 

entire storm track; From the time height mean 𝑍𝐷𝑅, the values are between 0 to 0.5 below 

4-kilometers height, lead to an unstable height of the maximum 𝑍𝐷𝑅 value, cause the 

irregular vertical slope distribution; From the result of 𝐾𝐷𝑃, the maximum 𝐾𝐷𝑃 value 

shows practically at the level just above the tL + 0.5, lead to the negative vertical slopes. 

From the value of 𝑍𝐷𝑅 and 𝐾𝐷𝑃, knowing that case 22 is a shallow convective system. 
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With the higher DPM locate at the near surface, no transitional signal was observed. 

Figure 3. 21 shows the horizontal reflectivity of the storm at 2 kilometers height, 

with the 𝑍𝐷𝑅  and 𝐾𝐷𝑃  enhance region are located at the upwind side of the storm 

(south-west side). The separation distance of 𝑍𝐷𝑅  and 𝐾𝐷𝑃  from 3-kilometer, 2.5-

kilometer to 2-kilometer height above ground are familiar (Figure 3. 22), with the longest 

distance appears at the 4th to the 9th time step, it is corresponding to the development stage 

of the storm. From the hodograph in Figure 3. 23, the wind direction rotates clockwise 

with height (south to west-southwest). In case 22, the cell motion and the system motion 

show almost the same direction and speed, lead to a weak storm propagation (1.7 𝑚
𝑠⁄ ). 

As the strength of case 22 continue to increase (from Figure 3. 23 (b) to Figure 3. 23 (e)), 

separation vector turns more perpendicular to the storm relative wind shear. In this case, 

the storm propagates from southwest to northeast, showing a high correlation with the 

separation vector. Also, due to the similarity of cell motion and system motion, storm 

propagation is almost zero.     

 

3.2.2.2 Weak Case 2 (case number 20)  

The second weak storm case is selected from June 3, 2008, 1945 UTC to 2052 

UTC, with 10 radar scans duration. In terms of sounding data, the closest 21 UTC is 

selected. Figure 3. 24 shows the horizontal reflectivity of the storm at 1-kilometer height. 

In this case, the storm moves from west to east, toward the location of the radar.  

From Appendix A.8, a well storm life-time from developing stage to dissipating 

stage has been observed. With the max. acc. 𝑍𝐻𝐻 appears first (t = 4), then max. acc. 

𝑍𝐷𝑃 and max. acc. 𝐾𝐷𝑃 appears after (t = 5), finally appears the max. acc. 𝑍𝐷𝑅 (t =

6). Showing the collision-collection effect is more intensely during the dissipation stage 

of the storm. From the vertical slope of reflectivity, most of the height of maximum 𝑍𝐻𝐻 
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after max. acc. 𝑍𝐻𝐻 were gradually decreasing with a negative tendency of vertical slope; 

As for the 𝑍𝐷𝑅 value, height of the maximum 𝑍𝐷𝑅 are at the high altitude before max. 

acc. 𝑍𝐻𝐻, and suddenly dropped to a lower level after the max. acc. 𝑍𝐻𝐻, showing the 

larger drop size were observed at the near surface after the time of max. acc. 𝑍𝐻𝐻; Also, 

from the shading of mean 𝐾𝐷𝑃, values decrease with height after the max. acc. 𝐾𝐷𝑃, 

illustrate smaller rain drop started to fall, lead to a higher liquid water content at the near 

surface level, that may cause more heavy precipitation after the time of max. acc. 𝐾𝐷𝑃.  

From storm path shown in Figure 3. 24,the storm moves from the east to the 

west, almost the same direction of the environmental wind. Also, in most of the time, 

𝑍𝐷𝑅 center was located at the upwind side of the storm (west side) and 𝐾𝐷𝑃 center was 

located at the leeward side of the storm (east side). Figure 3. 24 (d), (e), (f) are the time 

storm approaching to the mature stage, showing the enhance 𝑍𝐷𝑅 and 𝐾𝐷𝑃 regions are 

more concentrated. From Figure 3. 25, the enhance 𝐾𝐷𝑃  center path do not show 

significant difference between 3-kilometer and 2-kilometer, with both enhance 𝑍𝐷𝑅 and 

𝐾𝐷𝑃 center path displayed more similar to the storm track at 1-kilometer height. It can be 

explained from the hodograph in Figure 3. 26 (a). The wind speed is very weak from the 

surface to 1-kilometer height, restrict the influences of size sorting. Due to the similarity 

of cell motion and system motion, storm propagation is almost non-existent (0.4 𝑚
𝑠⁄ ). 

In case 20, motion vectors of the storm from the mature to the dissipation stage are shown 

from Figure 3. 26 (b) to (f). The direction of separation vector is more approaching to the 

direction of environmental wind shear. Moreover, the direction of the separation vector 

shows highly correlation with the high-level wind field.  

 

3.2.2.3  Moderate Case (case number 34)   

 A moderate storm case is selected from June 16, 2008, 1852 UTC to 2000 UTC, 
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with 10 radar scans duration. In terms of sounding data, the closest 18 UTC is selected. 

Figure 3. 27 shows the horizontal reflectivity of the storm at 1.5-kilometer height. In this 

case, the storm moves from south to north, away from the location of the radar.  

From Appendix A.13, the max. acc. 𝑍𝐷𝑅  and max. acc. 𝑍𝐷𝑃  appears at the 

same time (t = 6), with max. acc. 𝑍𝐻𝐻 and max. acc. 𝐾𝐷𝑃 appears 2-time steps after 

(t = 8). Illustrate more larger rain drops formed before the storm reaches it mature stage. 

As the solid blue line shown in Figure 3. 27, the storm moved from south to north, away 

from the location of the radar. Shading of reflectivity of the storm reached its peak at 1930 

UTC to 1945 UTC, with the separation vector pointed from the south to north first and 

changed to west to east after, showing the same direction with the storm path (from south-

north to west-east). From the enhance 𝑍𝐷𝑅  and 𝐾𝐷𝑃  center path in different height 

(Figure 3. 28), an increment of separation distance at the same time in the lower level 

was observed. Limited by the radar observation, signal below 1.5-kilometer height could 

not be observed, therefore, longer separation distance could not be observed. From the 

hodograph in Figure 3. 29 (a), wind directions in different altitude are nearly consistency, 

the south-southwest wind. In case 34, although the speed of cell motion and system 

motion shows similar, their direction are different, lead to a stronger storm propagation 

(4.3 𝑚
𝑠⁄  ). From Figure 3. 29 (b) to (e), a large orientation appears between the 

separation vectors and the storm relative wind shear, the direction of separation vector 

shows almost the same as the cell motion or the system motion. However, the direction 

of the separation vector changed to east-southeast before the turning point of storm track 

(t = 8), which is the same direction of the storm propagation.  

 

3.2.2.4  Strong Case 1 (case number 29) 

A strong storm case is selected from June 13, 2008, 1145 UTC to 1330 UTC, 
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with 15 radar scans duration. In terms of sounding data, the closest 12 UTC is selected. 

Figure 3. 30 shows the horizontal reflectivity of the storm at 3 kilometers height. In this 

case, the storm moves from the south to the north, around the location of the radar.  

From Appendix B.12, the max. acc. 𝑍𝐻𝐻  and max. acc. 𝐾𝐷𝑃  appears at the 

same time (t = 6), with max. acc. 𝑍𝐷𝑃 and max. acc. 𝑍𝐷𝑅 appears 2-time steps behind 

(t = 8), the sequence is exactly opposite with case 34, but similar with case 20. Showing 

the collision-collection effect is more intensely during the dissipation stage of the storm. 

The vertical slope of both 𝑍𝐻𝐻 and 𝑍𝐷𝑃 shows similar pattern, with all the large value 

located at the high altitude, lead to the positive vertical slope for the entire evolution. As 

for the vertical slope of 𝐾𝐷𝑃, it captures the variety before and after the max. acc. 𝐾𝐷𝑃, 

with the positive vertical slope gradually decrease during the dissipation stage.   

From Figure 3. 30 (g) to (j) are the strongest time period of the storm, with the 

center of enhance 𝑍𝐷𝑅 region identical located at the upwind side accompanied by the 

center of 𝐾𝐷𝑃 region at the leeward side of the storm. Due to the location of the storm, 

the lowest effective radar observation is around 3 kilometers height, which altitude is not 

low enough for size sorting. Therefore, the path of enhance 𝑍𝐷𝑅 center and the path of 

enhance 𝐾𝐷𝑃  center in Figure 3. 31 do not show any significant different between 

different altitudes. From the hodograph in Figure 3. 32 (a), wind direction changed from 

south to southwest from low level to high level, with a slightly changed in wind speed. 

Figure 3. 32 (b) to (f) are the 6th to 10th time step of the storm track, also, the time of 

strongest mean reflectivity. In case 29, the cell motion is much smaller than the system 

motion, lead to a strong propagation (13.9 𝑚
𝑠⁄ ) pointed from the south to the north, 

nearly the opposite of the storm relative wind shear (north to south). As for the separation 

vector shown in Figure 3. 32 (c) to (f), all of them are nearly vertical to the storm relative 

wind shear.   

 



38 

 

3.2.2.5  Strong Case 2 (case number 30) 

The strongest storm case is selected from June 14, 2008, 0000 UTC to 0115 UTC, 

with 11 radar scans duration. In terms of sounding data, the closest 00 UTC is selected. 

Figure 3. 33 shows the horizontal reflectivity of the storm at 1.5 kilometers height. In 

case 30, the storm moves from the south to the north, away from the location of the radar.   

From Appendix B.13, the max. acc. 𝑍𝐷𝑃  and max. acc. 𝐾𝐷𝑃  appears at the 

same time (t = 9) with the max. acc. 𝑍𝐻𝐻 and max. acc. 𝑍𝐷𝑅 appears two-time step 

after (t = 11). In case 30, SMART only capture the storm from development stage to 

mature stage. It is attributed to the storm merge at the next time step, cause the termination 

of the storm track. From the vertical slope of all parameters, including 𝑍𝐻𝐻, 𝑍𝐷𝑃, 𝑍𝐷𝑅 

and 𝐾𝐷𝑃, the height of the maximum value increase with time, indicate the storm is still 

in the development stage or the mature stage. A clearly separation 𝑍𝐷𝑅 and 𝐾𝐷𝑃 regions 

are reveals from Figure 3. 33 (i) to (k), which is the strongest storm intensity within the 

storm track. From Figure 3. 34 (a) to (c), the separation distance increases obviously 

through height. Which is the best case in this study to represent the feature of size sorting 

effect. From the hodograph in Figure 3. 35 (a), wind direction changes from south-

southeast to southwest, showing almost the same direction of system motion (southwest 

to northeast). However, due to the difference speed of cell motion and system motion, a 

parallel direction of storm propagation in 9.3 𝑚
𝑠⁄  were calculated. In Figure 3. 35 (d) 

to (f), the largest orientation occurs from separation vector to storm relative wind shear, 

corresponds to the strongest intensity within the storm track.  

 

To summarize the characteristics of the 5 cases, an integration table is shown in Table 

3. 1.  
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1. The direction between 𝑍𝐷𝑅 − 𝐾𝐷𝑃 separation vector and the environmental mid-

level wind (6 km) of all the cases shows high positive correlation except the 

strongest cases (case 30), which shows perpendicular direction of the vectors.  

2. The relation between storm propagation speed and max. acc. 𝑍𝐻𝐻 shows slightly 

positive correlation. The weaker (stronger) case with lower (higher) max. acc. 𝑍𝐻𝐻 

has slower (faster) propagation. 

3. The direction between storm propagation and storm relative wind shear has no clear 

correlation to each other. It is postulated that additional factors (e.g., inhomogeneity 

of instability, surface moisture, topography, etc.) from boundary layer can also 

modulated the direction storm propagation.  

   

To verify the results above, the reanalysis dataset was utilized for statistical analysis of 

the 38 cases. The results are shown in the next section. 

 

3.3 Statistical Performance of Motion Vectors  

Due to the lack of sounding data, cases for calculating cell motion are limited. The 

reanalysis data, namely the ERA-Interim dataset, were applied to replace sounding data. All of 

the 38 cases thus can be included to the further analysis. As discussed in Loeffler and Kumjian 

(2018), the separation vector pointing from 𝐾𝐷𝑃  center to 𝑍𝐷𝑅  center tends to be more 

orthogonal when the nonsupercell tornado occurs. The result can allow forecasters to use 

polarimetric radar measurements to gain a better prediction. Base on the idea, this study intends 

to find the relationship between DPM separation and the environment wind field. 

Figure 3. 36 shows the relation between max. acc. 𝑍𝐻𝐻 and storm propagation of each 

storm. The storm propagation at the y-axis is calculated by cell motion from reanalysis data and 

system motion from the SMART. The value of correlation coefficient is shown at the upper left 
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corner (r = 0.1881), illustrate the strength of the storm is not well correlated with the speed of 

propagation. The storms are further classified into two groups, namely weak and strong storms, 

for further investigation.     

Figure 3. 37 shows the statistical results of different motion vectors. Figure 3. 37 (a) is 

the cell motion, calculated by reanalysis dataset; It shows that there is no significant difference 

in environmental wind speed between weak and strong storms. Due to the similarity of the 

reanalysis dataset between weak and strong cases, the storm propagation will only be 

determined by the following two factors:  

1. Speed of system motion. 

2. Orientation between cell motion and system motion. 

 Figure 3. 37 (b) shows the system motion, calculated by storm tracking result from 

SMART; It shows that the storms with faster speed are strong cases, indicating that the strong 

storm shows high probability in faster moving speed. In addition, the system motions of strong 

cases have more variability than weak cases. Yet, the mean system motions are similar. 

The storm propagation as shown in Figure 3. 37 (c) larger variability occurs at strong 

case as well. Nevertheless, the result shows that slightly faster propagation speed in strong cases 

than in weak cases. High similarity in of both system motion and storm propagation, 

demonstrate other factors need to be consider to investigate any regularity feature in Taiwan.   



41 

 

Chapter 4 Conclusions and Future Works 

4.1 Conclusions 

In this research, the entire SoWMEX/TiMREX dual-polarimetric radar data and 

sounding data were utilized. Based on Dixon and Wiener (1993) storm identification and 

tracking algorithms, Storm Motion Analysis by Radar Tracking (SMART) is proposed. By 

giving the reflectivity threshold, area threshold and speed threshold, storm analysis in 

Lagrangian description can be accomplished. A duration threshold and area threshold within 

the storm track were applied to preserve single convective storms. Finally, 38 cases were select 

to study the statistical characteristics of single cell storms and five of them for detailed 

discussion.   

The results are divided into three parts, (A) statistical characteristics, (B) detailed 

description of horizontal separation and (C) the statistical performance of motion vectors. The 

results are as below:  

A. Statistical Characteristics of 38 Cases 

1. A decrease signal can be seen in the distribution of maximum value of all 

dual-polarization parameters (𝑍𝐻𝐻, 𝑍𝐷𝑃, 𝑍𝐷𝑅 and 𝐾𝐷𝑃) divided by the time 

of maximum accumulative reflectivity. Illustrate the strength of storms do 

decline after the max. acc. 𝑍𝐻𝐻. (see Figure 3. 16) 

2. Only the distribution of vertical slope of 𝑍𝐷𝑅  appears the decrease signal 

after the maximum accumulative reflectivity time. Illustrate larger 

hydrometers shows more pronounced feature of falling behaver from radar 

data. (see Figure 3. 16) 
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3. After divided the values of vertical slope of DPM into 4 groups, most of the 

vertical slopes are located at the positive region. This is attributed to the height 

of the maximum value seldom locates just above the highest low-level bind 

zone. (see Figure 3. 18) 

4. Among all the parameters, the tendency of 𝑍𝐷𝑅  vertical slope shows 

pronounced negative value in group3. Illustrating larger size of drop does fall 

earlier than smaller size of drop. (see Figure 3. 18) 

5. From all the parameters, the 50th percentile of tendency of maximum value 

shows the most positive value in group2, and then make a sharp decrease to 

negative value in group3. Illustrating the strength of most of the storms 

changed significantly within 30-minutes before and after the max. acc. 𝑍𝐻𝐻. 

(see Figure 3. 17)  

6. There is a time lag between maximum accumulative 𝑍𝐷𝑅 and 𝐾𝐷𝑃 relative 

to max. acc. 𝑍𝐻𝐻 in strong cases. The peak acc. 𝐾𝐷𝑃 appears first before acc. 

𝑍𝐷𝑅 peak. This feature may potentially identify the transition of mature to 

dissipate stage of the storm. (see Figure 3. 19) 

B. Horizontal Separation of 5 Cases 

1. The storm propagation seems to increase from weak cases to strong cases. 

Attributed to the similarity of both speed and direction between cell motion 

and system motion.  

2. In stronger cases, longer time leg between max. acc. 𝑍𝐷𝑅 and max. acc. 𝐾𝐷𝑃 

will appears (two-time step difference). While weak cases only show one-time 

step or non-time step difference. 

3. The direction of 𝑍𝐷𝑅 and 𝐾𝐷𝑃 separation shows a high correlation with the 

direction of environmental mid-level wind (6 km). Indicate without the 
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sounding data, mid-level wind direction can be extrapolate by the direction of 

separation vector.  

4. The behavior of storm propagation and the storm relative wind shear showing 

an inconsistent characteristic in different cases. Illustrating more atmospheric 

boundary conditions need to be considered (e.g. atmospheric stability).  

C. Statistical Performance of Motion Vectors 

1. A low correlation coefficient between storm max. acc. 𝑍𝐻𝐻  and storm 

propagation illustrate the strength of storm is not the main reason of the speed 

of propagation. Explaining other factors need to be consider to study storm 

propagation. (see Figure 3. 36) 

2. Under the premise of similar cell motion, both speed and direction of system 

motion is the key to determining the magnitude of storm propagation.  

4.2 Future Works 

In this research, a preliminary investigation of the microphysics characteristics in both 

horizontal and vertical terms of storms were revealed. By investigating the various 

characteristics of structural evolutions, dynamic, microphysics processes, the results had shown 

the potential of diagnosing the storm development by utilizing dual-polarimetric parameters. 

Future works aim for both SMART and storm analysis are as follows:   

1. Storm split and merge need to be considered in the tracking algorithm of SMART.  

2. Develop a 3-Dimentional tracking algorithm of single radar of SMART.  

3. To verify the results, more single cell cases with complete life duration need to be 

applied.  

4. To study storm propagation, atmospheric conditions need to be considered. 

5. To study more detail convective storm in Taiwan, thermodynamic and topography 

need to be considered. 
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 Tables 

Table 1. 1  List of 47 cases 

Month date Start time End time Case # Storm id IOP # 

05 

19 2115 2252 1 06 1 

20 1254 1437 2 05 1 

21 0422 0552 3 08 1 

22 0345 0507 4 10 none 

22 0415 0522 5 22 none 

22 0540 0645 6 24 none 

22 2122 2307 7 05 none 

26 0609 0722 8 01 none 

28 2115 2237 9 37 2 

28 2215 2352 10 12 2 

29 1837 2037 11 07 2 

30 0515 0622 12 01 3 

30 1545 1700 13 08 3 

06 

01 1552 1730 14 02 none 

02 0624 0807 15 15 4 

03 0915 1037 16 04 4 

03 0915 1100 17 05 4 

03 1845 2022 18 04 5 

03 1845 2052 19 09 5 

03 1945 2052 20 18 5 

03 2152 2307 21 11 5 

04 0000 0122 22 16 5 

08 0837 1015 23 04 none 
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Month date Start time End time Case # Storm id IOP # 

06 

09 0552 0707 24 01 none 

09 0737 0900 25 03 none 

11 0700 0822 26 02 none 

11 0930 1215 27 04 none 

11 2152 2352 28 06 none 

13 1145 1330 29 01 7 

14 0000 0115 30 15 8 

15 1345 1530 31 03 8 

16 1322 1445 32 03 8 

16 1522 1600 33 08 8 

16 1852 2000 34 04 8 

17 0745 0907 35 07 8 

17 0800 0907 36 08 8 

17 0807 0922 37 11 8 

18 0252 0407 38 03 none 

18 2052 2300 39 07 none 

26 0352 0515 40 20 9 

26 1937 2115 41 25 none 

27 0622 0737 42 37 none 

27 1600 1722 43 03 none 

28 0231 0246 44 01 none 

28 0822 0930 45 24 none 

28 0852 1000 46 06 none 

28 0945 1100 47 30 none 
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Table 3. 1  Integration table of storm motions of 5 cases. 
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Figures 

Figure 1. 1  The time-height properties of cell 590 are shown here. Figure 1. 1 a-h show the time-

height evolution of Z, 𝑍𝐷𝑅, 𝐾𝐷𝑃, 𝜌ℎ𝑣, 𝐷𝑚, 𝑁𝑊, LMA_CC and DHCA. For Figure 1. 1 a-f, 

each grid box represents the magnitude of the variables at the same location of maximum Z of 

each time-height dimension for this cell. Figure 1. 1 g shows the integrated VHF lightning 

sources for this cell at each time-height dimension. Figure 1. 1 h shows hydrometeor 

classifications. Each panel title includes the specific UTC time of the cell shown in the figure 

when the cell is first detected. For instance, 201,606,111,854 means 18:54, June 11, 2016 and 

093 km/181o 32.82oN -101.83oW means this cell is first detected 93 km away from the KLBB 

radar with an azimuth angle of 181° located at 32.82oN -101.83oW.(Adopted from Hu et al. 2019) 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/hydrometeors
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Figure 2. 1  Location of NCAR S-POL radar. The distance between concentric circle is 50-

kilometers.  

Figure 2. 2  A schematic flow diagram of SMART. (a) A side view of radar volume scan. (b) 

Sketch map of data interpolated into Cartesion coordinate in different level. (c) 

Composite maximum reflectivity from CAPPIs into MOSAIC. (d) Simplified diagram 

of storm identification.  
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Figure 2. 3  A sensitivity test of both reflectivity thresholds and area thresholds in May 21th, 

2014 from CWB QPESUMES data. Color shaded represent each storm area. ‘x’ is the 

reflectivity weighted centroid of each storm. 
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Figure 2. 4  Schematic diagram of cell number and area in different reflectivity threshold. 

Color shaded represent different reflectivity area.  

 

 

Figure 2. 5  Based on Dixon and Wiener (1993) . A schematic diagram of 2-Dimensional 

storm identify with dual-reflectivity threshold is shown. Colored grids are the successful 

identification area. Numbers in colored grids represent the area identified by different 

reflectivity thresholds. ‘1’ for 30 dBZ and ‘2’ for 35 dBZ. 

(a) 

(b) 

(c) 
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Figure 3. 1  Time chart of IOPs and the corresponding weather conditions during SoWMEX.   
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Figure 3. 2  Daily cell number during SoWMEX in different storm types. (a) parent-cell (b) 

child-cell (c) cell-embed.  

 

 

 

 



57 

 

Figure 3. 3  Daily multiple cell distribution, numbers in log10 scale.   
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Figure 3. 4  Parent-cell area relative to cell max reflectivity.  

 

 

Figure 3. 5  Parent-cell area relative to child-cell number embed.  
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Figure 3. 6  Distribution of daily storm track life time. 

 

 

Figure 3. 7  Storm maximum area relative to storm life time. 
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Figure 3. 8  2008 SoWMEX daily storm track distributions. (a) Daily number of storm track 

with 30 dBZ reflectivity threshold. (b) Daily number of storm track with 30 dBZ 

reflectivity threshold and duration threshold. (c) Daily number of storm track with 30 

dBZ reflectivity threshold, duration threshold and area threshold. 
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Figure 3. 9  Storm track path of 47 cases. Numbers by the storm path are the case number. 

Detail descriptions of each storm are mention in Table 1. 1. 
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Figure 3. 10  Vertical section from the reflectivity weighted center along the x direction of 

case 30. From (a) to (k) are the different time period of the storm track.  
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Figure 3. 11  Time series of mean dual-polarimetric parameters with height. An example of 

developing storm. (a) 𝑍𝐻𝐻  (b) 𝑍𝐷𝑃  (c) 𝑍𝐷𝑅  (d) 𝐾𝐷𝑃 , shading is the mean value 

respectively. Height below the black dots represent the blind zone below the lowest 

elevation and height above the blue dots represents the blind zone above the maximum 

elevation at each time step. Accumulative values are shown as the pink lines, pink 

squares are the maximum accumulative time; The calculated vertical slope are shown 

as the light blue line, with the maximum dual-polarimetric value marked as the hollow 

triangle.  
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Figure 3. 12  Same as Figure 3. 11, but for an example of dissipation storm. 
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Figure 3. 13  Same as Figure 3. 11, but for an example of storm from developing stage to 

dissipation stage.   
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Figure 3. 14  Maximum value of mean dual-polarimetric parameters, sort by maximum 

accumulative reflectivity. Number at the left-hand side in each figure is the value of 

maximum accumulative reflectivity of each case; x-axis for time, y-axis for cases. (a) 

Maximum value of mean 𝑍𝐻𝐻 (b) Maximum value of mean 𝑍𝐷𝑃 (c) Maximum value 

of mean 𝑍𝐷𝑅 (d) Maximum value of mean 𝐾𝐷𝑃.   
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Figure 3. 15  Vertical slope of mean dual-polarimetric parameters, sort by maximum 

accumulative reflectivity. Number at the left-hand side in each figure is the value of 

maximum accumulative reflectivity of each case; x-axis for time, y-axis for cases. (a) 

Vertical slope of mean 𝑍𝐻𝐻 (b) Vertical slope of mean 𝑍𝐷𝑃 (c) Vertical slope of mean 

𝑍𝐷𝑅 (d) Vertical slope of mean 𝐾𝐷𝑃.  
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Figure 3. 16  Number density distribution of dual-pol parameters vertical slope and maximum 

value with the time relative to the maximum accumulative reflectivity time. From the 

top panel to the bottom panel are 𝑍𝐻𝐻, 𝑍𝐷𝑃, 𝑍𝐷𝑅 and 𝐾𝐷𝑃. Left column for vertical 

slope and right column for maximum value. 



69 

 

Figure 3. 17  Boxplot of maximum value and tendency of maximum value relative to max. 

acc. 𝑍𝐻𝐻 divided in 4 groups. Left column for maximum value and right column for 

maximum value tendency. Magenta lines are the connection of Q2. (a), (b) for 𝑍𝐻𝐻. (c), 

(d) for 𝑍𝐷𝑃. (e), (f) for 𝑍𝐷𝑅. (g), (h) for 𝐾𝐷𝑃.  
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Figure 3. 18  Boxplot of vertical slope and tendency of slope relative to max. acc. 𝑍𝐻𝐻 

divided in 4 groups. Left column for vertical slope and right column for tendency of 

slope. Magenta lines are the connection of Q2. (a), (b) for 𝑍𝐻𝐻. (c), (d) for 𝑍𝐷𝑃. (e), (f) 

for 𝑍𝐷𝑅. (g), (h) for 𝐾𝐷𝑃. 
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Figure 3. 19  Time distribution of maximum dual-polarimetric parameters relative to max. acc. 

𝑍𝐻𝐻 . Blue line for 𝑍𝐷𝑅 ; Red line for 𝐾𝐷𝑃 ; Magenta line for 𝑍𝐷𝑃 . (a) All cases. (b) 

Strong cases only. (c) Weak cases only.   
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Figure 3. 20  A conceptual model of 𝑍𝐷𝑅 and 𝐾𝐷𝑃 characteristics during storm evolution. 

X-axis shows the storm evolution; Left y-axis shows the approximately height and 

right y-axis shows the relative mean value of DPMs, black solid line for mean 𝑍𝐷𝑅 

value and black dash line for mean 𝐾𝐷𝑃 value. Orange (Blue) shading represent the 

percentage of time distribution of max. acc. 𝐾𝐷𝑃 (max. acc. 𝑍𝐷𝑅) relative to max. 

acc. 𝑍𝐻𝐻 time.  
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Figure 3. 21  Storm horizontal distribution of reflectivity during the storm track at 2-kilometer 

height of case 22. Shading represent reflectivity in dBZ. Blue dot line is the storm path. 

Green cross is the storm reflectivity weighted center. Blue and black contour lines are 

the enhance 𝑍𝐷𝑅 and 𝐾𝐷𝑃 region, with the center of enhance region shown as blue 

and black square respectively.   
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Figure 3. 22  Enhance 𝑍𝐷𝑅  and 𝐾𝐷𝑃  center path at different height of case 22. (a) 3-

kilometer height. (b) 2.5-kilometer height. (c) 2-kilometer height. 
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Figure 3. 23  Hodograph and vectors of case 22. (a) Hodograph of 00 UTC sounding data. 

Meaning of different vectors in (b), (c), (d), (e) and (f) are as below: Black color for cell 

motion; Red color for system motion; Blue color for storm propagation; Magenta color 

for separation vector; Light green color for wind shear between 0 to 6 km height; Grass 

green color for storm relative wind shear. Numbers behind are the speed of each vector.   
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Figure 3. 24  Same as Figure 3. 21, but for case 20. 
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Figure 3. 25  Enhance 𝑍𝐷𝑅  and 𝐾𝐷𝑃  center path at different height of case 20. (a) 3-

kilometer height. (b) 2-kilometer height. (c) 1-kilometer height. 
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Figure 3. 26  Same as Figure 3. 23, but for case 20. 
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Figure 3. 27  Same as Figure 3. 21, but for case 34. 
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Figure 3. 28  Enhance 𝑍𝐷𝑅  and 𝐾𝐷𝑃  center path at different height of case 34. (a) 3-

kilometer height. (b) 2-kilometer height. (c) 1.5-kilometer height. 
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Figure 3. 29  Same as Figure 3. 23, but for case 34. 
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Figure 3. 30  Same as Figure 3. 21, but for case 29. 
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Figure 3. 31  Enhance 𝑍𝐷𝑅  and 𝐾𝐷𝑃  center path at different height of case 29. (a) 4-

kilometer height. (b) 3.5-kilometer height. (c) 3-kilometer height.  

 

 

  



84 

 

Figure 3. 32  Same as Figure 3. 23, but for case 29. 
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Figure 3. 33  Same as Figure 3. 21, but for case 30. 
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Figure 3. 34  Enhance 𝑍𝐷𝑅  and 𝐾𝐷𝑃  center path at different height of case 30. (a) 3-

kilometer height. (b) 2-kilometer height. (c) 1-kilometer height. 
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Figure 3. 35  Same as Figure 3. 23, but for case 30. 
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Figure 3. 36  Distribution of storm propagation and maximum accumulative reflectivity of 38 

cases.   
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Figure 3. 37  Distribution of different vector, separated by storm strength. Parentheses in x-

axis present the number of weak and strong cases. (a) Cell motion (b) System motion 

(c) Storm propagation.  
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Appendix 

A.  Time height series of mean dual-polarimetric parameters of 17 weak cases  
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B. Time height series of mean dual-polarimetric parameters of 21 strong cases 
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