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ABSTRACT

Over Taiwan island with complex terrain, during the warm season (May–October)

under weak synoptic-scale forcing, afternoon thunderstorms are the main weather system,

and it is still faced the rigorous challenges to accurately forecast the thunderstorms on small

temporal and spatial scales. In this study, quality control of radar reflectivity data is the

primary procedure to accomplish since radar is the mainly dataset for identifying and

characterizing afternoon thunderstorms (TSA). Three years’ of radar reflectivity data from

four radars from 2005 to 2007 are analyzed and the reflectivity climatology is developed.

The climatology is applied in the construction of climatology–based hybrid scans to

minimize the impact of ground clutter and beam blockages.

The spatial and temporal characteristics and distributions of thunderstorms in Taiwan

during the warm season (May–October) from 2005–2008 and under weak synoptic-scale

forcing are documented using radar reflectivity, cloud–to–ground lightning, satellite,

radiosonde, and surface observations. Average hourly rainfall amounts peaked in

mid-afternoon (1500–1600 local standard time, LST). The maximum frequency of rain was

located in a narrow strip, along the lower slopes of the mountains and parallel to the

orientation of the mountains. Significant diurnal variations are found in surface wind,

temperature, and dewpoint temperature between days with and without afternoon
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thunderstorms (TSA and non-TSA days). Before thunderstorms occurred, on TSA days, the

surface temperature was warmer (about 0.3–2.4 °C) and the surface dewpoint temperature

was moister (about 1.6–2.8 °C) than non-TSA days. Sounding observations from northern

Taiwan also showed warmer, higher moisture, and smaller wind–speed conditions on TSA

days relative to non-TSA days. The largest average difference was in the 850–650 hPa layer

with values of 3.0–4.5 °C drier on non-TSA days. And, wind speeds on non-TSA days

between near surface and 6 km were 2–3 m s–1 stronger than on TSA days.

A fuzzy logic algorithm has been proposed to provide the objective guidance for the

prediction of TSA using these membership functions of preconvective factors. Features

functions of thunderstorms are derived from surface stations and sounding measurements

that highlight the preconvective characteristics of days with TSA that best differentiate them

from synoptically undisturbed days. There are total 28 membership functions and associated

weights in fuzzy logic approach are derived and determined based on the optimization of

the critical success index (CSI). The results quantitatively illustrate that synoptically

relatively warmer and moister conditions, sea breezes transport moisture into the inland, and

weak winds in the inland provide the proper conditions in inducing afternoon convective

activity. In addition, the relatively simple persistence rule is also useful for prediction of

afternoon thunderstorms, i.e., there is high probability that afternoon thunderstorms occur
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consecutively for a few days when the environmental conditions are right. Evaluation with

the validation dataset (2009–2010) suggests that the fuzzy logic algorithm has the capability

to integrate the preconvective factors and provide the probability guidance for the

predictions of TSA, and the highly predictive potential that could be implemented in

real-time operations.

Key words: reflectivity climatology, hybrid scan, afternoon thunderstorm characteristics,

preconvective factor, fuzzy logic, membership function.
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摘 要

台灣地區在弱綜觀環境條件下的暖季，午後對流(afternoon thunderstorm, TSA)為其

主要的天氣型態，而其準確的時空預報極具挑戰性。由於雷達資料為本研究主要定義

與特徵化午後對流之資料，為避免非氣象回波影響本研究分析結果，尤其在具複雜地

形的台灣地區，故其品質控制(quality control, QC)為首要進行目標。本研究利用三年

(2005–2007)的氣象局屬四座雷達回波資料建立其氣候統計資訊並結合地形以及其各

掃描策略，所架構之各雷達具氣象條件影響之合成仰角(hybrid scan)，經評估可有效去

除受地形雜波(ground clutter)及地形遮蔽(beam blockage)效應所影響之回波資料。

利用上述經 QC 的雷達資料，以及雲對地閃電、衛星、探空和地面氣象站等資料，

探討在弱綜觀環境條件下共四年(2005–2008)的暖季(5–10 月)午後對流特徵。在此期

間，平均時雨量顯示其最大降雨量發生於 1500–1600 LST (local standard time)間，而降

雨的最大發生頻率則是侷限於平行於山脈走向的低斜坡帶上。進一步利用經 QC 的雷

達資料將弱綜觀環境再區分為有發生午後對流(TSA days)及無發生午後對流(non-TSA

days)兩類，其地面平均風向、溫度及露點溫度均呈現明顯差異。在 TSA days 期間，其

對流前環境(preconvective environment)於近地面層具有相對較 non-TSA days 而言較暖

(約 0.3–2.4 °C)及較濕(約 1.6–2.8 °C)的環境。探空除了顯示整層也有較為濕暖及較小風

速的環境條件外，於 850–650 hPa 層間，露點差異在 TSA days 與 non-TSA days 間，可

高達 3.0–4.5 °C。

這些對流前的環境差異(預報因子)，可做為模糊邏輯算則(fuzzy logic algorithm)之

隸屬函數(membership function)，提供 TSA的客觀預報。由地面測站與探空資料所得的

預報因子之特徵函數，可強調在 TSA days 與 non-TSA days 期間的對流前特徵差異。本

研究建立的客觀預報 TSA之 fuzzy logic 方法，整合 28 個隸屬函數，並根據最佳化臨

界成功指數(critical success index, CSI)得其權重。這些權重可定量描述對流發生前相對

較暖濕的綜觀環境、海風傳送水氣至內陸，以及內陸的弱風速等，皆為提供有利發展

午後對流活動的條件。除此之外，持續性預報法(persistence forecast)亦可視為預報 TSA
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的參考預報因子。經兩年(2009–2010)暖季(5–10 月)之個案進行驗證並評估，顯示此客

觀預報 TSA的 fuzzy logic 方法可整合弱綜觀環境所呈現之各項對流前環境參數特徵，

提供 TSA的機率性預報，未來可進ㄧ步運用於作業中。

關鍵詞：回波氣候統計，合成仰角，午後對流特徵，對流前環境特徵，模糊邏輯算則，

隸屬函數。
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Chapter 1 Introduction

Convective weather phenomena, and especially intense thunderstorms, occupy a very

important part of a weather service forecast and warning responsibilities. The prediction of

thunderstorms (if, where, and when thunderstorms will occur) is one of the most difficult

tasks for a weather forecaster. It is particularly challenging to forecast thunderstorms in

Taiwan, which is a mountainous island characterized by the Central Mountain Range (CMR)

running across most of it in a north–northeast to south–southwest orientation at an average

height of about 2 km (Fig. 1.1). Mountains not only generate local circulations but also

interact with large-scale low-level winds to produce localized rain showers (Akaeda et al.

1995; Li et al. 1997). The sea–land breeze and anabatic–katabatic flows are important in

moistening the boundary layer to provide favorable conditions for the initiation of afternoon

thunderstorms (Johnson and Bresch 1991; Chen and Li 1995). Hence, in the complex terrain

of Taiwan, the orographic effects play a significant role on the spatial rainfall variations

throughout the year (Chen and Chen 2003). During the summer months in Taiwan, most of

the convection is triggered by diurnal heating, thus the contrast in rainfall occurrence between

daytime–nighttime is the largest during the summer (Kerns et al. 2010).

Jou (1994) found that thunderstorms in northern Taiwan initiated on the mountain peaks

and propagated down the terrain slope and brought heavy rain to the basin and plain areas.

Down slope propagation was aided by the storm outflows moving down the mountains



2

colliding with mountain upslope winds. In addition, major intensification occurred when the

outflows collided with the sea breeze near the base of the mountains. Convective activity

enhances when mountain-induced flows collide with thunderstorm outflows have been noted

be several studies (Szoke et al. 1985; Wilson and Schreiber 1986). As a result, the maximum

storm activity, during the afternoon, often occurs along the windward slopes of the mountains

rather than at higher elevations farther inland (Johnson and Bresch 1991; Lin and Kuo 1996;

Chen et al. 2001).

Thunderstorms can produce lightning, high winds, heavy rainfall, damaging hail, and

tornadoes, which lead to loss of property and human life (Huntrieser et al. 1997; Changnon

2001). However, it is still faced the rigorous challenges to accurately forecast the

thunderstorms on small temporal and spatial scales due to not well-resolved observational

data (Weckwerth 2000) and numerical models (Lynn et al. 2001). In order to provide

guidance for forecasting the occurrence of thunderstorms, some preconvective indices based

on thermodynamic and kinematic features have been proposed (Fuelberg and Biggar 1994;

Huntrieser et al. 1997). The general preconditions for the initiation of thunderstorms are well

known and have been summarized by, for example, Doswell (1987) and Johns and Doswell

(1992): 1) conditional instability, 2) a moist layer of sufficient depth in the lower or

midtroposphere, and 3) a source of lift to initiate the convection. Some researches (e.g.,

Shafer and Fuelberg 2006; Saxen et al. 2008) have also used thunderstorm climatologies
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based on reflectivity and lightning data to improve the accuracy of forecasting the timing and

location of thunderstorms.

Although aforementioned studies have shown the capabilities of individual

preconvective factors to assess occurrences of afternoon thunderstorms, it is expected that the

accuracy of temporal and spatial predictions would be improved if the information from these

factors and thunderstorm climatology could be simultaneously integrated. In practice, an

adequate tool to straightforwardly and reasonably integrate all preconvective factors is

essential and important to quantitatively provide the forecast information in real-time

operations. Fuzzy logic is conceptual and valuable tool that can be used to bypass the

difficulties of establishing complex relationships between weather systems and

pre-environmental features. The technique has the potential to be applied in linear and

nonlinear control systems (Klir and Folger 1988; Kosko 1992) and has been extensively

utilized in mesoscale meteorology, for example, measures of the boundary layer depth

(Bianco and Wilczak 2002) and prediction of storm initiation, growth, and dissipation with

combining predictor fields (Mueller et al. 2003).

Although previous studies (e.g., Chen et al 1999; Chen and Chen 2003; Kerns et al.

2010) have analyzed the characteristics of heavy rainfall in Taiwan, specific studies about

space–time distributions of afternoon thunderstorms is limited owing to the absence of a

dense data network and long-term data collection. The purpose of this study is to investigate
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the characteristics of afternoon thunderstorms on the island of Taiwan during the warm

season (May–October from 2005–2008) for days when synoptic forcing was weak and to

develop a flexible algorithm based on fuzzy logic concepts for northern Taiwan to provide

early assessment and prediction of afternoon thunderstorms. In this study, Radar will be the

primary dataset for examining the characteristics of convective activity of small

spatiotemporal distribution to provide more comprehensive and higher–resolution

observation. Radiosonde and surface station data are used to investigate differences in the

preconvective environment between thunderstorm and non-thunderstorm days and

characterize the predictors of convection. The next chapter describes the data and

methodology. After the reflectivity climatologies of 3 yr (2005–2007) from four radars are

analyzed, the climatology applied in the construction of climatology–based hybrid scans to

minimize the impact of ground clutter and beam blockages and the assessment on radar QPE

are described in chapter 3. The spatial and temporal variations of thunderstorms which are

characterize with radar and lighting datasets in different parts of Taiwan and the

preconvective environments on days with and without afternoon thunderstorms are presented

in chapter 4. Following the results of chapter 4, in chapter 5, a statistical observations–based

approach tries to give some useful insights into the physical characteristics of thunderstorms

and their preferred environments to the initiation of thunderstorms over Taiwan Island, that

includes membership functions for the fuzzy logic and the associated procedures for optimal
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weights are constructed. The fuzzy logic algorithm is developed to provide early assessment

and prediction of afternoon thunderstorms and is designed to simplify the problem of

forecasting thunderstorm occurrence in northern Taiwan. Conclusions and future work are

provided in chapter 6.
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Chapter 2 Data and methodology

In this study, in order to assure that the selected cases represent the impacts of local

factors, cases influenced by synoptic-scale perturbations (fronts, tropical cyclones, etc.) are

eliminated based on examination of daily weather maps and weather outlooks issued by the

Central Weather Bureau (CWB). Accordingly, from the 4 yr (2005–2008) of warm season

(May–October) data, 277 days (Table 2.1) out of a total of 736 are selected as synoptically

undisturbed days.

On undisturbed days, rain gauge data are used to examine the spatial and diurnal

distribution of rainfall amounts. Radar reflectivity and cloud-to-ground (CG) lightning data

are used to investigate the spatial and temporal variability of rainfall. The climatological

genesis regions of afternoon thunderstorms are tracked by utilizing the visible and infrared

channels on the Multi-Functional Transport Satellite (MTSAT) with grid resolutions of 1.25

km and 4.5 km, respectively. Surface station data and radiosonde observations from Panchiao

are used to analyze the variations in local-circulation and large-scale atmospheric conditions

favorable for the development of thunderstorms. The distributions of radar sites, surface

observation stations, rain gauges, sounding sites, and lightning sites are shown in Fig. 1.1.

Radar data are collected from four operational S–band Doppler radars—Wu-Fan San

(RCWF), Hual-Lien (RCHL), Chi-Gu (RCCG), and Ken-Ting (RCKT). The radars were

installed by the CWB of Taiwan and the data has been available since 2001. Due to the



8

complex terrain and radio interference in Taiwan, some special scan strategies are used in the

CWB’s radar operations. There are two major mountain ranges in Taiwan, one is the Snow

Mountain Range (SMR) in northern Taiwan that stretches southwest–northeast. And the other

is the CMR that stretches south–north across most of Taiwan (Fig. 1.1). The CMR has an

average elevation of more than 2000 m with the highest peak close to 4000 m above mean

sea level (MSL). As a result, ground clutter and beam blockage problems are acute for all

radars. For avoiding interfered returns directly from the topography, electromagnetic wave

emissions are turned off for some sectors of RCHL and RCKT radar (Table 2.2). Most of

ground clutters and heavy electronic interferences from military radar are removed in the

signal processing of RCCG at the lowest two tilts, yet they still exist in the 3rd and 4th tilts.

These complex scan strategies can limit the effectiveness of some existing radar data quality

control (QC) algorithms that depend on vertical reflectivity gradients (e.g., Kessinger et al.

2003, Zhang et al. 2004, Lakshmanan et al. 2007).

The reflectivity observations from the individual radars are then combined to generate

3–D reflectivity mosaic grids (Zhang et al. 2005). The mosaic grid has a spatial resolution of

0.0125° on the longitude–latitude coordinate system and a 10–minute update cycle. Before

the mosaic is obtained, reflectivity data is QCed (Chang et al. 2009 and chapter 3) to remove

non-precipitation echoes. The complex terrain around the radars results in beam blockage in

some directions and ground clutter in other directions and creates difficulties in using radar to
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characterize thunderstorms over the CMR and eastern Taiwan. Chang et al. (2009)/chapter 3,

following the procedures of previous studies (Krajewski and Vignal 2001; Overeem et al

2009), conducted a comprehensive study using the Taiwan radars and rain gauges to identify

radar beams that are blocked or partially blocked by terrain. Chang et al. (2009)/chapter 3

used radar reflectivity data from the four CWB radars and rainfall data from at least 370 rain

gauges for the 3 year period from 2005 to 2007. The radar reflectivity climatology can

capture persistent clutter and electronic interference features and help the QC performance.

The radar reflectivity climatology is used to identify the blocked beams and produce

climatology–based hybrid scans for each radar. Hybrid scans are a set of radar bins, from the

lowest elevation angle, that do not have significant blockage or clutter (O’Bannon 1997;

Maddox et al. 2002). In the current study, reflectivity observations are QCed by the

climatology–based hybrid scans constructed by Chang et al. (2009)/chapter 3.

Cloud–to–ground (hereafter CG) lightning data are obtained from the Vaisala Total

Lightning Detection System (TLDS), provided by the Taiwan Power Company (TPC), and

used along with radar observations to investigate the convective features of thunderstorms

(e.g., Watson et al 1994). The technique chosen was to determine if CG–lightning flashes

were associated with a given thunderstorm. QCed reflectivity data combined the

CG–lightning is then used to identify and characterize afternoon thunderstorms.

Data including surface stations and sounding observations during the warm season
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(May–October) from 2005–2008 are analyzed in this study to highlight the preconvective

characteristics of afternoon thunderstorms and construct the algorithms to quantitatively

access the probability of occurrence of afternoon thunderstorms. The membership functions

for the fuzzy logic are derived from the individually observed preconvective parameters and

the proper weights for these membership functions are also determined based on optimizing

the skill score CSI (Critical Success Index, Donaldson et al. 1975) during calculations. There

are two observed datasets collected in the analysis, one (calibration dataset, May–October

from 2005–2008) is used to develop the fuzzy logic algorithm, and the other (validation

dataset, May–October from 2009–2010) is used for the performance evaluation of fuzzy logic

algorithm on the prediction of afternoon thunderstorm.
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Chapter 3 Reflectivity climatology in constructing radar

hybrid scans

The hybrid scan of a radar is the lowest radar bins that do not have significant

blockages or clutter contaminations (O’Bannon 1997; Maddox et al. 2002). These radar bins,

possibly from different tilts at different locations, consist of a 2–D polar grid. These standard

‘‘terrain–based’’ hybrid scans have been shown to effectively mask the significant blockages

and have been widely used in operational radars (Fulton et al. 1998) and also for improving

quantitative precipitation estimation (QPE) in complex orography (Morin and Gabella 2007).

However, the beam blockage information in these algorithms was based on standard (normal

refraction) beam propagations and only accounted for the main lobes. The actual blockages

and clutter distributions can deviate largely from these assumptions due to anomalous

propagations (AP, including sub refraction, super refraction, and ducting), radio interference,

clutter contaminations from side lobes, as well as clutter from trees and manmade objects

(e.g., buildings, telecommunication towers, wind farms), etc, these non-standard refraction

conditions are not included in standard terrain–based hybrid scan.

Reflectivity climatology has been used to study spatial distributions of precipitation in

different geography regions (e.g., Kuo and Orville 1973; Steenburgh et al. 2000; Heinselman

and Shultz 2006). It was also used to build rainfall detection maps (e.g., Krajewski and

Vignal 2001) to account for beam blockages that were not represented under standard
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propagation conditions. Further, the reflectivity climatic maps can show clutter occurrences

in real atmospheric environments, whether beam propagations are under a standard or a

non-standard refraction conditions. These aforementioned studies suggest that the reflectivity

climatology can be useful over complex terrains where radar based QPE are often

problematic due to ground clutter and blockages.

3.1 Radar reflectivity climatology

The radar reflectivity climatology in this study is defined as the frequency of occurrence

of reflectivity (FOR) higher than a certain threshold, and it is calculated on a pixel–by–pixel

basis in the radar (spherical) coordinates (Krajewski and Vignal 2001). The values of FOR

range is from 0 to 1, with 1 representing where echoes are detected all the time (e.g., power

returns from a tall building or mountain), and 0 indicating that no echoes higher than the

threshold is ever detected (e.g., behind an object that completely blocks the radar beam). The

FOR fields for the lowest five radar–observation elevation angles (i.e., 0.5, 1.5, 2.4, 3.4 and

4.3 degrees) and sixteen thresholds (i.e., from –10 to 65 dBZ with 5 dBZ intervals) are

calculated for the four CWB radars using real-time reflectivity data since 2005. Table 3.1

summarizes the data used in the current radar climatology study. Reflectivity data were

generally available every 6–10–min, and more than 140,000 volume scans from each radar

site (Table 3.1) were obtained in the 3 yr (2005–2007) used for this study. The long–period
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data set is comparable to previous studies of radar climatology such as Krajewski and Vignal

(2001) and Berenguer et al. (2006).

Figure 3.1 shows FOR (≥ 0 dBZ) maps of the four radars on the first tilt. Sea clutters

are evident for all radars with high FORs in the ocean sectors. For RCWF radar (Fig. 3.1a),

sea clutter rings centered near 60–km range are apparent from southeast to northwest with

FORs greater than 15 %. A large sector to the south and southwest of the radar was blocked

by the SMR because of its high peaks. Ground clutters were also found near the radar as well

as along the ridge of the Snow Mountain. Some scattered high FORs were located at

southeast coast of Mainland China about 300 km from RCWF radar (Fig. 3.1a). These high

FORs occurred much more often in warm season than in winter (Figs. 3.2a and 3.2b). The

features are possibly related to AP associated with temperature inversions and moisture

gradients in the boundary layer (Steiner and Smith 2002), and the seasonal variation is

consistent with the climatological studies of sounding data by Babin (1996) and Steiner and

Smith (2002). The sea clutter features existed for all seasons with the most severe in winter

(Fig. 3.2b). This may be related to strong winds associated with the northeastern monsoon in

this season (Chen and Chen 2003).

Figure 3.1b shows the FOR distribution for RCHL radar. The most significant feature is

the sea clutter to the east of the radar site, which exhibited an elliptical-fan shape with the

long axis parallel to the coastline. A narrow beam blockage wedge to the northeast of the
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radar was resulted from a tall building near the radar. According to the scan strategy (Table

2.2), the FOR should be void on the mountainside west of the radar. But low FOR values still

existed because of some radio interferences from other radars with the same wavelength and

some powers reflected by terrain. The similar sea clutter feature as RCWF radar in summer

and winter could also be found in the observation of RCHL radar (Figs. 3.2c and 3.2d).

A large sector of low FOR values to the east of RCCG radar (Fig. 3.1c) was a result of

clutter suppression algorithm (Joe et al. 1995) employed in the signal processing of the radar

for the first two tilts. The suppression was turned off at 2.4 degrees resulting in ground clutter

echoes around the radar site and in high areas of the CMR. The clutter area associated with

the mountains was quite large and could show in tilts up to 4.3 degrees (5th, not shown).

Nevertheless, the slight stronger frequency of sea clutter observed from RCCG radar mainly

caused in winter season with northeastern monsoon due to the more off–shore wind existed

(Figs. 3.2e and 3.2f). A sector of silence (Table 2.2) was also implemented for RCKT radar to

avoid radiation hazards to the people living to the north of the radar. The sector was shown in

the reflectivity climatology as a low FOR area in Fig. 3.1d. Significant sea clutter was also

observed by RCKT radar (Fig. 3.1d) due to its low altitude and proximity to the seashore. In

addition, the northerly mountainous areas are quite close to the RCKT radar and the seashore,

and it resulted in the higher frequency around seashore observed in winter with the stronger

down-slope wind due to the northeastern wind (Figs. 3.2g and 3.2h).
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3.2 Construction of hybrid scans using reflectivity climatology

The reflectivity climatology (FOR) at any given location is related to whether there is

precipitation or non-precipitation echo at the location. If all the echoes detected at the

location are rain, then the expected range of FOR values should be close to those of the

rainfall climatology (frequency of occurrence of precipitation, FOP) (Steenburgh et al. 2000).

The FOP in the current study is computed from observations of a dense rain gauge network of

at least 370 stations at a 10–min time interval. If the FOR at any point is lower (higher) than

the homogeneous FOP in a statistical sense, then the radar bin at the point is considered to be

blocked (clutter). Due to large seasonal variability of rainfall over the Taiwan Island (Chen

and Chen 2003), maps of FORs and FOPs are compared for different seasons. Clutter and

blockage distributions are analyzed based on FOR–FOP comparisons and the information is

then used in radar modified (climatology–based) hybrid scans.

3.2.1 Rainfall climatology

Figures 3.3 and 3.4 show the rainfall accumulations and FOP distributions in Taiwan

during the period of 2005 to 2007. The distributions were obtained using an inverse

distance–weighting function with a 30–km radius of influence. The rainfall threshold for FOP

analysis was 0.5 mm, which was the minimum detectable rainfall amount for all gauges.
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During winter (December–February) (Fig. 3.3d), most of rain fell in a narrow area at the

northern tip of Taiwan, and there was little in the southwest plains. The wintertime FOP (Fig.

3.4d) showed similar patterns with a maximum of 15 %. In spring (March–May) (Fig. 3.3a),

the rainfall area covered most of central and northwestern Taiwan with the maximum of

~5000 mm in the central region. Similar patterns were found in the FOP (Fig. 3.4a) with a

maximum of ~12 %. In summer (June–August) (Fig. 3.3b), heavy rainfall of 5000 mm or

more covered most of the mountain areas, especially at central and southern CMR where the

3–year total reached 8000 mm. Similar patterns were found in the FOP (Fig. 3.4b) with a

maximum of about 15 %. The heavy rainfalls were mainly from Mei-Yu fronts (early

summer), typhoons, and local rain showers during summer time. There was least rainfall in

fall season (September–November) (Fig. 3.3c), and the high rainfall amounts and FOPs

shifted toward the northeastern Taiwan. The highest rainfall is about 2000 mm (Fig. 3.3c) and

FOP is about 13 % (Fig. 3.4c). These characteristics of seasonal rainfall distributions are

consistent with the study of Chen and Chen (2003) who documented that due to the presence

of the CMR, the regional rainfall climate over the island was strongly dependent on the

direction of low-level prevailing flows with much higher rainfall on the windward side.

3.2.2 Climatology–based hybrid scan

The FOP analysis is compared with the FORs (with 5 dBZ intervals) for the lowest five
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tilts of each radar. Areas with high frequencies of clutter and beam blockages are identified.

The clutter and blockage climatology is then used to refine the standard hybrid scans, which

is based on scan strategies and terrain only and assuming standard propagations (O’Bannon

1997). The new hybrid scan will be called “climatology–based” hybrid scans herein.

If the FOR at a radar bin is much lower (higher) than the corresponding FOP, then the

bin is considered being potentially blocked (clutter contaminated) and the radar bin on the

next higher tilt should be used in the hybrid scan. An initial threshold for difference between

the FOP and FOR is set to 10 %. Any radar bin with |FOR–FOP| ≥ 10 % is marked as a “bad”

bin and the corresponding radar data should be subject to removal when constructing the new

hybrid scan.

For areas with |FOR–FOP| < 10 %, two additional variables are examined to further

identify areas of clutter contaminations. One variable is the texture of FOR (TFOR) and the

other is the vertical gradient of FOR (VFOR) (Kessinger et al. 2003; Zhang et al. 2004). The

TFOR is the mean squared difference between adjacent FOR values along a radial, i.e.,

TFOR 

(Pi, j  Pi, j1)
2

i1

rays


j1

gates



N (3.1)

where i and j are indices of radar bins in azimuth and range directions, respectively. P

represents FOR values, and N is the number of points for calculation. The default size for the

computational box is 5 rays by 5 gates. All radar gates with TFOR values greater than a
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threshold (default value is 0.01) are considered contaminated by clutter echoes and should be

excluded when constructing the new hybrid scan.

The VFOR field is calculated as the following:

VFOR 
(Pu  P)

(Hu  H) (3.2)

where P is the FOR value under examination; Pu is the FOR value on the next higher tilt. H

and Hu are the heights associated with P and Pu, respectively. All radar bins with VFOR

values larger than a threshold (default value is –0.05 km–1) are considered significantly

blocked and/or contaminated by clutter. The radar bins at the next higher tilt should be used

in the climatology–based hybrid scan instead.

Figure 3.5 shows the hybrid scans before and after the reflectivity climatology is

applied. Based on the standard propagation, the 3rd tilt of RCWF radar is completely free of

blockage (Fig. 3.5a). Also, the 1st tilt is clearing the ground near the radar. However, the

climatology–based hybrid scan goes up to the 5th tilt at the southwest of the radar and even 6th

tilt near the radar at some scattered spots (Fig. 3.5b). For RCCG radar, the standard hybrid

scan is fully under the 4th tilt (Fig. 3.5e), while the reflectivity climatology indicates that it is

not until the 4th and 5th tilts where the radar is free of significant ground clutter and blockages

near the CMR (Fig. 3.5f). In addition, the climatology–based hybrid scan reaches the 4th to 6th

tilts within tens of kilometers of the radar to avoid heavy electronic interferences.

Furthermore, for RCHL and RCKT radars, the complex scan strategy (Table 2.2) caused the
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inconspicuous different between terrain–based and climatology–based hybrid scans except

some area in the mountainous areas (Figs. 3.5c, 3.5d, 3.5g ,and 3.5h). These non-precipitation

echoes were captured by the reflectivity climatology but not reflected in the terrain–based

hybrid scan.

Climatology–based hybrid scan heights from the four radars are mosaiced to assess the

radar coverage in Taiwan area. Figure 3.6 shows that most detective region over Taiwan

Island was mainly covered by RCWF and RCCG radars that means weather systems over

Taiwan Island would be principally detected from the two radars. At any given location, the

lowest hybrid scan height among all radars is chosen. The mosaiced standard hybrid scan

height field (Fig. 3.7a) is within 1 km above ground level (AGL) in northern and

southwestern Taiwan. In eastern part of Taiwan, the hybrid scan height is about 3–6 km,

mostly in the valley area south of RCHL radar. After the reflectivity climatology was applied

(Fig. 3.7b), the hybrid scan height in central western Taiwan increased from 1 km to about

3–4 km with some areas reaching 5–6 km. In eastern Taiwan, the hybrid scan height is mostly

3–5 km with a maximum of 6–7 km in the valley south of RCHL radar. It has been

recognized that the non-uniform vertical profile of reflectivity (VPR) is a major error source

in radar QPE (e.g., Bellon et al. 2005). The result in Fig. 3.7b suggests that the current

weather radar network in Taiwan is not adequate for QPE in the central and eastern areas.

Additional radars or other observational data are needed to fill the gaps in these regions.



20

3.3 Evaluation

To evaluate the impact of the reflectivity climatology, FOR fields are created on

climatology–based hybrid scans with different reflectivity thresholds ranging from 5 to 25

dBZ. Root–mean–square errors (RMSE) and coefficients of determination (COD) between

FOPs and corresponding FORs of different reflectivity thresholds are calculated for different

seasons, and the results are summarized in Table 3.2. The RMSEs between the standard

hybrid scan FORs and FOP are significantly larger than those of the climatology–based

hybrid scan (Table 3.2), showing advantages of using the reflectivity climatology in reducing

the impact of climatology–based blockages and ground clutter.

Further analysis indicates that the explained variance between the FOP and the FOR is

only 15 % in fall for 5 dBZ threshold (Table 3.2). As the threshold increases, the COD

improves and the RMSE decreases until the threshold reaches 25 dBZ. The 15 dBZ thresholds

gave the least error between the hybrid scan FORs and FOP in winter, and the 20 dBZ

thresholds resulted in better correlations and smaller errors in spring and summer. In summer,

20 dBZ threshold gave the minimum RMSE (1.39 %), while 25 dBZ gave the best explained

variance (76 %). This implies that the rain/no rain threshold of reflectivity is higher in warm

season and lower in cool season. The warm season precipitation system may contain more

large raindrops than in cool season because of stronger updrafts. The larger drops are

associated with higher reflectivities, and therefore a better correlation between the FOP and
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FORs at higher reflectivity thresholds in warm season than in cool season. Based on the

minimum RMSEs in Table 3.2, a reflectivity threshold of 15 dBZ could be used as a guidance

for rain/no rain segregation in winter and 20 dBZ in spring to fall.

Figure 3.8 shows mosaiced FOR fields (≥ 20 dBZ) on the terrain–based and

climatology–based hybrid scans in spring and summer seasons. The terrain–based hybrid

scan FORs (Figs. 3.8a and 3.8c) showed many discontinuities and spurious high values on the

tops of the SMR and southern part of the CMR that are not found in the FOPs (Figs. 3.4a and

3.4b). Erroneous low FORs are found in southwestern plain and part of central Taiwan as a

result of beam blockages and clutter suppressions employed in RCCG radar. Similar

discontinuities are also found in other seasons (not shown). The FORs from the

climatology–based hybrid scans (Figs. 3.8b and 3.8d) showed much more continuous

distributions than the terrain–based hybrid scan FORs (Figs 3.8a and 3.8c). In addition, in

summer, the climatology–based hybrid–scan FOR pattern (Fig. 3.8d) is consistent with the

FOP pattern (Fig. 3.4b) with two well defined maximum areas.

Figure 3.9 shows 3-yr rainfall accumulations derived from the archived FORs on the

terrain–based and climatology–based hybrid scans. The FORs were segregated for different

reflectivity categories ranging from –10 to 65 dBZ with 5 dBZ intervals. Rain rates were

calculated from the middle value of each reflectivity categories using a standard Z–R power

law relationship of Z=300R1.4 (e.g., Battan 1973; Doviak and Zrnic´ 1984). The rates were
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then accumulated for the 3-yr period based on FOR values at each point on the hybrid scans.

Similar to the FOR analysis in Fig. 3.8, the rainfall fields from the climatology–based hybrid

scan (Figs. 3.9b and 3.9d) showed a much more realistic distribution than that of the

terrain–based hybrid scan (Figs. 3.9a and 3.9c). The maximum rainfall was about 3000 mm in

central Taiwan in spring (Fig. 3.9b) and 7000 mm in southwestern part of the CMR in

summer (Fig. 3.9d). In general, the maximum rainfall amounts from the radar QPE are

systematically lower than the gauge observation (Figs. 3.3a and 3.3b). The underestimation

are mainly due to the limitations of radar observation, such as the higher beam height (Fig.

3.7b) with non-uniform VPRs (Bellon et al. 2005) and the improper Z-R relationship (Ulbrich

and Lee 1999; Amitai 2000).

3.4 Summary

Three years’ of radar reflectivity data from four radars in a complex terrain area

(Taiwan) from 2005 to 2007 were analyzed and the reflectivity climatology was developed.

The climatology was applied in the construction of climatology–based hybrid scans to

minimize the impact of ground clutter and beam blockages. The reflectivity climatology

showed significant seasonal variations and captured distributions of ground/sea clutters, beam

blockages, and anomalous propagations in addition to precipitation systems in the radar

domains.
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By comparing the reflectivity climatology with gauge observations, it was found that 15

dBZ was a good approximation for rain/no rain segregation in cool season and 20 dBZ in

warm season. Comparisons between the standard (i.e., based on terrain and scan strategies

only with the assumption of standard propagations) and climatology–based (i.e., standard

plus the clutter and blockage mitigation using reflectivity climatology) hybrid scans showed

that the former did not accurately reflect the clutter and blockage distributions in the real

atmosphere. The application of reflectivity climatology was shown to significantly reduce the

impact of clutter and blockages and provided improved radar QPE over Taiwan Island with

complex terrain.
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Chapter 4 Afternoon thunderdtorm characteristics under

weak synoptic-scale forcing

The combined 3–D reflectivity mosaic grids using a standard “terrain–based” and a new

“climatology–based” refraction conditions (section 3.2) are further used to identify and

characterize afternoon thunderstorms on 277 undisturbed days (identified in chapter 2).

4.1 Overview — distributions of rainfall, reflectivity, and CG lightning

Figure 4.1 shows the total accumulated rainfall for the 277 undisturbed days. It was

created by using an inverse distance–weighting function with a 30–km radius of influence.

The areas in which the total rainfall accumulation exceeds 1000 mm are primarily located on

the western side of the SMR and the CMR (dashed lines in Fig. 4.1a). According to the

general orientation of the SMR and CMR and concerning the interaction between local

circulations and synoptic environment over the more gradual western–slope, the local

maximum–rainfall regions as indicated A–D in Fig. 4.1 are selected to further discuss the

statistical characteristics of geographical distributions, intensity changes and movements of

convective activity in these next sections. A local maximum rainfall of about 3500 mm (A in

Fig. 4.1a) was formed on the slope of the middle portion of the CMR. Secondary maxima of

about 2400 mm were located at areas B and C, which were on the western slope of the

southern CMR and the northern tip of the CMR, respectively. Another local maximum (D in
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Fig. 4.1a) of approximately 1800 mm was located on the west slope of the SMR. Overall,

there was much less rainfall in coastal areas.

Figure 4.1b shows the hourly average rainfall. The hourly average rainfall increased

significantly during the afternoon (1200–2100 LST) and reached a maximum between 1500

and 1700 LST. This afternoon maximum suggests that the rainfall is associated with

thunderstorms. This has also been reported by Johnson and Bresch (1991), Lin and Kuo

(1996) and Chen et al. (2001). In this study the frequency of occurrence of reflectivity and

lightning above set thresholds are used to construct diurnal climatology maps of

thunderstorms during undisturbed days.

Radar reflectivity climatology maps have been used to study spatial distributions of

precipitation in other regions (Kuo and Orville 1973; Steenburgh et al. 2000; Heinselman and

Schultz 2006). Here, radar reflectivity equal to 40 dBZ is used as the lowest threshold for

defining the presence of a thunderstorm (Reap 1986; Dye et al. 1989; Reap and MacGorman

1989; Toracinta et al. 1996; Tapia et al. 1998; MacGorman et al. 2008). A reflectivity

threshold of ≥ 40 dBZ is considered a reasonable criteria for convective activity (Livingston

et al. 1996) as it has been shown to distinguish between convective and stratiform rain (e.g.,

Rickenbach and Rutledge 1998; Parker and Knieval 2005).

To produce the radar reflectivity climatology maps, the frequency of occurrence of

reflectivity ≥ 40 dBZ for each 0.0125 deg (grid point) at 10–min intervals are computed. For
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CG lightning data, one lightning occurrence is counted if one or more strikes of CG lightning

were detected in 10 minutes; the temporal resolution of the CG lightning observations are

down-scaled in time to match up with the radar temporal observations. The frequency of

lightning occurrence is then computed similarly to the frequency of radar occurrence.

Comparison of the spatial distribution of reflectivity frequencies ≥ 40 dBZ in Fig. 4.2a

with the spatial distribution of CG lightning frequencies in Fig. 4.2b shows close

correspondence. Therefore both reflectivity and lightning climatology maps can be used to

address spatial and temporal distributions of thunderstorms (Murphy and Konrad 2005).

4.2 Characteristics of thunderstorms

4.2.1 Temporal variations

Figure 4.2a shows the distribution of reflectivity (≥ 40 dBZ) frequencies from 1200 to

2100 LST on undisturbed days. It shows two local maxima along the mountain-slope regions

approximately parallel to the SMR and CMR. These local maxima had frequencies of

approximately 4 % and 2 %. Low frequency areas were found near the coastal and the eastern

parts of Taiwan that coincide with the low rainfall amounts shown in Fig. 4.1a.

While there is general agreement in the overall appearance of Fig. 4.1a (rain gauge

accumulation) with Fig. 4.2a (≥ 40–dBZ reflectivity frequency) there are some exceptions,
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particularly at location C in Fig. 4.1a, where the local maximum in rainfall accumulation does

not have a corresponding maximum in the reflectivity frequency plot (Fig. 4.2a). In order to

help clarify this apparent disagreement, rain gauge stations Meihun (C0D360) and Tai-Ping

San (C0U710) are examined; these gauges are located in Fig. 4.1a at D and C, respectively.

At location D the small maximum in rainfall accumulation is also suggested in the reflectivity

frequency map (Fig. 4.2a). The discrepancy at station C0U710 could arise if a relatively

greater portion of the accumulated rainfall occurred at reflectivity intensities of < 40 dBZ. A

reflectivity of 40 dBZ corresponds to a rainfall rate of approximately 22 mm h–1 based on the

empirical Z–R relationship, Z=250R1.2 (Rosenfeld et al. 1993; Fulton et al. 1998), which is for

tropical convective systems. Figure 4.3 shows that the amount of rainfall that fell at 5 mm

increments at rain gauges C0D360 and C0U710. Station C0D360 had 47.8 % of the

accumulated rain contributed by rates below 20 mm h–1 compared to 63.5 % for station

C0U710. Thus the majority of the rainfall at station COU710 occurred at rates below the

40–dBZ reflectivity level thus explaining the absence of a maximum in reflectivity frequency

at location C in Fig. 4.2a.

The evolutionary patterns of reflectivity frequencies ≥ 40 dBZ during 1400–1900 LST

on undisturbed days are shown in Fig. 4.4. Similar to Fig. 4.1a the regions of maximum

frequency are primarily along the western slopes of the SMR and CMR with the maximum

frequency occurring in mid- to late afternoon. It seems that there were certain locations
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preferred for thunderstorm formation. At 1400 LST (Fig. 4.4a), it is found that convective

activity had occurred over the western-slope areas of the SMR and CMR. One hour latter

(1500 LST, Fig. 4.4b), convective regions were more widespread and thunderstorms were

more active and lasted until 1600 LST (Fig. 4.4c). After 1700 LST (Fig. 4.4d), the

frequencies of the convective activity in northern Taiwan decreased, however, the frequencies

of the thunderstorm activity in central–southern Taiwan reduced evidently after 1800 LST

(Figs. 4.4e and 4.4f). An example of afternoon thunderstorms occurred over Taiwan Island is

shown on Fig. 4.5. The four boxed regions in Fig. 4.4b enclose the maximum frequency

locations; in general they correspond closely to the areas of maximum rainfall in Fig. 4.1a. As

observed for the precipitation–accumulation map in Fig. 4.1a the frequencies of ≥ 40 dBZ

(Figs. 4.2 and 4.4) are significantly higher in the central–southern region of Taiwan compared

to northern Taiwan.

4.2.2 Hovmöller diagram over the mountain slopes

Using the Hovmöller diagram (e.g., Carbone et al. 2002; Wang et al. 2005), the

evolution and motion characteristics of afternoon thunderstorms on undisturbed days are

further investigated in four subdomains (N, C, S; and E in Fig. 4.4b). Hovmöller diagrams are

presented for both the reflectivity and CG lightning frequency fields. The frequencies are

averaged in these subdomains along the short and long axis of the polygons. The polygons
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are aligned such that the short axis is roughly perpendicular to the SMR and CMR ridge lines

and the long axis is parallel to the ridge line. In Fig. 4.6, the average perpendicular

component (highlighting E–W variations) is shown in the left panel of each figure and the

average parallel component (N–S variations) is shown in the right panel. The reflectivity

frequencies are presented in the left column and lightning frequencies in the right column of

Fig. 4.6 and both are plotted with respect to time. The average terrain is shown at the top of

each Hovmöller diagram.

1) SUBDOMAIN N

The perpendicular component for the subdomain N (Fig. 4.6a) shows the frequency >

2.0 % started for the hour 1300–1400 LST near an average height of 300 m on the windward

slope of the SMR and reached a maximum frequency of about 3.5 % at 1500–1600 LST. For

the parallel component, the spatial frequency distribution revealed slightly higher frequencies

towards the north. Both components showed the duration of frequencies > 2.0 % was

between 1300 and 1700 LST. There were no significant time trends to suggest propagation.

2) SUBDOMAIN C

The spatial distribution of the perpendicular component in subdomain C (Fig. 4.6c) is

similar to subdomain N (Fig. 4.6a) except with a higher maximum frequency. The zone of

frequency > 2.0 % was at an average height of 400 m on the windward slope of the CMR.

The frequency > 2.0 % started at the hour 1400–1500 LST and reached a maximum
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frequency of about 6.5 % at 1500–1600 LST, which was one hour later than for sub-domain

N. The parallel component showed slightly lower frequencies in the north. Both components

showed the period of frequency > 2.0 % was from 1400–1900 LST, and the duration was

about 4–5 hours, which was one hour longer than in the subdomain N. Again there were no

significant time trends to suggest propagation.

3) SUBDOMAIN S

Figure 4.6e shows the frequency distributions of the perpendicular and parallel

components in subdomain S which has a steeper mountain slope than in subdomains N and C.

The perpendicular component showed the zone of frequency > 2.0 % was mainly located

below 100 m in the foothills of the southern CMR. The time when frequency > 2.0 % started

and reached its maximum was the same as for subdomain C, but the maximum frequency was

lower with a value of about 4 %. The perpendicular and parallel components showed the

duration of frequency > 2.0 % was about one hour shorter than in the sub-domain C, which

was from 1400–1800 LST. The time trend of the parallel component indicated a northward

propagation of the maximum which also increased as it propagated northward.

4) SUBDOMAIN E

Figure 4.6g shows relatively lower frequencies. The perpendicular and parallel

components, showed frequencies > 2.0 % started at 1400–1500 LST and ended at 1500–1600,

which was shorter than in the other three subdomains. It is noteworthy that the zone of
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frequency > 2.0 % was principally located at much higher elevations. Previous analysis in

section 4.2.1 suggested that the rainfall in this subdomain fell at lower rainfall rates implying

it was more stratiform in nature.

5) LIGHTNING FREQUENCY

The CG lightning frequencies for all subdomains (Figs. 4.6b, 4.6d, 4.6f and 4.6h) were

lower (0.1–0.2 %) than those of the reflectivity, however, the local maximum regions were

highly correlated. The Hovmöller diagrams for both reflectivity and lightning (Fig. 4.6)

showed that thunderstorms were most frequent along the lower slopes of the mountain and

occurred primarily during the afternoon hours. The Hovmöller diagrams, with the exception

of subdomain S, showed little evidence of storm motion.

4.2.3 Genesis regions

A Number of studies (Weaver and Kelly 1982; Klitch et al. 1985; Schaaf et al. 1986)

composited the satellite images to track the genesis regions of afternoon thunderstorms and

found the convective activity frequently developed from cumuli in early afternoon on the

mountain tops (Banta and Schaaf 1987; Schaaf et al. 1988). In section 4.2.2, the maximum

storm activity was found to be over the mountain slopes. To examine the initial locations of

these storms, satellite data from visible and infrared channels on the MTSAT are analyzed,
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and cloud climatology (Banta and Schaaf 1987; Fuelberg and Biggar 1994) are calculated on

the same grid as the radar and lightning data for the late morning and early afternoon hours

on undisturbed days to provides an means of locating and monitoring genesis zones.

To minimize the impact of non-cumulus type clouds, only brightness temperatures

below 0 °C and cloud albedos above 50 % that be set by a series of sensitivity tests (not

shown) were included in the climatology. The cloud climatology (Fig. 4.7a) showed three

high frequency regions during early afternoon that were similar to those of radar climatology,

but their locations were shifted further upslope, and even to the mountain tops. The results

agree with studies by Raymond and Wilkening (1982), Banta and Schaaf (1987), and Jou

(1994), who documented that the convective motion frequently initiated along ridge–top

convergence zones. The subsequently developments of cumuli potentially extended and

propagated downward to the mountain slopes (Fig. 4.7b), the convective activity might be

enhanced by the combination of outflow boundaries from preexisting storms initiated in

mountain tops, sea breeze, and upslope flow induced by orographic lifting (Szoke et al. 1985;

Wilson and Schreiber 1986; Jou 1994). Besides, the wider region of high frequency in

northern Taiwan than in central and southern Taiwan was probably due to the early

convective initiation as explain in section 4.2.2.

4.2.4 Movement of storms
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Several existing techniques (Dixon and Wiener 1993; Eilts et al. 1996; Lapczak et al.

1999) have been used to detect, classify, and track thunderstorms. Joe et al. (2004) has shown

various cell–tracking algorithms generally provide similar cell motions. The Storm Cell

Identification and Tracking (SCIT) (Johnson et al. 1998), one of the components in the

Warning Decision Support System (WDSS), is used in the current study to examine cell

characteristics associated with afternoon thunderstorms. Considering the serious beam

blockages encountered by RCKT and RCHL radars (Fig. 3.6), only RCWF and RCCG radar

data were used in the following study. To be consistent with the reflectivity climatology, a

reflectivity threshold of 40 dBZ was used to define storm cells.

On undisturbed days, a total of 35,542 storm cells were identified over land by the SCIT

algorithm from RCWF observations, and 93.3 % of them occurred between 1200–2100 LST.

Meanwhile, from RCCG observations, 47,283 were identified and 89 % of these occurred

between 1200–2100 LST. The peak of storm cell occurrence for both radars was between

1500 and 1600 LST (Table 4.1). As seen in Figs. 4.4 and 4.6 the greatest frequency of storm

cell detections occurred in northern and central–southern Taiwan during the same hour. The

diurnal-cycle of storm cell frequency was very similar to the results of Henry (1993) and

Saxen et al. (2008).

Storm–cell movement obtained from SCIT for subdomains N, C, S, and E (Fig. 4.4b)

from 1200–2100 LST are shown in Fig. 4.8. Movement of storm cells with tracking durations
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of 30 minutes or longer was divided into eight directions, and the corresponding speeds were

also calculated. Cell–motion directions in all subdomains were found they could move

toward any direction. In the subdomain N (Fig. 4.8a) 32% of the movement was to the

northeast with a average speed of around 6 ms–1, which was parallel to the orientation of the

SMR (northeast–southwest) in northern Taiwan. Similarly, the movement of storm cells in

subdomains C and S (Figs. 4.8b and 4.8c) was also largely parallel to the orientations of the

middle and southern portions of the CMR. Cell speeds were generally near 6 ms–1 with little

variation with direction of motion or between subdomains. The movements of storm cells in

each subdomain suggested that the topography may have impact not only on the development

but also the movement of afternoon thunderstorms.

4.2.5 Composite vertical structures

The vertical structures of the afternoon thunderstorms were analyzed using the

climatological contoured frequency by altitude diagrams (CFADs), which are the frequency

distributions of any given reflectivity at a given altitude (Yuter and Houze 1995). The

algorithm has been used to investigate the detailed evolution of vertical motion and

reflectivity fields in different weather systems (Yuter and Houze 1995; Black et al. 1996) and

precipitation regimes (Caine et al. 2009). In this study, CFADs are computed in convective

regions that are roughly defined as areas within 10–km radius of the storm–cell locations
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(Steiner et al. 1995) identified by the SCIT algorithm (Johnson et al. 1998).

The reflectivity range for computing CFADs was from –10 to 65 dBZ with an interval

of 5 dBZ, and the vertical domain was defined between 2 and 17 km MSL with an interval of

0.5 km. RCWF radar data were analyzed for thunderstorms in northern Taiwan and RCCG

radar data for central to southern Taiwan. The convective CFADs during 1200–2100 LST on

undisturbed days are shown in Fig. 4.9. The CFAD from RCWF radar (Fig. 4.9a) showed a

high reflectivity frequency (> 16 %) of 35–45 dBZ at a height of 2.5–6.5 km, and the

reflectivity frequency for 10–20 dBZ was also high (> 18 %) above 9.5 km. The reflectivity

frequency (> 14 %) decreased with increasing height at a rate of approximate 2.7 dBZ km–1.

The 2 % contour at an altitude of 2 km was between –2 to 55 dBZ in northern Taiwan. Below

5 km, a near-vertically aligned contour with a strong gradient was seen within the range of

frequency between 45 and 55 dBZ. The similar pattern was also presented in Steiner et al.

(1995). This vertically aligned convective profile is different from the brightband maximum

at the freezing level in the stratiform profile (not shown), as documented in numerous

previous studies (e.g., Steiner et al. 1995; Yuter and Houze 1995). Similar distributions were

found in southern Taiwan (observed by the RCCG radar, Fig. 4.9b). The local maxima at 45

dBZ in reflectivity and 2 km in height showed a higher frequency (> 18 %) than that in

northern Taiwan (~16 %, Fig. 4.9a), indicating stronger afternoon thunderstorms in southern

Taiwan than in the north.
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The composite vertical structures (Fig. 4.9) showed the climatological vertical extent of

40 dBZ can reach to an altitude higher than 10 km MSL, which typically corresponds to a

temperature of lower than –20 °C in warm seasons over Taiwan area. As shown in Burrows et

al. (2005) who represented that lightning generally occurs where there is deep convection.

This suggests that the great majority of storms could potentially produce CG lightning (e.g.,

Krehbiel et al. 1983; Hondl and Eilts 1994; Gremillion and Orville 1999), as shown in Fig.

4.2 and Fig. 4.6.

As before-mentioned, the spatiotemporal characteristics and distributions of afternoon

thunderstorms (henceforth referred to as TSA) in Taiwan during the warm season

(May–October) from 2005–2008 and under weak synoptic-scale forcing are summarized in

Table 4.2.

4.3 Preconvective environments

Ambient, environmental conditions for the initiation of thunderstorms has been

summarized by Johns and Doswell (1992), which include the presence of conditional

instability, a moist layer in the lower or middle troposphere, and a lifting source. Huntrieser et

al. (1997) have discussed various thermodynamic and kinematic parameters derived from

soundings that are useful for forecasting thunderstorms. These parameters have been utilized

to identify preconvective environments conducive to thunderstorm development (Fuelberg
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and Biggar 1994; Huntrieser et al. 1997; Adams and Souza 2009).

Sounding and station parameters based on the above studies are investigated here to

determine their utility in Taiwan. Undisturbed days (identified in chapter 2) were separated

into afternoon thunderstorm and non-afternoon thunderstorm days (TSA and non-TSA days)

according to radar reflectivity and lightning data. Sounding and surface observations for TSA

and non-TSA days are analyzed and compared to determine if differences exist.

4.3.1 Definition of thunderstorm days

A thunderstorm is most often composed of several regions of convective action which

termed “thunderstorms cells” (Byers and Braham 1948). It has been found that each of these

is largely independent of surrounding cells in the same storm and goes through a life cycle

lasting for about one to three hours. Some phenomena induced by a thunderstorm is nothing

more than millions of droplets of water vapor suspended in the atmosphere that produces

thunder, lightning, heavy rainfall, damaging wind gusts, hail or tornados (Byers and Braham

1949). Thunderstorms form when instability in the atmosphere causes large clouds called

cumulonimbus to form that reach great heights in the atmosphere. It is the great heights at

which the storms grow to that cause a phenomenon called lightning.

According to the above definition about thunderstorm, in this study, the properties,
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heavy rainfall, thunder, and lightning produced by a thunderstorm reflected in reflectivity and

CG lightning data are utilized to identify TSA. A TSA day is declared if the area for

reflectivity ≥ 40 dBZ is larger than 10 km2 that persisted longer than 30 minutes between

1200–2100 LST and a minimum of 1 CG flash is required that is assumed to be associated

with a given TSA (Tapia et al. 1998) on an undisturbed day. Because of two days’ data

missing of radar data (Table 2.1), the total 277 undisturbed days are reduced as 275 days. In

northern Taiwan (including Taipei City and Taipei County over the western side of the SMR,

Fig. 1.1), there are 148 TSA days identified (Table 2.1), 243 days (Table 2.1) in central

Taiwan (latitudes of 23.0–24.25, close to the range of Taichung–Tainan Counties, over the

western side of the CMR, Fig. 1.1), and 224 days (Table 2.1) in southern Taiwan (South of

latitude 23.0 over the western side of the CMR, Fig. 1.1).

4.3.2 Diurnal variations

Surface station observations are examined for diurnal variations in wind, temperature

and dewpoint temperature between TSA and non-TSA days. Due to the relative sparsity of

surface stations (plus signs in Fig. 1.1) in southern (subdomain S) and northeastern

(subdomain E) Taiwan, the surface station analyses covers only parts of central and northern

Taiwan, particularly in the plains area.

Diurnal variations in average surface winds revealed that the sea breezes were evident
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both on the TSA and non-TSA days, while the northwestern flow from the Danshui River

valley and northeastern flow from the Keelung River valley in northern Taiwan that

contributed to the convergence pattern occurring in Taipei Basin (City and County) during

1000–1200 LST (Fig. 4.10). In contrast, the wind directions in Taipei Basin (City and County)

exhibited a more northeastern component on non-TSA days. The results are consistent with

other studies in undisturbed environments over Taiwan area (Johnson and Bresch 1991; Chen

et al. 1999; Kerns et al. 2010). It also can be found that at station Danshui (46690), the onset

time of sea breeze on TSA days was earlier than on non-TSA days (Figs. 4.10a and 4.10b).

When the time was close to occurrence time of TSA in early afternoon (Figs. 4.10e and 4.10f),

the wind speed of sea breeze was slightly stronger (~3 m s–1) on TSA days than on non-TSA

days (~2.5 m s–1). In addition, the sea breeze at station Keelung (46694) showed a more

northern component with slightly weaker wind speed (~3–3.5 m s–1) on TSA days (Figs. 4.10a,

4.10c and 4.10e) and a more northeastern component with little stronger wind speed (~3.5–4

m s–1) on non-TSA days (Figs. 4.10b, 4.10d and 4.10f).

The surface average temperatures (Fig. 4.11a) from station Danshui, Taipei (46692),

and Keelung were 0.3–1.8 °C generally higher on TSA days than on non-TSA days before

1300 LST when is the ordinary time afternoon thunderstorms initiate. In comparison with the

preconvective temperatures at Taipei, there were little cooler on TSA days during afternoon

hours that were likely related to the evaporative cooling and increased cloud cover associated
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with the storm activity as documented by Fuelberg and Biggar (1994). In contrast, the

temperatures were less affected by evaporative cooling because of less storm activity near

stations Danshui and Keelung (Fig. 4.4). Surface average dewpoint temperatures at Danshui

and Keelung (Fig. 4.11b) also showed significant differences with a value of approximately

1.6–2.8 °C higher on TSA days during the morning and early afternoon, indicating that more

moisture could be transported into the inland via sea breeze. The sea breezes could provide

the dominant forcing mechanism for thunderstorms (Shafer and Fuelberg 2006) over Taiwan

Island where diurnal topographic forcing is important for storm initiation.

In central Taiwan (Fig. 4.12) a slight southerly component to the westerly surface winds

in Tainan County was observed compared to the westerly winds in Chiayi County on TSA

days (Figs. 4.12a, 4.12c, and 4.12e). In contrast, northern components in Tainan and Chiayi to

the average surface winds were observed on non-TSA days (Figs. 4.12b, 4.12d, and 4.12f).

Further studies are required to determine if there is any significance to this small difference.

The surface average temperatures (Fig. 4.13a) were generally 0.7–2.4 °C warmer on TSA

days than on non-TSA days during the morning and early afternoon. More pronounced was

higher surface average dewpoint temperatures (Fig. 4.13b) on TSA days which were about

1.9–2.5 °C higher than on non-TSA days during the morning and early afternoon. In northern

and central Taiwan, the relatively warmer and more moist conditions could provide a more

favorable environment for the initiation and development of moist convection as discussed in
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Craven et al. (2002).

4.3.3 Composite sounding profiles

There are two operational sounding sites, Panchiao (46692) and Hualien (46699), which

are located in northern and eastern Taiwan, respectively (Fig. 1.1). Hualien is located very

close (~ 10 km) to the foothills, thus the low-level winds are frequently affected by terrain

blocking that result in the winds being unrepresentative of the preconvective environment.

Therefore, the Panchiao sounding, launched at approximately 0800 LST (0000 UTC), is

selected to discriminate between the large-scale preconvective environment of TSA and

non-TSA days. For all 275 undisturbed days, composite sounding profiles are obtained for the

148 TSA days and 127 non-TSA days as shown in Fig. 4.14. Before the composite soundings

are calculated, an interpolation at fixed levels is carried out in steps of 25 hPa except for

standard levels (1000, 925, 850, 700, 500, 400, 300, 200, and 100 hPa).

On TSA days, the surface temperature 27.11 °C, dewpoint temperature 23.18 °C, and

dewpoint depression (T–Td) 3.93 °C show there was warmer and more moisture in the

near-surface layer than on non-TSA days which had surface temperature 26.1 °C, dewpoint

temperature 21.18 °C, and dewpoint depression 4.92 °C. The comparison of the two

composite temperature soundings for TSA and non-TSA days shows a strong correlation

between the instability and the forthcoming TSA activity. On composite no the convective
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available potential energy (CAPE, Moncrieff and Miller 1976) (0 m2 s2) was available on

days without TSA, on the contrary, on days with TSA, shows a composite CAPE of 583.5 m2

s2. In the broadest sense, CAPE is related to measures of convective activity and it has been

most frequently used as a forecasting tool for gauging severe thunderstorm likelihood since it

provides a rough estimate of vertical updraft magnitude (Doswell and Rasmussen 1994). In

addition, relatively moist boundary layers on TSA days were characterized by lower

composite lifted condensation level (LCL) 951 hPa than LCL 938 hPa on non-TSA days. The

height of the LCL can add additional useful information for TSA decision. Adams and Souza

(2009) also indicated that on average, the presence of CAPE in the sounding is reflective of

the presence of low-level moisture. On TSA days, the elimination of convective inhibition

(CIN; Colby 1984) was more facile (less CIN, 79.3 m2 s2), CAPE could be released and then

deep convection and precipitation occurred.

Average temperature (T) and dewpoint temperature (Td) profiles also were obtained for

the 148 TSA days and 127 non-TSA days. Differences between the average of all undisturbed

days and the averages for the TSA days and non-TSA days are shown in Fig. 4.15. On TSA

days, the near-surface layer was relatively warmer (+0.5 °C in average temperature) and

moister (+0.9 °C in average dewpoint) than the average of all undisturbed days. In contrast,

on non-TSA days, the near-surface layer was relatively cooler (–0.5 °C) and drier (–1.1 °C)

than the average of all undisturbed days. In the lower to middle troposphere, the profile of
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dewpoint temperature showed noticeable differences between TSA and non-TSA days.

Non-TSA days were drier than TSA days, with a difference of 1.5–4.5 °C from the

near-surface layer to 500 hPa layer. Therefore, the importance of a deep layer of high relative

humidity in the generation of afternoon thunderstorms is confirmed. The largest average

difference was in the 850–650 hPa layer with values of 3.0–4.5 °C drier on non-TSA days.

Figure 4.16 is a box–and–whiskers plot comparing the dewpoint depression versus

pressure levels for TSA and non-TSA days. While there is significant spread in the data, the

non-TSA days had larger median differences of T–Td. The largest difference between TSA and

non-TSA days was in the 850–650 hPa layer. This tendency for more moist mid-level

conditions on TSA days generally agrees with Fuelberg and Biger (1994) who showed the

average relative humidity at mid-levels was higher on days with strong convection. The

amount of relative humidity correlated well with the occurrence of thunderstorms (Huntrieser

et al 1997).

Jou (1994) has shown that convective systems in northern Taiwan develop along the

mean low- to middle tropospheric wind. Histograms of wind directions between an altitude of

0–3 km and 3–6 km for each sounding on TSA and non-TSA days are shown in Fig. 4.17.

Although the most common wind direction was southwest for both TSA and non-TSA days, it

was more pronounced for the TSA days, that is the same as the composite wind profiles below

500 hPa in Fig. 4.14. And, the average wind speeds (Fig. 4.17) between an altitude of 0–3 km
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and 3–6 km on non-TSA days were 2–3 m s–1 stronger than on TSA days. The result of the

slighter average wind speed in 0–6–km layer on TSA days agreed with the research stated by

Carleton et al. (2008) who presented a greater influence of land surface conditions on deep

convection for the weaker flow contrasted with stronger flow days. Further, the tendency for

southwesterly winds on TSA days likely contributed to the higher frequency of northeastward

moving storms shown in Fig. 4.8. Warmer and moister conditions generated from

southwesterly flow in lower layer would be favorable to trigger moist convection, and

moister conditions at mid-levels would reduce entrainment of dry air into growing cumulus

(Chen et al. 2001; Zehnder et al. 2006). Fuelberg and Biggar (1994) also found that strong

convection was coupled with southwesterly winds over the Florida panhandle. In addition,

the stratiform regions of the thunderstorms over the western sides of the SMR might be

advected by the low- to mid-level southwesterly winds to potentially increase the rainfall

accumulation of area C in Fig. 4.1a on the eastern side of the SMR.

4.4 Discussions

Several studies (e.g., López and Holle 1987; Lericos et al. 2002) documented that the

storm activities as a function of the prevailing large-scale flow or ridge–top winds (Banta and

Schaaf 1987). Due to the terrain blocking of two major mountain ranges, the CMR and SMR,

the ridge–top winds are examined to determine the prevailing winds (Schaaf et al. 1988)
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using the Panchiao (46692) and Hualien (46699) radiosonde (Fig. 1.1) observations where are

located close to the western foothills of the SMR and eastern foothills of the CMR,

respectively.

There are four flow regimes simply classified into northwesterly, northeasterly,

southeasterly, and southwesterly when the 700 hPa (approximately 3.2 km MSL) wind

directions (Saxen et al. 2008) in two soundings are both satisfied. An additional category,

“calm”, is defined if the wind speeds at 3.2 km MSL height are less than 2.5 m s–1. Among all

soundings on undisturbed days, 8 % of them are northwesterly, 6 % northeasterly, 16 %

southeasterly, 27 % southwesterly, and 6 % calm. The remnants, 37 % could not be classified

because they either contained missing data or unsatisfied one of the defined regimes.

The frequency maps of reflectivity ≥ 40 dBZ during 1200–2100 LST according

different regimes were shown in Fig. 4.18. All activity was confined in mountain-slope areas

and was approximately parallel to the orientation of the SMR and CMR. However, there are

notable differences among different regimes, for example, there is a much higher frequency

of storm activities under southeasterly flows than the other three near the slopes of the middle

portion of the CMR (Fig. 4.18d). In addition, more widespread thunderstorm activity was

found under southeasterly flows near the east and south offshore areas of Taiwan. Lin and

Kuo (1996) documented that weak east winds could cross mountain ridge to form a

convergence zone with the sea breeze and upslope wind on the western slope of the CMR in
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southwestern Taiwan. Banta and Schaaf (1987) also revealed convergences caused by

thermally-forced upslope flow and the opposing ridge–top winds. This convergence is most

likely the mechanism for the formation of storm activity under southeasterly flows.

The storm frequency under southwesterly flow in the middle portion of the CMR (Fig.

4.18c) is much lower than that under southeasterly and a local maximum is found in northern

Taiwan. Crook and Tucker (2005) showed that stronger uplift was found over heated terrain

when the flow was along the major axis of the obstacle than across, where there were less

gravity wave activities aloft. This uplift mechanism contributes to the thunderstorm

distributions under southwesterly flow. Generally, the thunderstorm frequencies in northern

Taiwan under southwesterly and southeasterly flows (Figs. 4.18c and 4.18d) had similar

distribution patterns as shown in Fig. 4.2a. Under northwesterly and northeasterly flow

regimes (Figs. 4.18a and 4.18b), however, especially the latter, the frequencies decreased

dramatically compared to those under southeasterly and southwesterly in the middle portion

of the CMR and in northern Taiwan.

Under calm flow (Fig. 4.18e), the storm frequencies were slightly stronger than no

stratifications (Fig. 4.2a). The calm winds may have lead to longer exposure of the air to the

elevated heating and encouraged the development of thunderstorms based on the model

simulations of thunderstorm initiation locations in the Rocky Mountains by Tucker and

Crook (2005). Differences in the climatological pattern of thunderstorms for different wind
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directions in the free atmosphere above mountain-crest level yield insights about the storm

development mechanisms, and they can also be exploited in combination with high-resolution

numerical weather prediction modeling to provide better guidance about the anticipated

thunderstorm development later in a given day, based on the predicted wind direction (Saxen

et al. 2008).

4.5 Summary

The spatial and temporal characteristics and distributions of thunderstorms in Taiwan

during the warm season (May–October) from 2005–2008 and under weak synoptic-scale

forcing were documented using radar reflectivity, lightning, satellite, radiosonde and surface

data. Average hourly rainfall amounts peaked in mid-afternoon (1500–1600 LST). The

maximum frequency of rain was located in a narrow strip, along the lower slopes of the

mountains and parallel to the orientation of the mountains. Significant diurnal variations were

found in surface wind, temperature, and dewpoint temperature between TSA and non-TSA

days. In general, before thunderstorms occurred, on TSA days, the surface temperature was

warmer (about 0.3–2.4 °C) and the surface dewpoint temperature was moister (about 1.6–2.8

°C) than non-TSA days.

Sounding observations from northern Taiwan also showed warmer and higher moisture

and more instability conditions on TSA days relative to non-TSA days. The largest average



49

difference was in the 850–650 hPa layer with values of 3.0–4.5 °C drier on non-TSA days.

And, wind speeds on non-TSA days between near surface and 6 km were 2–3 m s–1 stronger

than on TSA days. These preconvective factors could be probably as the predictors for the

decision of whether a thunderstorm day is expected or not. These predictors associated with

the occurrences of afternoon thunderstorms could be integrated into nowcasting tools using

fuzzy logic approach (e.g., Vivekanandan et al. 1999; Mueller et al. 2003, Berenguer et al.

2006) to improve operational predictions of afternoon thunderstorms in Taiwan.
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Chapter 5 Objective prediction of TSA in northern Taiwan

using a fuzzy logic approach

Several variables observed from surface and sounding observations have been shown in

chapter 4 (or Lin et al. 2011) that the preconvective environments on TSA days differed

noticeably from on non-TSA days, which could be used to extract into fuzzy logic approach.

Due to the relative sparsity of surface stations and available sounding observation only in

northern Taiwan, the fuzzy logic approach is constructed and examined for northern Taiwan.

5.1 Distributions and functions

Before the determinations of the membership functions applied in fuzzy logic approach,

there are two procedures including the feature distributions and conditional probability

functions which are essential to be previously established for characterizing the frequency

and probability of TSA according to the selected features. With distribution functions derived

from the stations and sounding dataset, the features can describe the statistics properties of

pre-TSA environments. The various parameters are investigated via previous studies (Table

5.1) include: 1) vapor pressure (VPRE), relative humidity (HUMD), and wind direction

(WDIR) and speed (WDSD) at surface stations Danshui, Taipei, and Keelung; 2) the

convective available potential energy (CAPE), the differences between temperatures and

dewpoint temperatures (T–Td), and wind directions and speeds at standard levels 1000, 925,
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850, 700 and 500 hPa from sounding observations.

5.1.1 Feature distribution functions

The frequency distributions for each feature Xk (vapor pressure, wind direction, and

CAPE, etc.), conditional to the day type s (TSA and non-TSA days) can be expressed as

follows (Berenguer et al. 2006):
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where subscript k indicates the different parameters, fk,s(x) is frequency,

)( stypedayxXn k  stands for the number of days where Xk=x and the day has been

classified as type s; n(day type = e) is the total number of days classified as day type s.

Figure 5.1 shows the sample frequency distributions for feature Xk on TSA and non-TSA

days from 0800 LST to 1300 LST. At costal station Danshui, the vapor pressure (Fig. 5.1a)

showed the gradually increasing trend with time on TSA days, but no significant temporal

variation was found on non-TSA days. For wind direction field (Fig. 5.1b), on both TSA and

non-TSA days, the directions veered from southeasterly to northwesterly, while it is relatively

distinct at each hour on TSA days. The results indicate that the moisture sources from sea

breeze originated from station Danshui may play an important role on the occurrences of TSA.

However, the wind directions at costal station Keelung (Fig. 5.1c) show similar features on

both non-TSA days and TSA days during the same period except the wind directions changed
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as northeasterly to north-northwesterly.

Figures 5.1(d)–(g) show the feature distributions for the interior station Taipei. The

values of vapor pressure (Fig. 5.1d) on TSA days were generally peaked and were higher than

on non-TSA days over time. The relative humidity was gradually decreased (Fig. 5.1e) with

increasing temperature (not shown), while the values of the humidity were still higher on TSA

days than on non-TSA days during the morning and early afternoon. For the wind direction

field (Fig. 5.1f), it was noticeable that the winds were characterized by a predominately

northwesterly and northeasterly winds on TSA days and non-TSA days, respectively. Further,

most of the wind speeds on TSA days were smaller than 4 m s–1 (Fig. 5.1g), implying that

weak wind speed might lead to longer exposure of the air to the elevated heating and

encouraged the development of thunderstorms (Tucker and Crook 2005).

Figures 5.1(h)–(j) show the feature distributions derived from sounding station

Panchiao launched at 0800 LST. The feature distributions of CAPE on TSA and non-TSA

days were markedly different (Fig. 5.1h). The peak frequency of CAPE on TSA days lay at

CAPE value of 1000 m2 s2 which is much higher than 250 m2 s2 which is the peak frequency

of CAPE on non-TSA days. In addition, the frequencies for values greater than 1000 m2 s2

were higher than on non-TSA days. The property of feature distributions of CAPE confirmed

that afternoon thunderstorms occurred ordinarily where the CAPE was higher in large-scale

environment. The features of wind directions (Fig. 5.1i) generally show on TSA days, the
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higher frequencies of southwestern wind with smaller dewpoint depression above the surface

layer (Fig. 5.1j), that demonstrate less dry air entrainment during the developing stage of

storm is conducive to the initiation of afternoon thunderstorms.

5.1.2 Conditional probability functions

The conditional probability function of a day being affected by a certain day type s

when Xk=x, can be expressed as follows (Berenguer et al. 2006):
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where pk,s(x) is probability, n(Xk=x) is the total number of TSA days when Xk=x. The

conditional probability curves of preconvective features and the variations could be

calculated with different factor x. On the contrary, 1–pk,s(x) which indicates the conditional

probability curve for non-TSA days.

For the surface features, at station Danshui, the probability of 0.5 of vapor pressure (Fig.

5.2a) on TSA days gradually increased (29–31 hPa) with time and wind directions were

characterized by the sea–land breeze that veered from southeasterly to northwesterly on TSA

days from hourly curves (Fig. 5.2b). At station Keelung (Fig. 5.2c), wind directions veered

predominately from southwesterly to northeasterly due to the onset of sea–land breeze, and

exhibited more northern component after 1000 LST. The feature of the wind pattern at

interior station Taipei (Figs. 5.2f and 5.2g) indicated the northwestern wind direction with
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weak wind speed (< 4.0 m s–1) favored the initiation and development of convective activity,

while the northeastern wind direction might inhibit the occurrence of TSA due to the

insufficient support of moisture (< 28 hPa in vapor pressure) (Figs. 5.2d and 5.2e).

For the synoptically preconvective environment, the conditional probability curve of

CAPE (Fig. 5.2h) shows the conditional probability raised with increasing CAPE on TSA

days and the probability was appeared to be 1.0 when the CAPE values were greater than

1750 m2 s2. The southwestern component which had more water vapor also was a factor in

inducing TSA (Figs. 5.2i and 5.2j). Based on the conditional probability functions, the

favorably preconvective conditions of each factor for the initiation and development of TSA

are summarized in Table 5.2. It deserves to be mentioned that hourly vapor–pressures at

station Danshui were higher than both of that at stations Keelung and Taipei, even there was

more water vapor at interior station Taipei than that at coastal station Keelung. With regard to

water vapor which is a necessary element of occurrence of TSA, the sea breezes from the

Danshui River valley (Tables 5.2) indicate that the relatively moist air could potentially be

transported into the inland to sustain essential moistures for convective activity. As stated in

Table 5.2, the results reveal that these features could be the predictors to discriminate

preconvective conditions between TSA and non-TSA, but there are still some uncertainties to

be applied alone in accessing the occurrences of TSA. Accordingly, it is chosen to combine

them in an algorithm based on fuzzy logic concept.
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5.2 The fuzzy logic approach

The fuzzy set theory prescribes a calculus for the treatment of uncertainty associated

with classification. By combining the features with respect to the preconvective conditions, it

is expected that the discriminations between TSA and non-TSA day could potentially be

improved in the proposed fuzzy logic algorithm. The fuzzy logic approach was built based on

two basic processes: fuzzification and composition (Cornman et al. 1998). The essence of the

fuzzification step is that the membership functions, a set of smoothly varying functions

according to conditional probability functions as shown in section 5.1.2. For the composition

step that combines the membership values from a number of different feature types in a

systematic fashion and their weights are objectively obtained from the TSA characteristics.

5.2.1 Fuzzification

The performance of the fuzzy logic algorithms depends on the correct identification by

the membership functions and on constructing an appropriate set of rules. It performs the

conversion of measurement data into scaled, unitless numbers that indicate the

correspondence or ‘‘membership level’’ of the data to the desired feature. Values of

membership functions are converted into membership degrees (likelihood) between 0 (lowest

grade of membership) and 1 (highest grade of membership). In the fuzzy logic approach, the

membership function is a crucial component and is usually defined or determined by
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knowledge and experience (Lakshmanan 2000; Shao 2000; Mueller et al. 2003; Berenguer et

al. 2006).

Conditional probability functions pk,s(x) quantify the degree of confidence that a day,

when Xk=x, will be of a certain type (TSA and non-TSA day). The shape of membership

functions μk,s(x) should be similar to the shape of functions pk,s(x). Because there is some

degree of subjectivity involved in producing membership functions, they are usually defined

as simple piecewise linear curves. The most common membership functions are triangular,

trapezoidal, piecewise linear or Gaussian distribution (eg, Lakshmanan 2000; Berenguer et al.

2006).

Figure 5.3 presents the sample fuzzy membership functions μk,s(x) determined based on

the conditional probability functions pk,s(x) (Fig. 5.2) by using piecewise linear functions. In

this study, the membership functions are subjectively determined by referring the conditional

probability curves that are derived from individual features. In addition, the membership

functions for wind directions are kept as their conditional probability functions due to the

difficulties on ascertaining the non-linear relationships among varied wind directions.

5.2.2 Composition

All sets of membership functions are summed, multiplied, or otherwise combined for
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each class (Heske and Heske 1996; Liu and Chandrasekar 2000) in a process called

composition. In this step, the values of individual membership at a given day are combined

into a summed likelihood value (Ys) for that day. By combining the membership functions

with the feature fields Xk, a field Ys can be obtained by dividing the weighted average of

membership functions μk,s that as expressed by Equation (3),
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where Wk,s is weight of membership function. For each day, the corresponding weights (Wk,s)

of 28 membership functions and persistence rule (i.e., a prediction for each day that assumes

that the resulting weather that day will be the same as the day before) are summed to obtain

the total membership value Ys for a given day. In other words, the forecast of TSA is obtained

by converting the predictors to dimensionless likelihood fields using the membership

functions as shown in Fig. 5.3, weighting the importance of each field to the forecast, and

summing.

These weights associated with the membership functions are determined based on the

optimum skill score of the CSI over the dataset. The CSI, also known as the threat score (TS,

Bermowitz and Zurndorfer 1979), has been used in many operational forecast verification

tests. The other two skill scores [the probability of detection (POD) and the false alarm rate

(FAR)] are also calculated as follows (Germann and Zawadzki 2002):
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where h, m, and f are defined as hits, misses, and false alarms, respectively. The hits and

misses represent that the TSA days are correctly and incorrectly predicted by the proposed

approach, while days incorrectly considered as TSA days are false alarms. Skill scores are

used in meteorology to verify weather predictions. Thunderstorm predictions have been

evaluated with skill scores by, for example, Huntrieser et al (1997) and Mueller et al. (2003).

Based on the optimum CSI score, all possible combinations of the weights for individual

membership functions with an increment of 0.5 % are examined. Finally, when the Ys

exceeds a certain threshold (typically 0.5) on a given day, the preconvective environment

conditions are considered to conduce the occurrence of TSA.

1) WEIGHTS OF SURFACE–STATION MEMBERSHIP FUNCTIONS

The transition of sea–land breezes at coastal stations Danshui and Keelung seemed to

have impacts on the wind directions of inland (Fig. 4.10) that resulted in 1–2 hour time lags

of converted wind directions between coastal and inland stations (Figs. 5.2b, 5.2c, and 5.2f).

Table 5.3 shows the temporal weights of the surface–station membership functions from

0800 LST to 1300 LST. During 0900–1000 LST, the weighs of wind directions at stations

Danshui and Keeling were relatively high. After the onset of sea breeze (1000–1200 LST),

besides the wind directions at station Danshui nevertheless possessed an influential role in the

initiation of TSA. The relatively large weights at station Keelung, as compared with the



60

membership functions of wind directions (Fig. 5.3c), which exhibited the weaker wind speeds

(not shown) of north–northeastern winds were the profitable condition for the initiation of

TSA.

With regard to water vapor which is a necessary element of occurrence of TSA and in

contrast to vapor pressure at station Keelung, the sea breezes from the Danshui River valley

(0800–0900 LST in Figs. 5.3b and 5.3c and Table 5.3) indicate that the relatively moist air

could potentially be transported into the inland to sustain essential moistures (Table 5.3,

1100–1300 LST) and the weak wind speeds in the inland (1100–1300 LST in Fig. 5.3g and

Table 5.3) might benefit to retain the warm and moist environment and lead longer exposure

of the air (Tucker and Crook 2005) to provide higher possibility for TSA to initiate and

develop. Moist air interacts with intense surface sensible heating due to weaker wind speed

and complex orography could result in deep precipitating convection (Adams and Souza

2009).

2) WEIGHTS OF COMBINING STATION, SOUNDING, AND PERSISTENCE

In addition to the surface–station membership functions, the sounding membership

functions and the persistence forecast of TSA are also combined to calculate the individual

weights based on the optimum CSI score. Figure 5.4 presents the combined weights of 28

membership functions including 12 stations membership functions at each hour during

0800–1300 LST and 16 sounding membership functions observed at 0800 LST, and the daily
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persistence forecast of TSA with a CSI of 0.542 (Table 5.3). From 0800 LST to 1200 LST, the

summed weights of sounding factors gradually decreased over time, on the contrary, while

increasing trend of the total weights were found from station factors. However, at 1300 LST

(Fig.5.4), the weights and CSI values dramatically dropped that are probably due to the

contaminations of the early occurrence of TSA. In addition, CAPE and the persistence of TSA

were rather simple factors for forecasting TSA (Table 5.3). Meanwhile, T–Td at 1000 hPa and

500 hPa levels, wind directions at 850 hPa and 500 hPa levels, and wind speed at 1000 hPa

level could also be considered as significantly influential factors in inducing TSA. These

results indicate that the warm and moist air near the surface layer is favorable for the

initiation of TSA, while the synoptic environment possesses the originally favorable

conditions for the continuous development of TSA (Fuelberg and Biger 1994), That is,

synoptic-scale environment, nevertheless, can be important for low-level moisture fluxes and

destabilization of the boundary layer (Adang and Gall 1989; Fuller and Stensrud 2000).

3) SENSITIVITY OF WEIGHTS

The CSIs determined by these weights of station dataset (Table 5.3, station part) show

the increasing CSI trend over time, especially when the time was close to the occurrence of

TSA in the early afternoon. When combining the sounding dataset (Fig. 5.4), in addition to

similar gradually increasing trend on hourly CSIs (0800–1200 LST) to those in station dataset

(Table 5.3), the higher CSIs also were found than those only from station dataset. Table 5.4
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shows the hourly skill scores with calibration field (May–October from 2005–2008) from

0800 to 1300 LST. Most of CSIs are at range of 0.7–076 with PODs of > 0.9 and FARs of <

0.25. By combining these characterized features (Fig. 5.3) and implementing fuzzy logic

concept in the proposed algorithm, the performance shows fuzzy logic is able to discriminate

the preconvective environment of TSA days from all undisturbed days by applying

appropriate weights and is easy to implement for forecasting TSA. And, it also shows the

higher accuracy than the subjectively forecast (CSI value of 0.61 derived from Table 5.5) in

current operation unit, the Meteorological Forecast Center (MFC) of the CWB. Therefore, the

thunderstorm prediction can be improved if the synoptic situation at 0800 LST (0000 UTC) is

considered. Due to extremely large requirements of computing resources in obtaining the

weights among 28 membership functions, the sensitivity tests of all weights are examined

with an increment of 5 %. In addition, during the process of calculating these combined

weights, there were many different combinations of weights that could produce quite

approximate CSI values, the weights of individual membership functions are subjectively

assigned by referring the temporal consistencies among given weights.

The sample sensitivity tests of combined weights from station dataset at 1200 LST and

sounding dataset at 0800 LST are shown in Fig. 5.5, which shows the performances for the

relative contribution of each feature in the proposed algorithm. It is also represented that the

examinations for a given feature present small variations in the ranges of CSI score with
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different weights (each point plot corresponds to a combination). However, in relation to the

factors of wind directions at station Danshui and wind speeds at station Taipei (Figs. 5.5b and

5.5g), the ranges in CSI score became smaller as the weights increased, implying that these

two factors seem to be the better indicator for the diurnal preconvective situation and the

most influential features in determining the occurrence of TSA. Again, surface sensible

heating due to weaker wind speed in the presence of sufficiently deep moisture is responsible

for convective outbreaks (Adams and Souza 2009). In the sensitivity examinations that reveal

the optimum weights for different features used in the proposed algorithm are generally

reasonable and can provide quantitative likelihood for TSA.

5.2.3 Determination of an optimal threshold

After weighting and summing all values of the membership functions, a given day with

likelihood Ys greater than 0.5 was considered that the preconvective environment conditions

are beneficial for TSA activity. Actually, a part of these days with Ys > 0.5 might not exhibit

favorable environment conditions for the occurrence of TSA, especially when the Ys of a TSA

day was somewhat greater than 0.5. In order to illustrate the different confidences in TSA

forecast by increasing Ys, the days with thresholds between selected threshold Ys and 0.5 will

be excluded in the CSI calculations. The results for hourly confidences with different

thresholds Ys are shown in Fig. 5.6. CSI maximum with a value of about 0.82 centered at
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threshold Ys equal to 0.56 at 1200 LST, that means the performance has superior in

forecasting TSA by using station dataset because of more summed weights as shown in Fig.

5.4. In contrast with the CSI maximum of 0.82, the second CSI maximum of 0.8 was centered

at about 0900 LST with a threshold Ys of 0.6. The result shows that in the morning hours,

sounding dataset of possessing more summed weights (Fig. 5.4) could still have high

performance in forecasting forthcoming TSA by higher threshold Ys. After 1100 LST,

regardless of thresholds Ys, the CSI scores general reach the scores greater than 0.75. Before

1100 LST, it can be found that if the threshold Ys raised, the according CSI score could be

increased, but the positive relation trend was not presented for likelihood Ys greater than 0.61

due to the insufficient number of sample TSA days (red contours). However, the stable CSI

values would be expected when the period of analyzed dataset is extended longer enough in

the fuzzy logic approach.

As mentioned above, the formation of thunderstorms is an interaction between these

conditions on different scales. As in Doswell (1987) who also suggested that it is proposed

that convective systems depend primarily on large-scale processes for developing a suitable

thermodynamic structure, while meso-scale processes act mainly to initiate convection.

Hence, it follows that thunderstorms can be initiated by mesoscale processes even when the

synoptic conditions are not ideal. However, the intensification or further development of

these thunderstorms on a large scale is unlikely.
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5.2.4 Evaluation

The dataset during the warm season (May–October) from 2009–2010 are selected as the

validation dataset, and the same methodology to define TSA days on undisturbed days as

described in section 4.3.1 is carried out. Accordingly, there are 118 synoptically undisturbed

days out of a total of 368 days, and in which 45 TSA days are identified in northern Taiwan.

The validation fields are calculated to evaluate the forecasting performance using the

proposed fuzzy logic algorithm built based on calibration dataset of 2005–2008. Table 5.6

shows the hourly skill scores with validation field from 0800 to 1300 LST. It shows that most

of PODs are greater than 0.85 with FARs greater than 0.32, which caused the CSI values

were in the range of 0.55–0.6. There are two reasons why this large FAR is present in this

climatology. The tendency of FARs decreases over time with the decreased weights of

sounding (Fig. 5.4), perhaps the larger-scale environment almost never contains sufficient

conditions for TSA. Sounding information can only delineate if conditions are generally

favorable for TSA, and the favorably preconvective conditions must focus on meso-γ scale

features, such as baroclinic boundaries via local circulations, that locally could enhance TSA

potential significantly. The other reason is possibly due to large difference between the

amounts of TSA days and non-TSA days that maybe resulted in high sensitivities on the

calculations of skill scores, even most of the TSA days could be properly predicted by the

fuzzy logic algorithm. As a result, it is expected that the better results will be achieved
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because of the larger dataset. In substance, the hourly performances of forecasting TSA by

using the fuzzy logic approach is nevertheless superior than the CSI values of < 0.5 in Muller

et al. (2003).

5.3 Discussions

5.3.1 Reduction of membership functions

In order to examine the impacts of key factors on the occurrence of TSA over time, the

number of membership functions used in the fuzzy logic approach is reduced to simply the

discussions. Accordingly, two groups of factors are devised in accessing the impacts of key

factors and forecasting performances, one group includes 29 factors (all 28 membership

functions and persistence rule) and the other one includes the selected 12 factors (11

membership functions and persistence rule). As shown in Table 5.7, at 1200 LST, in group 1,

most of CSI scores calculated only from each single factor were less than 0.6 (CSI-1), but the

corresponding CSI scores could reach 0.726 and 0.702 (CSI-2) by combining the factors from

station and sounding dataset, respectively.

Based on the analyses from surface and sounding observations (sections 4.3 and 5.1), it

is suggested that the beneficial preconvective environments are: 1) the moisture was

presumably transported into the inland by sea breezes in the boundary layer (Fig. 4.10 and
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Tables 5.2 and 5.3); 2) the weak wind speeds in the inland benefit to retain the warm and

moist environment (Figs. 4.11, 5.1d, 5.1e, and 5.1g, and Table 5.2 and 5.3); and 3) the

moister environments in the middle layer (Figs. 4.15, 4.16, and 4.17). Therefore, the factors

(group 2) examined in the simplified fuzzy approach logic include: 1) factors VPRE and

WDIR at coastal stations Danshui and Keelung, 2) factors VPRE and WDSD at inland station

Taipei, and 3) factors T–Td and WDIR at standard levels 850 and 700 hPa. As shown in Table

5.7, the CSI scores calculated from station part and sounding part slightly decreased to 0.7

and 0.651 (CSI-2’ compared to CSI-2), respectively. However, it can reach nevertheless a

high CSI score of 0.744 (CSI-3’) by combining simplified 11 factors from station and

sounding observations, and if adding the persistence rule, the performance of the simplified

fuzzy logic approach could be arised to a CSI value of 0.757 (CSI-4’). The results from these

simplified factors revealed that these selected factors based on these aforementioned 29

factors are reasonable to be used in accessing the occurrences of TSA, and the likelihood of

TSA on a given day could be efficiently processed and straightforward evaluated in real time

operation.

5.3.2 Bad cases

The aforementioned results of calibration and validation for the fuzzy categorization

showed that the algorithm has the potential to become a useful tool for forecasting TSA,
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nevertheless, there were some failures in the accuracy and applicability of the fuzzy logic

approach. A FAR case (evidently high likelihood in fuzzy logic) and a MISS case (evidently

low likelihood in fuzzy logic) are selected to discuss the limitation of the objective prediction

method, fuzzy logic approach.

1) FAR CASE

An actual non-TSA day, 28 August 2006 was declared as a TSA day with a high

likelihood of 0.675 by the fuzzy logic approach. A sequence of surface variations observed at

stations Danshui (46690), Taipei (46692), and Keelung (46694) in northern Taiwan is shown

in Fig. 5.7. Surface observations collected from these stations displays that vapor pressures

and relative humidities were greater than the lower limits of hourly favorable preconditions

between 0800 LST and 1300 LST as shown in Table 5.2. Although the wind–direction

patterns at stations Danshui and Keeling (Figs. 5.7a and 5.7b) exhibit that they satisfied the

favorable conditions for TSA, northwestern and northeastern flow of see breeze, respectively,

a significantly northwestern wind–direction at station Taipei (Figs. 5.7c) as shown in Figs.

4.10a, 4.10c, and 4.10e wasn’t indicated until 1150 LST. It is probably caused by the weaker

northwestern flow from the Danshui River valley compared to Table 5.2. Generally, in terms

of moisture in the near surface layer, the surface-wind pattern could supply the sufficient

water vapor from the coastal area to the inland area on this day. These properties in the

near-surface layer appear the preconvective conditions were favorable for the initiation of
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TSA.

The synoptic pattern, most of southwestern component between near surface and 6 km

in altitude, also appears to be able to provide enough water vapor (Fig. 5.8). The instability,

CAPE value of 592.7 m2 s2, had been adequate for the initiation of thunderstorms from the

morning sounding. Simultaneously, the environment processed quite large CIN (greater than

200 m2 s2) which existed to probably stifle convection despite large value of CAPE. Since the

presences of CAPE and surface forcing act as triggers for diurnal convection on continental

regions (Xie and Zhang 2000; Chaboureau et al. 2004; Grabowski et al. 2006),

CAPE–convection relationship is sensitive to parcel origin (McBride and Frank 1999) and the

nature of the convective forcing (Zhang 2002; Donner and Phillips 2003). However, the wind

pattern in near-surface layer seemed to be too week (Figs. 5.7c and Table 5.2) to supply a

significant lifting mechanism and diminish CIN even though the sounding exhibited lower

LCL which presented the presence of low-level moisture compared to the composite

sounding (Fig. 4.14a). In addition, the preceding day was also a TSA day to enhance the

likelihood of forthcoming thunderstorm activity by persistence rule. In this present study,

CIN has not been considered in predicting thunderstorm occurrence, hence the false alarm

was issued by the fuzzy logic approach.

2) MISS CASE

On the contrary, the actual TSA day, 18 May 2008 was declared as a non-TSA day with a
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low likelihood of 0.366 by the fuzzy logic approach. Time series of vapor pressure at each

station (Fig. 5.9) show comparing to Table 5.2 there was generally less moisture in the

near-surface layer at the coastal and inland areas from 0800–1300 LST. The time, 1010 LST,

when land breeze replaced sea breeze at station Danshui (Fig. 5.9a) was later than the average

transformed time, 0900 LST, as shown in Table 5.2. At station Keelung (Fig. 5.9b), despite

the present land–sea breezes, the wind directions of sea breeze were at the unfavorable range

of southeastern component (Fig. 5.2c). This was probable the principal reason to lead to the

drier near-surface environment. These properties in the near-surface layer appear the

preconvective conditions were unfavorable for the initiation of TSA.

These instability parameters, CIN value of 304.3 m2 s2 and no CAPE (0 m2 s2), both

exhibited the synoptic environment suppressed convective activity (Fig. 5.10). And the LCL

at 938 hPa (610 m) was the same with the composite sounding of non-TSA days (Fig. 4.14a),

that reveals in the boundary layer, the limited supply of atmospheric water vapor curtailed the

formation of thunderstorms. In addition, the preceding day was also a non-TSA day to

enhance the non-TSA likelihood by persistence rule. In spite of the beneficially preconvective

environment for non-TSA, TSA still developed against these unprofitable conditions. It was

likely that on the diurnal time scale, CIN is very likely to be diminshed or eliminated entirely

given the surface sensible heating (Adams and Souza 2009). The convective activity on this

day was over higher elevations farther inland (Fig. 5.11), nearly quasi-stationary and had a
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short life cycle of about 1.5 hours. These three stations in northern Taiwan utilized in the

study maybe could not completely describe information of the preconvictive conditions and

mechanism for convection at higher elevations farther inland.

5.4 Summary

In this chapter, a fuzzy logic algorithm has been proposed to provide the objective

guidance for the prediction of afternoon thunderstorm using these membership functions of

preconvective features. Features functions of thunderstorms in Taiwan during the warm

season (May–October) from 2005–2008 are derived from surface stations and sounding

measurements that highlight the preconvective characteristics of days with TSA that best

differentiate them from synoptically undisturbed days.

There are total 28 membership functions and associated weights in fuzzy logic approach

are derided and determined based on the optimization of the CSI. The results quantitatively

illustrate that synoptically relatively warmer and moister conditions, sea breezes transport

moisture into the inland, and weak winds in the inland provide the proper conditions in

inducing afternoon convective activity. In addition, the results also show that the relatively

simple persistence rule is also useful for prediction of afternoon thunderstorms, i.e., there is

high probability that afternoon thunderstorms occur consecutively for a few days when the

environmental conditions are right.
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Evaluation with validation dataset suggests that the fuzzy logic algorithm has the

capability to integrate the preconvective factors and provide the probability guidance for the

predictions of TSA under weak synoptic-scale conditions, and the highly predictive potential

that could be implemented in real-time operations.
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Chapter 6 Conclusions

Radar data was the primary dataset for examining the characteristics of TSA in this

study. In order to identify and characterize thunderstorms correctly over Taiwan Island with

complex terrain, the radar data was quality controlled by climatology–based hybrid scans

based on scan strategies, terrain and reflectivity climatology. Three years’ of radar reflectivity

data from four CWB radars from 2005 to 2007 were analyzed and the reflectivity climatology

was developed. The climatology was applied in the construction of climatology–based hybrid

scans to minimize the impact of ground clutter and beam blockages. The reflectivity

climatology showed significant seasonal variations and captured distributions of ground/sea

clutters, beam blockages, and anomalous propagations in addition to precipitation systems in

the radar domains. Comparisons between the standard (i.e., based on terrain and scan

strategies only with the assumption of standard propagations) and climatology–based (i.e.,

standard plus the clutter and blockage mitigation using reflectivity climatology) hybrid scan

FORs showed that the former did not accurately reflect the clutter and blockage distributions

in the real atmosphere. The application of reflectivity climatology was shown to significantly

reduce the impact of clutter and blockages and provided improved radar QPE in the complex

terrain.

Following the quality–controlled procedure of radar data, 4 yr (2005–2008) of rain

gauge, radar, CG lightning, satellite, surface, and sounding data, during the warm season
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(May–October), were analyzed to investigate the spatial and temporal variations of afternoon

thunderstorms over Taiwan Island. The reflectivity climatology of ≥ 40 dBZ indicated that the

maximum thunderstorm frequencies in different parts of Taiwan were all during 1500–1600

LST. The highest frequency of thunderstorms occurred along the lower mountain slopes

approximately parallel to the ridges of the SMR and CMR. Similar distributions were found

in CG lightning frequencies. Both the reflectivity and CG lightning climatology showed that

storm activity was strongly dependent on geographic features. More thunderstorm activity

was found in central to southern Taiwan than in northern and eastern Taiwan. Although

thunderstorms occurred earlier in northern Taiwan the duration of thunderstorm activity in

central to southern Taiwan was longer.

The preconvective near-surface environments associated with the occurrences of

afternoon thunderstorms observed from surface stations showed diurnal variations in

local-circulation characteristics, such as sea breezes dominate the boundary–layer wind

patterns under weak synoptic conditions. In northern Taiwan, the northwestern flow from the

Danshui River valley and northeastern flow from the Keelung River valley converge during

the morning and early afternoon periods. In central Taiwan, a confluence of flow between

Chiayi and Tainan counties may be a contributing factor to new storm development. In

addition low- and mid-level winds impinging on the mountains may have considerable effect

on storm initiation and location. Further studies are required to better understand the effect of
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these local circulations and topography on storm occurrence and distribution. Surface station

data also showed that prior to the occurrence of afternoon thunderstorms on the TSA days

were generally 0.3–2.4 °C warmer and 1.6–2.8 °C moister than non-TSA days.

The preconvective synoptic environments observed from soundings showed the average

temperature and dewpoint temperature in the near-surface layer were relatively warmer (+0.5

°C) and moister (+0.9 °C) on TSA days than all undisturbed days. In the lower to middle

troposphere, the temperature profile on non-TSA days was drier than TSA days with the

difference of 1.5–4.5 °C. The largest average differences were in the 850–650 hPa layer with

values of 3.0–4.5 °C drier on non-TSA days. The wind directions in the 0–3 and 3–6 km

layers also indicated that relatively humid southwesterly flows and weaker wind speeds in the

lower to middle troposphere on TSA days potentially provided more favorable storm initiation

conditions because of less dry air entrainment during the storm development phase.

Recognition of the atmospheric conditions necessary for cloud initiation in these some

genesis regions not only extends the understanding of the mesoscale mechanisms at work in

mountain convection but may also provide important forecasting tools.

In this study, the concept in the fuzzy logic algorithm that combined certain statistics to

characterize the pre-TSA and pre-non-TSA environments, derived from stations and sounding

measurements was proposed. The key to a fuzzy logic algorithm lay in the accuracy and

applicability of functions used to describe the TSA days. Membership functions provided a
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quantitative description of a given day and corresponding weights in the proposed algorithm

were determined based on the optimization of the CSI.

Based on the weights from the optimization of the CSI, it is suggested that the warm

and moist air in boundary layer via sea–land breezes and the relatively warmer and moister

conditions in lower- to mid-levels played critical roles in determining occurrences of TSA,

that confirmed the concepts proposed in the past studies (Chen et al. 2001; Tucker and Crook

2005; Zehnder et al. 2006). In addition, it was also found that the factor of persistence rule

also could be used in improving the accuracy of the predictions of TSA, implying the

favorable environments for the occurrence of TSA could likely be retained over a couple of

days.

The optimization of CSI scores for forecasting the TSA based on 2005–2008 dataset

were in the range of 0.7–076 between 0800 and 1200 LST for likelihood threshold above 0.5.

Moreover, the CSI scores can be further increased according to different likelihoods that

could reach a maximum value of 0.82 for likelihoods 0.61 and 0.56 at 0900 LST and 1200

LST, respectively. From the evaluation of proposed algorithms, the CSI values were

significantly reduced with the ranges of 0.55–0.6 based on the 2009–2010 dataset, as a result

of the large difference between the amounts of TSA days and non-TSA days could result in

high sensitivities on the calculations of CSI, even most of the TSA days could be properly

predicted by the fuzzy logic algorithm. However, the evaluation nevertheless suggests that
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the preconvective factors could be adequately integrated to provide the probability guidance

for the predictions of TSA and potentially be implemented in real-time operation in the near

future.
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Chapter 7 Future work

The predictors described above should be helpful in predicting afternoon convective

development over northern Taiwan on synoptically quiescent days. However, their use did not

seem to produce perfect predictions. It is clear that factors not studied in this research also

have an important influence on presence or absence of TSA. For example, LCL and CIN, that

have been shown there were influences on convective development over northern Taiwan

area as discussed in sections 4.3.3 and 5.3.2. At present, climatology of afternoon

thunderstorm activity and storm characteristics have been developed specifically for Taiwan

area to aid forecasters in providing guidance of forecasting TSA. Although the statistical

guidance derived in this study was developed for specific area of Taiwan, it was not

explained in detail for this occurrence of TSA. Much additional study will be necessary to

fully understand the causes for the TSA patterns.

Within Taipei Basin (City and County), diurnal variations of the hourly rainfall was

significant with a maximum during 1500–1600 LST, that was associated with the

convergence of surface winds from onshore flow (Yeh and Chen 1998). Fuelberg and Biggar

(1994) also suggested that low-lever convergence undoubtedly is important as well since it

provides lift to destabilize the atmosphere and begin the convective process. The satellite data

used in this research can be used to infer areas of convergence but only after convective

clouds have formed. For the reason, understanding of boundary formation and maintenance
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mechanisms is especially important. It is proposed that a limited experiment could be

conducted in northern Taiwan to investigate extra storm predictors such as sea–breeze depth

via oncoming thunderstorm experiment (2012) in northern Taiwan (Roberts et al. 2010). This

is based on uncertainty in how the storms are initiated and evolve in the area. The experiment

will examine in detail the development of the convergence and updrafts in the Taipei basin

(City and County) and along the slopes of the SMR. This experiment will require an increase

in the observing facilities in the area. The RCWF radar is located in the area, however it is

located at 766 m elevation and thus unable to observe much of the boundary layer air flow. It

is proposed that a mobile X–band radar be placed in northern Taiwan to capture these

convergent areas of lower levels before associated cloud development occurs. Other

instrumentation will include: a) low-level wind profiler to observe the depth of see breeze or

moisture, b) additional surface stations to observe air converging into northern Taiwan, and c)

a supplemental Panchiao radiosonde launch hourly between 0900 LST and 1300 LST. As has

been highlighted here, combining the precipitation regime information with data from

different types of instruments is another promising avenue of research. This experiment is a

need for detailed observations of boundary–layer thermodynamics and is needed to determine

if, in fact, mesoscale and storm-scale enhancements to generally favorable large-scale

conditions are usually required to produce TSA. As stated by Carbone et al. (2000), an

increased depth of moisture from these solenoidal circulations and heat fluxes from the



81

island’s surface, conditions are created that can overcome thermodynamic inhibition and

serve to increase the amplitude of convection. High resolution numerical modeling will be

also needed to fully understand the interplay between the complex processes occurring in the

region during the warm season that produce deep convection.

Besides, these results of climatologies based on different wind directions in the free

atmosphere above mountain-crest level can be also helpful for day–to–day weather

forecasting when synoptic forcing is weak. Future work will involve expanding this

climatologies under different flow regimes over a longer time period, it is expected that better

results could be obtained if sampling frequency was increased. Then, it could be performed to

determine how or if the precipitation regimes change with time and determine any possible

links with climate change. By examining the mid-troposphere wind direction the forecaster

can anticipate which regions will be most favorable for precipitation on a particular day.

Finally, the next step in predicting thunderstorms is to decide more exactly where and

when thunderstorms will actually occur. The reflectivity climatologies and predictors of TSA

will be ingested and evaluated in AutoNowCaster (ANC) system (Mueller et al. 2003) in

Taiwan and these results will be necessary to provide the ANC with a climatology interest

field of precipitation occurrence and precipitation predictor fields specifically developed for

Taiwan. Forecasters then can combine information from the latest Doppler radar signatures

with knowledge about stability and humidity and all other available guidance to produce
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increasingly accurate and site–specific predictions of TSA activity.
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TABLE 2.1 277 synoptically undisturbed days during the warm season (May–Oct.) from

2005–2008. “N”, “C”, and “S” indicate afternoon thunderstorms occurred in northern, central

and southern Taiwan, respectively. “X” denotes two days’ data missing of radar data.

Year/Month date Year/Month date Year/Month date Year/Month date

2005 May
(3 days)

05.21 NCS 2005 Sep.
(16 days)

09.03 CS 06.30 CS 09.05 NCS

05.22 09.04 NCS 2006. Jul.
(14 days)

07.01 CS 09.18 CS

05.26 CS 09.05 07.02 NCS 09.19 S

2005 Jun.
(10 days)

06.05 CS 09.06 CS 07.03 NCS 09.20 CS

06.06 CS 09.07 CS 07.04 NCS 2007 May
(15 days)

05.02

06.07 CS 09.13 CS 07.05 CS 05.03

06.08 C 09.14 CS 07.17 NCS 05.07 CS

06.09 CS 09.15 CS 07.18 NCS 05.08

06.10 NCS 09.16 C 07.19 CS 05.09

06.19 CS 09.17 CS 07.20 C 05.10

06.20 CS 09.18 CS 07.21 NCS 05.11 C

06.21 NCS 09.19 CS 07.28 CS 05.12

06.22 CS 09.25 NCS 07.29 CS 05.15 NCS

2005 Jul.
(23 days)

07.01 NCS 09.26 CS 07.30 CS 05.24 C S

07.02 NCS 09.27 CS 07.31 S 05.25 NC

07.03 NCS 09.28 CS 2006 Aug.
(22 days)

08.01 CS 05.27 NCS

07.04 NCS 2006 May
(9 days)

05.04 NCS 08.02 CS 05.28 NCS

07.05 NCS 05.05 NCS 08.03 CS 05.29 NCS

07.06 NCS 05.06 C 08.04 NCS 05.31 NCS

07.07 NCS 05.08 NCS 08.05 NCS 2007 Jun.
(16 days)

06.01 NCS

07.08 NC 05.09 08.12 S 06.02 NC

07.09 NC 05.12 NCS 08.13 CS 06.17 NCS

07.10 NCS 05.20 CS 08.14 NCS 06.18 NCS

07.11 X 05.21 NCS 08.15 CS 06.19 NCS

07.12 NCS 05.26 08.16 CS 06.20 NCS

07.13 NCS 2006 Jun.
(17 days)

06.14 NC 08.17 NCS 06.21 NCS

07.14 NCS 06.15 C 08.18 NCS 06.22 NCS

07.23 CS 06.16 08.19 CS 06.23 NCS

07.24 CS 06.17 NC 08.20 CS 06.24 NCS

07.25 CS 06.18 NCS 08.21 CS 06.25 NCS

07.26 CS 06.19 NCS 08.25 NCS 06.26 NCS

07.27 NCS 06.20 NCS 08.26 NCS 06.27 NCS

07.28 CS 06.21 NCS 08.27 NCS 06.28 NCS

07.29 CS 06.22 NCS 08.28 C 06.29 NC

07.30 NCS 06.23 NCS 08.29 CS 06.30 NCS

07.31 CS 06.24 NCS 08.30 CS 2007 Jul.
(31 days)

07.01 NCS

2005. Aug.
(5 days)

08.01 CS 06.25 NCS 08.31 X 07.02 NCS

08.08 NCS 06.26 NCS 2006 Sep.
(8 days)

09.01 NCS 07.03 NCS

08.09 CS 06.27 NCS 09.02 NCS 07.04 NCS

08.27 NCS 06.28 NC 09.03 NCS 07.05 NCS

08.28 NCS 06.29 NCS 09.04 NCS 07.06 NCS
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Cont. TABLE 2.1

Year/Month date Year/Month Date Year/Month date Year/Month date

07.07 CS 08.23 NCS (13 days) 05.04 07.23 CS

07.08 NCS 08.24 NCS 05.11 07.24 CS

07.09 NCS 08.27 CS 05.12 07.31 NC

07.10 NCS 08.28 NCS 05.13 2008 Aug.
(19 days)

08.01 CS

07.11 NCS 08.29 CS 05.14 08.02 CS

07.12 NCS 08.30 NCS 05.15 08.03 S

07.13 CS 08.31 NCS 05.16 C 08.09 NCS

07.14 NCS 2007 Sep.
(17 days)

09.01 NCS 05.17 CS 08.10 NCS

07.15 NCS 09.02 NCS 05.18 NCS 08.12 CS

07.16 NCS 09.03 NCS 05.23 NCS 08.13 NCS

07.17 CS 09.06 CS 05.27 NCS 08.14 NCS

07.18 CS 09.07 CS 05.28 CS 08.15 NCS

07.19 CS 09.08 CS 2008 Jun.
(8 days)

06.09 NC 08.16 NCS

07.20 C 09.09 CS 06.10 NC 08.17 NCS

07.21 C 09.10 CS 06.11 C 08.23 NC

07.22 NCS 09.11 CS 06.19 NCS 08.24 NCS

07.23 NCS 09.12 NCS 06.20 CS 08.25 CS

07.24 NCS 09.13 CS 06.21 08.26

07.25 NCS 09.14 06.22 08.27 CS

07.26 NCS 09.15 06.23 08.28 CS

07.27 NCS 09.27 CS 2008 Jul.
(12 days)

07.01 NCS 08.29 NCS

07.28 NCS 09.28 CS 07.02 NCS 08.30 NS

07.29 NCS 09.29 NC 07.03 CS 2008 Sep.
(4 days)

09.06 CS

07.30 NCS 09.30 07.04 NCS 09.07 CS

07.31 NCS 2007 Oct.
(4 days)

10.01 S 07.05 NCS 09.18 NCS

2007 Aug.
(11 days)

08.01 NCS 10.02 CS 07.06 NCS 09.19 NCS

08.02 NCS 10.27 07.20 CS

08.03 NCS 10.28 07.21 NC

08.04 NCS 2008 May 05.03 CS 07.22 NCS
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TABLE 2.2 The radar parameters and scanning strategy of the WSR–88D and Gematronik 1500S

Doppler radar.

WSR-88D (VCP 21)
(RCWF)

Gematronik 1500S (VCP 82)
(RCCG, RCHL, RCKT)

Pulse peak power (Kw) 750 750

Frequency range (GHz) 2.7–3.0 2.7–2.9

Surveillance
mode

Doppler
mode

Surveillance
mode

Doppler
mode

Pulse length (µ sec) 4.5 1.57 3.3 0.53

Range resolution (km) 1 0.25 0.5 0.25

Pulse repetition frequency

(PRF) (Hz)
318–452 318–1304 250–550 250–1300

Maximum Unambiguous

Range (Km)
460 230 460 230

Elevation angles (degrees) 0.5, 1.5
0.5,1.5,2.4,3.3,4.3,
6.0,9.9,14.6,19.5

0.5, 1.5
0.5,1.5,2.4,3.3,4.3,
6.0,9.9,14.6,19.5

RCHL RCKT

Sectors of silence

(Elevation: beginning–

ending azimuth angles)

0.5: 1–23, 192–360
1.5: 1–23, 192–360
2.4: 1–16, 192–360
3.4: 1–16, 213–360
4.3: 1–16, 213–360
6.0: 1–16, 223–360
9.9: 240~360

0.5: 1–20, 280–360
1.5: 1–20, 343–360

TABLE 3.1 Summary of data used in the reflectivity climatology from 2005 to 2007.

Radars Location (degrees)
Elevation

(m)
Volume update

cycle (min.)
Number of
volumes

Data collected
rate

RCWF 25.073°N/121.773°E 766 6 239,964 91 %

RCHL 23.990°N/121.620°E 63 10 140,568 89 %

RCCG 23.147°N/120.086°E 38 10 140,673 89 %

RCKT 21.903°N/120.847°E 42 8 172,031 87 %
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TABLE 3.2 Coefficient of determination (COD) and root–mean–square error (RMSE)

between FOP and FORs with (without) clutter removal for various reflectivity thresholds

and in different seasons. The least errors between the hybrid scan FORs and FOP in each

reason are in italics and boldface.

TABLE 4.1 Hourly numbers of storm cells identified by the SCIT algorithm from RCWF

and RCCG radar data during 1200–2100 LST on undisturbed days. The peaked number of

the storm cells is in italics and boldface.

Radars 12-13 13-14 14-15 15-16 16-17 17-18 18-19 19-20 20-21 Total

RCWF 1,816 4,624 6,691 6,820 5,118 3,541 2,377 1,469 689 33,145

RCCG 1,783 4,191 7,288 8,814 8,123 6,034 3,253 1,694 906 42,086

Spring Summer Fall Winter

Threshold
(dBZ)

COD RMSE (%) COD RMSE (%) COD RMSE (%) COD RMSE (%)

5 0.28 6.18(10.29) 0.56 6.59(12.85) 0.15 5.90(12.68) 0.58 3.21(9.49)

10 0.30 4.60(6.21) 0.52 4.77(9.95) 0.46 5.80(7.16) 0.62 2.11(6.88)

15 0.38 2.43(4.26) 0.64 2.38(9.37) 0.46 3.56(4.71) 0.64 1.56(7.28)

20 0.41 1.52(3.40) 0.74 1.39(9.46) 0.58 1.76(4.93) 0.58 1.86(9.17)

25 0.38 2.00(3.45) 0.76 2.57(9.78) 0.59 1.82(5.62) 0.46 2.44(11.46)
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TABLE 4.2 The spatial and temporal characteristics and distributions of afternoon

thunderstorms during 1200–2100 LST on undisturbed days.

Horizontal
distribution

(>40dBZ frequency)
N C S E

Start (> 2%) 13–14 LST 14–15 LST 14–15 LST 14–15 LST

End ( >2%) 16–17 LST 18–19 LST 17–18 LST 15–16 LST

Duration 3–4 hrs 4–5 hrs 3–4 hrs 1–2 hrs

Max. frequency
3.5 %

1500–1600 LST
6.5 %

1500–1600 LST
4 %

1500–1600 LST
2 %

1400–1500 LST

Average height ~300 m ~400 m ~100 m ~1700 m

Movement of storms
(most cases)

NE: ~32 %
5.8 m/s

1) NE: ~20.9 %
6.9 m/s

2) N : ~20.3 %
6.3 m/s

N: ~20.2 %
6.6 m/s

1) NE: ~18.8 %
4.7 m/s

2) E: ~18.2 %
4.2 m/s

3) SW: ~17.1 %
5.7 m/s

Vertical structure RCWF (subdomains N and E) RCCG (subdomains C and S)

Max. frequency

lower level : >16 % 35–45 dBZ
2.5–6.5 km

higher level : >18 % 10–20 dBZ
> 9.5 km

lower level : >18 % 45 dBZ
2.0 km

higher level : >22 % 15 dBZ
> 11 km
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TABLE 5.1 Reference for predictors used in the fuzzy logic approach.

Boundary layer Background information

Vapor pressure
Crook (1996): Variations in temperature and moisture in boundary layer could make

the difference between no and intense convections.

Humidity
Huntrieser et al. (1997): Relative humidity is valuable to provide the guidance for

forecasting the occurrence of thunderstorms.

Wind direction
Fuelberg and Biggar (1994): Low-level wind direction influenced the moist supply

that was related to the degree of convective activity.

Wind speed
Tucker and Crook (2005): Weak wind speed might lead to longer exposure of the air

to the elevated heating and encouraged the development of thunderstorms.

Synoptic environment Background information

CAPE

Adams and Souza (2009): The CAPE is also frequently used as a forecasting tool for

gauging severe thunderstorm likelihood since it provides a rough estimate of vertical

updraft magnitude.

T–Td
Chen et al. (2001): Moister conditions at mid-levels will reduce entrainment of dry

air into growing cumulus.

Wind direction
Fuelberg and Biggar (1994): Strong convection was coupled with southwesterly

winds.

Wind speed
Carleton et al. (2008): A greater influence of land surface conditions on deep

convection for the weaker flow contrasted with stronger flow days.
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TABLE 5.2 Hourly favorably preconvective conditions of individual factors for the

occurrences of TSA according to the conditional probability functions.

STATION Hour (LST) 08 09 10 11 12 13

46990
Danshui

VPRE (hPa) 29 30.5 31 31.5 31 31

HUMD (%) 74 70.5 69 67.5 67 67.5

WDIR (degree) 160–190 250–310 240–310 270–310 280–320 280–320

WDSD (m s-1) < 1.5 < 2.0 < 2.0 < 3.5 < 4.5 < 4.5

46694

Keelung

VPRE (hPa) 28.5 28 28.5 28.5 28.5 28.5

HUMD (%) 68 61 61.5 59 62 60

WDIR (degree) 170–240 30–50 10–50 20–50 0–50 0–50

WDSD (m s-1) < 3.0 < 2.5 < 3.5 < 4.0 < 4.5 < 5.0

46692

Taipei

VPRE (hPa) 28 29 29.5 28.5 28.5 29.5

HUMD (%) 70.5 65.5 59 56 54 57

WDIR (degree) 140–200 180–210 230–280 230–330 260–350 280–360

WDSD (m s-1) < 1.5 < 1.5 < 2.0 < 2.0 < 2.5 < 3.0

SOUNDING

0800 LST hPa 1000 925 850 700 500

46692

Panchiao

CAPE (m2s2) > 500

T–Td (°C) < 4.0 < 4.0 < 6.0 < 9.5 < 11.0

WDIR (degree) 210 230–280 220–280 200–270 200–250

WDSD (m s-1) < 1.5 < 4.0 < 4.5 < 6.5 < 6.5
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TABLE 5.3 Hourly weights (%) of individual factors for the occurrences of TSA and CSI

values obtained from the fuzzy logic approach. Factors with higher weights are in italics and

boldface.

STATION Hour (LST) 08 09 10 11 12 13

46990
Danshui

VPRE (hPa) 17.1 13.6 2.0 14.3 17.1 22.5

HUMD (%) 2.6 0 0 0 8.2 1.6

WDIR (degree) 5.1 9.7 9.7 19.6 14.0 1.5

WDSD (m s-1) 18.8 11.3 9.9 4.1 11.0 1.3

46694

Keelung

VPRE (hPa) 3.4 3.0 4.5 1.4 3.8 0

HUMD (%) 0.3 0 0 0 5.7 0.9

WDIR (degree) 0.7 11.1 22.6 0 0 1.0

WDSD (m s-1) 4.7 7.5 12.7 13.6 9.9 6.2

46692

Taipei

VPRE (hPa) 8.8 8.3 9.7 15.7 9.3 15.0

HUMD (%) 5.9 16.7 9.7 13.7 4.7 25.0

WDIR (degree) 5.9 4.2 16.1 2.0 2.3 2.5

WDSD (m s-1) 26.5 14.6 3.2 15.7 14.0 22.5

CSI 0.682 0.690 0.703 0.722 0.726 0.740

SOUNDING
0800 LST hPa 1000 925 850 700 500

46692

Panchiao

CAPE (m2s2) 21.0

T–Td (°C) 29.1 3.6 3.6 3.6 7.3

WDIR (degree) 3.2 3.8 5.7 3.2 5.1

WDSD (m s-1) 7.7 0 0 0 2.9

CSI 0.702

PERSISTENCE Hour (LST) 08 09 10 11 12 13

9.1 9.1 10.0 13.0 14.3 11.7

CSI 0.542
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TABLE 5.4 Hourly skill scores of the fuzzy logic approach for calibration dataset

(May–October from 2005–2008).

Hour (LST) Hit Miss
False
alarm

Correct
rejection

POD FAR CSI

08 134 14 41 86 0.905 0.234 0.709

09 134 14 41 86 0.905 0.234 0.709

10 133 15 37 90 0.899 0.218 0.719

11 136 12 39 88 0.919 0.223 0.727

12 136 12 31 96 0.919 0.186 0.760

13 138 10 35 92 0.932 0.202 0.754

TABLE 5.5 The performances of the fuzzy logic approach at 1000 LST and operational

forecast of the Meteorological Forecast Center (MFC) of the CWB issued at 1030

LST.

ASSESSMENT
FORECAST

YES NO

O
B

S
E

R
V

E
D YES

(148)

Hit Miss
Fuzzy (1000 LST) 133 15
MFC (1030 LST) 143 5

NO
(127)

False alarm Correct rejection
Fuzzy (1000 LST) 37 90
MFC (1030 LST) 86 41

TABLE 5.6 Hourly skill scores of the fuzzy logic approach for validation dataset

(May–October from 2009–2010).

Hour (LST) Hit Miss
False
alarm

Correct
rejection

POD FAR CSI

08 40 5 27 46 0.889 0.403 0.556

09 39 6 27 46 0.867 0.409 0.542

10 39 6 25 48 0.867 0.391 0.557

11 39 6 21 52 0.867 0.350 0.591

12 38 7 19 54 0.844 0.333 0.594

13 40 5 19 54 0.889 0.322 0.625
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TABLE 5.7 The skill scores from all factors (group 1) and simplified factors (group 2) at 1200

LST.

No Factor (Group 1) CSI-1 CSI-2 No Factor (Group 2) CSI-2’ CSI-3’ CSI-4’

1

46690
Danshui

VPRE 0.56

0.726

1
46690

Danshui

VPRE

0.7

0.744
0.757

2 HUMD 0.486

3 WDIR 0.648
2 WDIR

4 WDSD 0.515

5

46694
Keelung

VPRE 0.518
3

46694
Keelung

VPRE
6 HUMD 0.44

7 WDIR 0.53
4 WDIR

8 WDSD 0.525

9

46692
Taipei

VPRE 0.465
5

46692
Taipei

VPRE
10 HUMD 0.343

11 WDIR 0.517
6 WDSD

12 WDSD 0.652

13 CAPE 0.546

0.702

7 CAPE

0.651

14

T–Td

1000 hPa 0.489

8

9

10

11

T–Td

WDIR

850 hPa

700 hPa

850 hPa

700 hPa

15 925 hPa 0.391

16 850 hPa 0.446

17 700 hPa 0.497

18 500 hPa 0.4

19

WDIR

1000 hPa 0.298

20 925 hPa 0.52

21 850 hPa 0.51

22 700 hPa 0.476

23 500 hPa 0.301

24

WDSD

1000 hPa 0.601

25 925 hPa 0.52

26 850 hPa 0.461

27 700 hPa 0.518

28 500 hPa 0.475

29 Persistence 0.542 0.542 12 Persistence 0.542 0.542
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FIG. 1.1 Distributions of various observation stations in Taiwan. Gray shades represent terrain

heights. Locations of radar sites and the Vaisala Total Lightning Detection System (TLDS)

sites are marked with the triangle and asterisk signs, respectively and their respective

abbreviations. Sounding station Panchiao, surface stations, and rain gauges are denoted by

square symbol, plus signs, and gray circle symbols, respectively. Big black–circle sign

denoted the location not only a radar site but also a sounding station. Surface stations used in

this study are labeled with the station numbers for reference.
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FIG. 3.1 Frequency of occurrence (%) of reflectivities ≥ 0 dBZ at 0.5 degrees elevation for (a) RCWF,

(b) RCHL, (c) RCCG, and (d) RCKT radars. Range rings of 230 and 460 km centered at each radar site

are also indicated.

(a) (b)

(c) (d)
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(a) (b)

(c) (d)

(e) (f)
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FIG. 3.2 Frequency of occurrence (%) of reflectivities ≥ 0 dBZ at 0.5 degrees elevation in summer for

(a) RCWF, (c) RCHL, (e) RCCG, and (g) RCKT radars. (b), (d), (f) and (h) as in (a), (c), (e) and (g), but

for winter, Range rings of 230 and 460 km centered at each radar site are also indicated.

(g) (h)
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FIG. 3.3 Total rainfall accumulations for (a) spring (March–May), (b) summer (June–August),

(c) fall (September–November), and (d) winter (December–February) during 2005–2007.

Gauge stations are labeled by plus symbols.
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FIG. 3.4 As in Fig. 3.3, but for rainfall frequency of ≥ 0.5 mm in 10–min interval.
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(a) (b)

(c) (d)

(e) (f)
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FIG. 3.5 Hybrid scans before (a, c, e, and g) and after (b, d, f and h) the application of

reflectivity climatology for RCWF (a and b), RCHL (c and d), RCCG (e and f), and RCKT (g

and h) radars. Range rings of 115 and 230 km centered at each radar site are also indicated.

FIG. 3.6 Each radar coverage of the mosaiced climatology–based hybrid scan.

(g) (h)
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FIG. 3.7 Mosaiced hybrid scan heights (a) before and (b) after the application of reflectivity

climatology. White color represents the hybrid–scan tilt areas are higher than the 5th tilt.
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FIG. 3.8 Hybrid scan FORs (≥ 20 dBZ) before (a and c) and after (b and d) the application of

reflectivity climatology for spring (a and b) and summer (c and d).
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v

FIG. 3.9 As in Fig. 3.8, but for rainfall accumulations derived from the archived FORs.
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FIG. 4.1 (a) Distribution of rainfall amounts (mm) on undisturbed days during the warm

seasons of 2005–2008. Gauge stations with local precipitation maximum are labeled with

the station numbers for reference. The dashed lines indicate the crest lines of two major

mountain ranges (Fig. 1.1). (b) Hourly average rainfall (mm) for all rain gauges.

(a)

(b)

A

D

C

B

C0D360 +
+ C0U710
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FIG. 4.2 Frequency of occurrence (%) of (a) reflectivity ≥ 40 dBZ and (b) CG lightning

during 1200–2100 LST on undisturbed days. Seven TLDS sites are denoted by plus signs.

(a)

(b)
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FIG. 4.3 The accumulated rainfall (mm) according to different rainfall rates (mm h–1) at rain

gauges (a) Meihun (C0D360) and (b) Tai-Ping San (C0U710). The numbers indicate the

percentages (%) of total rainfall on undisturbed days as shown in the top right-hand corner.

(b)

(a)
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(c) (d)

(e) (f)
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FIG. 4.4 Frequency of occurrence (%) for reflectivity ≥ 40 dBZ at (a) 1400, (b) 1500, (c) 1600,

(d) 1700, (e) 1800, and (f) 1900 LST on undisturbed days. The four inset boxes in (b) indicate

the subdomains for calculating the Hovmöller diagrams and the movement of storm cells in

Figs. 4.6 and 4.8.
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(a) (b)

(c) (d)

(e) (f)
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(g)
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(k) (l)
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(h)
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(q) (r)
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FIG. 4.5 The evolutionary patterns of mosaic

CV (column vector) reflectivity of afternoon

thunderstorms over Taiwan area from 1200

LST to 2130 LST (a–s) with 30–min intervals

on 30 July 2007.

(s)
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(a) (b)

(c) (d)

(e) (f)
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FIG. 4.6 Hovmöller diagrams of the frequency of occurrence (%) of reflectivity ≥ 40 dBZ on

undisturbed days for subdomains (a) N, (c) C, (e) S, and (g) E. (b), (d), (f), and (h) as in (a), (c),

(e), and (g), but for the CG lightning. In each Hovmöller diagram, the frequency in the left (or

right) panel is averaged across (or along) the wider side of the subdomain as indicated in Fig.

4.4b. The average topographic profile is also indicated at the top of each panel.

(g) (h)
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FIG. 4.7 Frequency of occurrence (%) of brightness temperatures below 0 °C and cloud

albedos above 50 % as derived from MTSAT satellite data at (a) 1230 and (b) 1330 LST on

undisturbed days.

(a)

(b)
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FIG. 4.8 Histograms of the movement of storm cells identified by the SCIT algorithm between

1200 and 2100 LST on undisturbed days in the subdomains (a) N, (b) C, (c) S, and (d) E. The

corresponding average speeds are plotted as the black lines.

(c)

(a) (b)

(d)
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FIG. 4.9 Climatological contoured frequency by altitude diagrams (CFADs) of radar

reflectivity for (a) RCWF radar data collected at 6–minite intervals and (b) RCCG radar data

collected at 10–min intervals during 1200–2100 LST on undisturbed days. The CFAD bin

size is 5 dBZ and is shaded with colors at intervals of 2 % of data per dBZ per kilometer.

(a)

(b)
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FIG. 4.10 Hourly average surface wind in northern Taiwan at (a) 1000 LST, (c) 1100 LST, and

(a) (b)

(c) (d)

(e) (f)

Danshuia

Keelung

Taipei

Taipei
Basin
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(e) 1200 LST on TSA days; (b), (d) and (f) as in (a), (c) and (e), but for non-TSA days.

Full-wind barbs correspond to 1 m s–1 and half barbs correspond to 0.5 m s–1. The terrain

heights are indicated with gray shading. Surface stations Danshui (46690), Taipei (46692),

and Keelung (46694) are labeled with red dots for reference.
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FIG. 4.11 Hourly average (a) temperature (°C) and (b) dewpoint temperature (°C) are

shown for stations Danshui (46690), Taipei (46692), and Keelung (46694). The locations

of the surface stations are indicated in Fig. 1.1. TSA and non-TSA days are indicated with

solid and dashed lines, respectively.

(a)

(b)
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FIG. 4.12 As in Fig. 4.10, but for central Taiwan. Surface stations Yungkang (46742), Chiayi

(a) (b)

(c) (d)

(e) (f)

Chiayi

Yungkang

Chigu

Chiayi
County

Tainan County
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(46748), and Chigu (46778) are labeled with red dots for reference.
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FIG. 4.13 As in Fig. 4.11, but for surface stations Yungkang (46742), Chiayi (46748), and

Chigu (46778) in central Taiwan.

(a)

(b)
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(a)
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FIG. 4.14 Composite Panchiao soundings launched at 0800 LST (0000 UTC) (a) on TSA days

and (b) on non-TSA days. Full-wind barbs correspond to 5 m s–1 and half barbs correspond to

2.5 m s–1.

(b)
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FIG. 4.15 Vertical profiles of average temperature (solid line) and dewpoint temperature

(dashed line) differences between the average profiles from all undisturbed days versus 148

TSA (heavy line) and 127 non-TSA (thin line) days. The average profiles were noted at

sounding station Panchiao (46692) in northern Taiwan taken at 0800 LST (0000 UTC).
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FIG. 4.16 Box–and–whiskers plot of T–Td from 1000 to 400 hPa for the TSA days (gray)

and non-TSA days (white). The bottom and top of the box are the values of the first (Q1)

and third (Q3) quartiles, respectively. The line in the box represents the median value.

Outliers are the points that fall below Q1–1.5(IQR) or above Q3+1.5(IQR) (as the length of

whiskers), where the IQR (interquartile range) is equal to the difference between Q3 and

Q1.
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FIG. 4.17 Histograms of the frequencies of the observed wind directions between (a) 0–3 and (c) 3–6

km by radiosonde observations at Panchiao at 0800 LST (0000 UTC) on TSA days. (b), (d) as in (a),

(c), but for non-TSA days. The corresponding average wind speeds are plotted with black lines.

(a) (b)

(c) (d)
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FIG. 4.18 As in Fig. 4.2a, but for (a) the

northwesterly; (b) the northeasterly; (c) the

southwesterly; (d) the southeasterly, and (e) the

calm flow regimes.

(a) (b)

(c) (d)

(e)
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(a) (b)

(c) (d)



147

(e) (f)

(g) (h)
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FIG. 5.1 Feature curves fk,s(x) corresponding to TSA days (top panels) and non-TSA days (bottom

panels), derived from the surface station and sounding observations. (a) Vapor pressure, and (b) wind

direction at station Danshui (46690). (c) Wind direction at station Keelung (46694). (d) Vapor

pressure, (e) relative humidity, (f) wind direction, and (g) wind speed at station Taipei (46692). The

gray lines indicate the different time from 0800–1300 LST. For sounding station Panchiao

observations at 0800 LST (0000 UTC), (h)–(j) are CAPE, wind directions, and dewpoint depression

(T–Td), respectively. The sounding profiles from 1000–500 hPa layers are indicated with gray lines.

(i) (j)
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)
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FIG. 5.2 Conditional probability curves pk,s(x) corresponding to TSA days derived from the surface

station and sounding observations. The factors in (a)–(j) are as in Figs. 5.1(a)–(j).
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)
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FIG. 5.3 Fuzzy membership functions μk,s(x) corresponding to TSA days derived from the surface

station and sounding observations. The factors in (a)–(j) are as in Figs. 5.1(a)–(j).
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FIG. 5.4 Hourly summed weights of station (circle symbols), sounding (square symbols), and

persistence rule (triangle symbols) based on the optimization of the CSI values (asterisk

symbols) corresponding to the forecast of TSA days. The associated summed weights are also

indicated.



154

(a) (b)

(c) (d)

(e) (f)
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FIG. 5.5 CSI values obtained with the different combinations of weights wk,s assigned to the features

applied to TSA over the calibration dataset at 1200 LST. (a) Vapor pressure and (b) wind direction at

station Danshui (46690). (c) Wind direction at station Keelung (46694). (d) Vapor pressure, (e)

relative humidity, (f) wind direction, and (g) wind speed at station Taipei (46692). From sounding

station Panchiao profile at 0800 LST, (h) CAPE, dewpoint depression (T–Td) at (i) 1000 hPa and (j)

500 hPa levels, and wind directions at (k) 850 hPa and (l) 500 hPa levels.

(i) (j)

(k) (l)
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FIG. 5.6 Hourly CSI of forecasting occurrence of TSA with different threshold Ys

(likelihood) by using the fuzzy logic approach. Black and red contours indicate the CSIs

and the proportions of the all undisturbed days, respectively. CSI contours for values ≥ 0.8

are indicated with heavy black lines.
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FIG. 5.7 Temporal evolutions of temperature (°C) (solid line), relative humidity (%) (dash

line), and vapor pressure (hPa) (heavy solid line) at stations (a) Danshui (46690), (b)

Keelung (46694), and (c) Taipei (46692) from 0800 LST to 1300 LST with 10–min

intervals on 28 August 2006. Full-wind barbs correspond to 1 m s–1 and half barbs

correspond to 0.5 m s–1. The locations of surface stations are indicated in Fig. 1.1.

(a)

(b)

(c)
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FIG. 5.8 Panchiao sounding launched at 0800 LST (0000 UTC) on 28 August 2006. Full-wind

barbs correspond to 5 m s–1 and half barbs correspond to 2.5 m s–1.
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FIG. 5.9 As in Fig. 5.7, but for 18 May 2008.

(a)

(b)

(c)
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FIG. 5.10 As in Fig. 5.8, but for 18 May 2008.
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FIG. 5.11 Distribution of the maximum reflectivities between 1200 LST and 2100 LST on

18 May 2008. Contours start at 30 dBZ with an interval of 5 dBZ and contours of 40 dBZ

are indicated with heavy lines. Gray shades represent terrain heights.




