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The main objective of this study is to analyze tékationship between rainfall
intensity and the associated cloud properties warelhcloud top temperature (CTT) and
cloud cover in Thailand based on some selected stasies during years 2006 and
2007. In addition, the classified cloud data welso applied to the investigation of
seasonal cloud and rainfall distribution duringshepecified years.

To assist the efficient derivation of cloud top parature maps, the automatic
cloud classification model for the TIR images of ®AT-1R satellite was developed
and applied as main tool for CTT mapping in thedgtuAnd to reduce possible
confusion between high clouds and rain clouds (¢ammnbus), the high clouds were
filtered off first using split-window technique uadthe given thresholds. The classified
CTT maps include all clouds with CTT less than 1@fi@, as a consequence, most
warm clouds and cold clouds are depicted on theiéd maps.

The analysis of seasonal cloud and rainfall digtrdn indicates that patterns of
their distribution in Thailand are product of thentined effects among several main
driving factors. In summer, these are the localvective system, the cold airmass, the

monsoon trough, the westerly wind, and the low sures area from the ocean. In rainy



A%

season, these are the monsoon trough, the southwesbon, the tropical cyclone and
low pressure area from the ocean. And in wintes¢hare the cold air mass, northeast
monsoon (for the south), and local convection.

The analysis on relationship between daily meastagdall across the country
and the corresponding cloud top temperature inelic#itat the relationships between
rainfall amount from 116 rain-gauge stations andeobed CTT found still did not
exhibit a clear pattern where the highest correfatf 0.6277 was seen in rainy season
but in summer and winter, the correlation level st rather low (less than 0.5). This
means the CTT value alone cannot be used as ddileatior of the rainfall amount
observed each day.

In addition, it was clearly seen from the studyt #w@ount of total daily rainfall
has high correlation with the amount of cloud comera seen each day, witter0.8 in

all cases especially heavy rainfall (e.g. > 80 mmn the hail days (wittf = 0.8915).
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CHAPTER

INTRODUCTION

1.1 Background problem and significance of the study

Cloud and rain are considered key components oflibleal hydrologic cycle
that regulates circulating mechanism of water iturea Clouds are the original source
of rain which is crucial for the daily living of ¢hmajority of population on the Earth,
especially the farmers. As a result, knowledge lofiad structure and distribution is
essential for the understanding of rainfall patt@nd climate changes in the interested
area. At present, the most effective method toystlloud and rainfall distribution in
regional or country scale is using observed datanfthe weather satellites. These
satellites have been specifically designed fordhgervation and measurement about
structure and gaseous components of the Earth’sspinere as well as the important
atmospheric phenomena such as rain, cloud, winddgrstorm, or the hurricane.

Typically, the application of satellite imageryweather study in Thailand is
still rare and mostly focused on the predictiomash rate from cloud top temperature
derived from the thermal infrared (TIR) satellimages. However, most studies
mainly focused on the analysis of cloud/rainfallatenship base on data at few
selected stations. Therefore, in principle, théitamed results still can not explain the
variety of the cloud and rainfall relationship etcountry as a whole. To gain more
knowledge of the relationship in wider scope, dedan more stations covering wider

area and in longer time-span of rain/cloud recaosl reeeded, which is significantly



fulfilled in this study. In addition, in this thesithe cloud data derived from TIR
satellite images are also applied to the studyeatsnal weather variation observed in

years 2006 and 2007.

1.2 Objectivesof the study

This study comprises of three main objectives devis:

1.2.1 To develop a computer-based automatic ctdasksification program
for the use with satellite TIR imagery.

1.2.2 To apply the classified satellite cloud imsdor the study of seasonal
rainfall and cloud distribution during years 200@&l&007.

1.2.3 To find proper relationship between obsemagafall amount and some

cloud properties (cloud top temperature and clanckcarea).

1.3 Scopeand limitations of the study
1.3.1 Study area covers the whole Thailand allnduperiod 2006 and 2007.
1.3.2 Dalily rainfall data collected by the TMD ahdurly satellite TIR

image are valid for the analysis of rainfall andutl distribution.

1.3.3 Only clouds with cloud top temperature lésst1@C are considered.

14 Study area

Thailand is located in the tropical zone withintlade of 05° 37’ to 20° 27'N
and longitude 97° 22’ to 105° 37'E with approxiniut813,115 kn in area cover. It
is bordered with Myanmar and Laos PDR in the nostith Lao PDR, Cambodia and
the Gulf of Thailand in the east, with Malaysiatie south, and with Andaman Sea

and Myanmar in the west (Figure 1.1).
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Figure 1.1 Location map of Thailand

Source: TMD website (http://www.tmd.go.th)

The country is geographically divided into fourural regions: the North, the
Central (or the Chao Phraya River Basin), the Neash (or the Korat Plateau) and the
South (or the Southern Peninsula). The northeriomelg mountainous area prone to
flood, earthquake, landslides, the northeast regicarid area on the Korat Plateau,
frequently faces sudden flood during rainy seasexere drought and cold during hot
and cold season. The Central region is the featdéa but often inundated during rainy
season. The Southern region is hilly to mountairemd several offshore islands. The

severe disasters in this region are floods, trégicams, landslides and forest fires.
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Its seasonal climate is largely under influenceregional monsoon wind
especially the southwest and northeast monsoomsn Fine meteorological aspect,

climate of Thailand can be divided into three seaqsee also Figure 1.2).

(1) Summer or pre-monsoon season (mid-FebruarynighMay) during
which weather is generally hot and dry as the wiolentry is exposed to the sun the
most and it is still lack of strong monsoon windsrtfluence weather otherwise.

(2) Rainy or southwest-monsoon season (mid-Mamwyitb-October). During
this period, the southwest monsoon mostly prevaiks Thailand and it brings huge
amount of moisture from the Indian Ocean to forraratant rain allover the country.
Weather is usually hot and humid and the wettesogés August to September.

(3) Winter or northeast-monsoon season (mid-Octtbenid-February). At
this time, the weather pattern is mostly underitifieence of northeast monsoon that
brings cold and dry air from the Siberian High ttvgrn the whole country, especially

in the middle and upper part. But in the soutkyiit bring more rain to the area.

Upper Thailand usually experiences dry weatherimtew due to the influence
of the northeast monsoon but in summer, amoungioffall gradually increases as
well as the thunderstorms. The onset of the sowghmwensoon leads to an intensive
rainfall from mid-May till early October with peak August or September. However,
dry spells commonly occur for 1 to 2 weeks or naweng June to early July.

Rainy season in the south is different as abundantall occurs during both
the southwest (for the western coast) and northmastsoon (for the eastern coast)
periods. Amount of rainfall on the western sidechess its peak in September but the

eastern side in November and remains high untilaanof the following year.
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Figure 1.2 Main influencing factors of weather variation inailand

Source: TMD website (http://www.tmd.go.th)

15 Expected results

1.5.1 Automatic cloud classification module fromtedlite TIR image base
on the derived cloud top temperature map.

1.5.2 Knowledge about seasonal cloud and raidfsitibution in the country
during years 2006 and 2007, and associated theinfaiencing factors.

1.5.3 Proper relationship pattern between rainfathount and cloud
properties (cloud top temperature and cloud cokea)a

1.5.4 Better understanding on the potential appbas of TIR satellite

images to the study about cloud and rainfall issudhailand.



CHAPTER I

LITERATURE REVIEW

This chapter mainly focuses on a review of literatelated to main objectives
of the dissertation. It begins with data of thekmgound theory, theories, definitions

and related documents.

2.1 Height and structure of the atmosphere

Principally, the Earth comprises of four major caments which are the
atmosphere (or Earth’s gaseous envelope), the Balith (or Earth’s core, mantle and
crust), the hydrosphere (or Earth’s water porti@mg the biosphere (where all bio-
organisms live). Literally, the atmosphere extefndm the Earth’s surface upward to
the outer space and no clear boundary set forntietits territory. Most atmospheric
particles concentrate in the lower portion of ttre@sphere close to the surface due to
the gravity. About 50 percents of the atmospherenhgs lies below an altitude of 5.6
km and about 90 percents lie below 16 km altithdest dominant gases in normal air
are nitrogen (78 percents) and oxygen (21 percents)

2.1.1 Variation of air density and pressure with height

Air density normally decreases rapidly with heigittove Earth’s

surface as follows:

D(z) = D™ (2.1)
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Here, D(z) is the air density at height z above mesa level (msl), = 1.225 kg/m
is the reference pressure at mean sea level gnd BL55 km is the constant called

scale height for densityAs air density decreasesiy pressure also decreases in a similar

manner which can be described as follows:

P(z) = Re™"™P (2.2)

P(z) is the air pressure at height z above mgl=P1,013.25 mb (or hPa) is the
reference pressure at mean sea level (SLP) @m-ﬂ-l29 km is called scale height for

pressure.

However, in real atmosphere, the surface air pressan vary
dramatically with place and time, and this knowkedg necessary for the
understanding of climate change. For example, wi#alow pressure (e.g. lower than
SLP) normally indicates warm and turbulent weatlvaile area with high pressure
(e.g. higher than SLP) is associated with cold rmode static weather (Ahrens, 2000;
Stull, 2000).

2.1.2 Layersof theatmosphere

Air temperature can vary dramatically with heightlahe tendency of
its vertical variation has been used to define afhere’'s layers as follow:
troposphere (0-12 km), stratosphere (12-50 km), osmsere (50-85 km), and
thermosphere (> 85 km) (Figure 2.1).

Among these layers, the troposphere is most impb#da it contains
most gases necessary for the living of human bg@nd all other living organisms).

The temperature tends to decrease with heightenrtposphere, from about 20°C at



the surface to -60°C at altitude of about 12 kmisTtemperature decreasing rate is
called the environmental lapse rate where its @eekalue is 6.5°C per kilometer, a
figure known as normal lapse rate. However, thpsdarate is not constant and can

vary during the course of a day with fluctuatioishee weather, as well as seasonally

and from place to place.

Abitte fkm)

=100 =80 =60 40 =20 o 20 40 680 °C
=120 80 =40 [¥] 40 ] 120 “F
Temperalura

Figure2.1 Layers of the atmosphere defined by the verticqaperature structure.

Sour ce: Figure 1.9 in Ahrens (2000)

The troposphere is being chief focus of meteorgksgibecause in this
layer that essentially all important weather pheapanoccur. Almost all cloud and
precipitation, as well as all violent storms, arbin this lowermost layer of the

atmosphere. As a result, sometimes it is nametinbather sphere”.



Beyond the troposphere lies the stratosphere inctwhi has the
boundary between the troposphere and the stratasjhewn as the tropopause. In
this boundary layer, the weather is considerabdync{much contrary to situation in
troposphere) and temperature is relatively consthrdughout (at about -60°C).
Normally, height of the tropopause varies signifitta with place and time, but in
average, it is higher in summer and lower in winféne temperature starts to rise
sharply with height at an altitude near 20 km aotinues until it reaches stratopause
at a height of about 50 km above the Earth’'s sarfatigher temperatures present in
this layer due to the absorption of high energy tdy in sunlight by the thick ozone
layer situated at altitude 15-30 km.

Above the stratosphere is the mesosphere whereetampe continue
to decrease with height again until the mesopatsgs km above the surface with the
temperature about -90°C, is encountered. The owotgrfayer is thermosphere which
contains only a minute of the atmosphere’s masshasco well-defined upper limit.
Here, temperature increases with height to somemely high values of more than
1,000°C. The rise owns to the strong absorptioneoy-short wave, high-energy solar

radiation by atoms of oxygen and nitrogen gasesg@ns and Tarbuck, 1998).

2.2 Cloud classification and for mation

In this section, general concepts of cloud fornmatend its classification
scheme are presented. The special interest is gvere thunderstorm cloud which is
the main source of heavy rainfall observed in reatiost content described here is
summarized from two main sources; Lutgens and T&rifi998) and Ahrens (2000),

unless stated otherwise.
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2.2.1 Cloud classification

Cloud is the natural phenomenon that is familiamitwst people on the
Earth. In essence, it is a visible form of the highacked water droplets and/or ice
particles in the atmosphere above the Earth’s saeirfAMS Glossary of Meteorology,
2009). Clouds can appear in different shapes ares$ siepending on the formulating
process and the then influencing environment. Btirdguish different patterns of the
cloud appearances into some definite categoriegraecloud classification schemes
have been proposed so far. But the most widely-usedwas developed by Luke
Howard (1772-1864), the English amateur meteorstogi 1803 (Hamblyn, 2001).
The system was later adopted by the WMO (World Eetegical Organization) and
used in the writing of International Cloud Atlas i, 1956). In this system, Howard
employed Latin words to describe clouds as thegapio a ground observer in which
four basic cloud forms were identified, which asesheet-like cloudtratus (from
Latin for “layer”), a puffy cloudcumulus (“heep”), a wispy clouctirrus (“curl of
hair”), and a rain clougimbus (“violent rain”). All other clouds can be describby
combination of these basic types. For example, astrhtus is a rain cloud that shows
layering form, while cumulonimbus is a rain clouéving pronounced vertical
development. Based on Howard’s system, five fundaatgroperties of clouds were

categorized which are (AMS Glossary of Meteorold§Q0):

(1) Genera: Main characteristic forms of clouds,

(2) Species: Peculiarities in shape and differencaaternal structure
of clouds,

(3) Varieties: Special characteristics of arrangemet @ansparency

of clouds,
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(4) Supplementary features: Appended and associatedr naloud
forms, and

(5) Mother-clouds, the origin of clouds if formed frasther clouds.

Based on these criteria, ten cloud genera have ideatified, which
are cirrus, cirrocumulus, cirrostratus, altocumulstsatus, altostratus, nimbostratus,
stratocumulus, cumulus, and cumulonimbus. The éamrtcloud species are fibratus,
uncinus, spissatus, castellanus, floccus, stratifanebulosus, lenticularis, fractus,
humilis, mediocris, congestus, calvus, and cap#latThe nine cloud varieties are
intortus, vertebratus, undulatus, radiatus, lacusosduplicatus, translucidus,
perlucidus and opacus. The nine supplementary resatand accessory clouds are
incus, mamma, virga, praecipitatio, arcus, tubl@usi velum, and pannus.

Another popular classification scheme was developased on the
usual altitudes of observed clouds in which ten@pal cloud forms are divided into
four primary cloud groups, high, middle, low, anértically-developed clouds. The
first three categories are identified by heighttloé cloud’s base above the surface
whereas fourth group contains clouds showing moegtical than horizontal
development. And within each group, cloud typesideatified by their appearance.
High clouds include cirrus (Ci), cirrocumulus (Ccjrrostratus (Cs) while middle
clouds are altocumulus (Ac) and altostratus (Asy &w clouds are nimbostratus
(Ns), stratocumulus (Sc) and stratus (St). Finaltig,clouds with vertical development
are cumulus (Cu) and cumulonimbus (Cb) (Figure.Zl&pble 2.1 lists these cloud
groups, their members and approximate based héigie. that the altitude separating

high and middle clouds overlaps and varies witiude.
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In addition, clouds are also divided according keirt particulate
composition, namely, the water clouds, ice-crystalids, and mixed clouds. Among
these, the first compose entirely of water dropletdinary and/or supercooled states),
the second entirely of ice crystals, and the thircombination of the first two. Only
cirrostratus and cirrus that are always ice-cryslalds, cirrocumulus can be mixed,
and only cumulonimbus is always mixed (Figure 2Aljostratus is nearly always
mixed, but can occasionally be water. All the r@stmulus, stratus, stratocumulus,
nimbostratus, and altocumulus) are usually wateudsd but can be occasionally
mixed.

Typically, cloud which has only liquidcomponents (even at
temperature less than 0°C) is referred to as “weoud”, and the precipitation that
results is said to be due to warm-cloud processudlthat contains ice crystal is
referred to as “cold cloud”, and the resulting jgoéation is said to be product of the

cold-cloud process, which is normally referred $afee Bergeron mechanism.

Curnulus

Figure2.2 Generalized illustration of basic cloud typesdshsn cloud base heights.

Sour ce: website http://www.ilmutrans-udara.com
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Table2.1 Cloud groups, their members, and heights of cluagk (Ahrens, 2000)

Height of cloud bases (m)
Cloud group Cloud type

Tropical Mid-latitude Polar region

Cirrus (Ci),
High clouds  Cirrocumulus (Cc), 6,000-18,000  5,000-13,000 3,000-8,000
Cirrostratus (Cs)

Middle clouds Altocumulus (Ac), 2,000-8,000 2,000-7,000 2,000-4,000
Altostratus (As)

Stratus (Sc),
Stratocumulus (St) ,
Nimbostratus (Ns)

Low clouds 0-2,000 0-2,000 0-2,000

Vertical

development Cumulus (Cu) i i i

Cumulonimbus (Cb)

N

Mixed ice and
{-20°C)

Figure 2.3 The distribution of ice and water in a cumulonimisicud.

Sour ce: Figure 8.6 in Ahrens (2000)
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2.2.2 Cloud formation
Normally, clouds develop in the atmosphere as ailtresf the
condensation of water vapor in the rising curresitsvarm moist air (above the
condensation level) under four basic processesjemine lifting, orographic lifting,
frontal wedging, and convergence (as shown in Eigud). Most of the observed

clouds and precipitation result from one or a carabon of these mechanisms.

Four processes that lift air

".., e e e o e S st e e

2,
)

(a) Convective lifting

(c) Frontal wedging {d) Convergence

© 1998 Prentico-Hall, Inc.
Siman & Sehuster/ A Visborn Comparny
Uppor Sacdie River, New Jorsay 07458

THE ATMOSPHERE, TTH EDITION
by Frodedch K. Luigens and Edward J. Tarbuck.

Figure 2.4 Four basic air-lifting processes in the formulataircloud.

Source: Figure 4-21 in Lutgens and Tarbuck (1998)

In the convective lifting process, the warmer ngenund air parcel
(due to higher surface heat absorption) rises abyuby the atmospheric buoyancy

force. During this ascending, it is expanding aadling. And if this rising air cools to
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its saturation point, at a height called the Igticondensation level, its moisture
content will condense and be visible as cloud. iBitation associated to convective
lifting is normally isolated and of short duratidn.orographic lifting, the air is forced
to lift along the topographic barrier such as a maun (Figure 2.4b). As air ascends a
mountain slope pass the condensation level, adtababling often generates clouds
and copious precipitation. In reality, many of tteniest places in the world are
located on windward mountain slopes like the Hipaldountain in Nepal. In this
case, the type of cloud that is formed dependshenair’'s stability and moisture
content. On the leeward side of the mountain, asaith moves downhill, it warms.
This sinking air is now drier, since much of its istare was removed in forms of
clouds and precipitation on the windward side. Assult, this region on the leeward
side, where precipitation is noticeable less, Iieda rain shadow.

Clouds also frequently occur along the boundaryrevioeld and warm
air masses collide (called “weather front”) by aqess called frontal wedging where
the cooler (and denser air) acts as a barrier wherh the warmer (and less dense) air
rises until reaches the condensation level. THalgyeof the rising air determines to a
great extent the type of clouds that form and tneunt of precipitation that may be
expected. The merging of air flows (from differefitections) in lower troposphere
can result in air-lifting that generates cloud. sThhenomenon is called convergence
and is regarded as being major contributor to tbevs/ weather associated with the
middle-latitude cyclones and hurricanes.

To achieve the referred condensation mechanisnrjdimg air must be
saturated and there must be surface on which tierwapor can condense. This is

provided by the tiny particles known as “cloud censlation nuclei, CCN” which
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generally include the microscopic dust, smoke, sadt particles, which are abundant
in the lower atmosphere. CCN are important becaifigbey are absent, a relative
humidity well in excess of 100 percents is needegrbduce clouds. Initially, the

growth rate of cloud droplets is rapid but thislvdiminish in a short time as the
available water vapor is rapidly consumed by adangmber of competing droplets.
The result is formation of many tiny water droplésd micrometer scale), that be
remain suspended in the air and seen as clouds.

Particles that make the most effective cloud cosdgon nuclei are
hygroscopic, which means they are water-absorbeatenmal. Some of the most
common hygroscopic condensation nuclei are minogstals of sulfate and nitrate
compounds. Hygroscopic nuclei are released intoatin@osphere mainly as a by-
product of consumption (burning), from such soumed$orest fires, automobiles, and
coal-burning furnaces. In addition, salt from biegkocean waves and some particles
found in ordinary dust can serve as cloud condersaticlei.

2.2.3 Cumulusand cumulonimbus clouds

Most of the observed heavy rainfall in nature cam rormally
associated with the formation of vertically-deveddp clouds, cumulus and
cumulonimbus. Cumulus clouds are individual masseg develop into vertical
domes or towers, the tops of which often resembldiftower (Figure 2.2). They
most usually form on clear days when unequal sarfeating causes parcels of air to
rise upward through the lifting condensation levidiis level is often apparent to an
observer as the flat cloud bottoms clearly define i

Although cumulus clouds are normally associatech vigiir weather,

under proper circumstances, they may grow dranigtiga height, and the clouds
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with great vertical extent are formed callecuanulus congestus. Eventually, when the
cloud becomes even more towering and rains beginodour, it becomes a
cumulonimbus. Cumulonimbus is dark, dense, billowlud of gigantic vertical
extent in form of huge tower (Figure 2.2). In lagtages of development, the upper
part of a cumulonimbus turns to ice and appeam®di (cirrus form). Furthermore,
the tops of these clouds frequently spread oubaps of an anvil under the influence
of the strong upper wind. Cumulonimbus towers extBom a few hundred meters
above the Earth’s surface upward to about 10-Idnieters. These huge cloud towers

can produce heavily precipitation, lightening, dmander and occasionally hail.

2.3 Rain and hail formation

Rain and hail are two most common features of tkeeipitation usually found
in the tropical countries like Thailand. In thiscgen, the formation process of rain
and hail is described along with the rainfall cleteastics in Thailand. This
knowledge is crucial for the further study on tleéationship between cloud and rain.
Most content given here is gained from Lutgens &adouck (1998) and Ahrens
(2000) unless stated otherwise.

2.3.1 Rainformation

In theory, a raindrop normally develops from thembmation of
millions of cloud droplets through two fundamentalechanisms, the Bergeron
process and the collision-coalescence processfifgh@ne is applied specifically to
the formation of cold-cloud (or icy cloud) precgibn and the second one is typically

used to explain the occurrence of warm-cloud (akeweloud) precipitation.
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(1) Bergeron process

Most rain and snow found in the mid-latitude regaiginate from the
formation of ice crystal under the “Bergeron pra&esvhich is named after its key
discoverer, Tor Bergeron, the famous Swedish melegist. The working principle
of the process relies on two specific propertieshefliquid cloud droplets which are
(1) it can remain in the liquid state at subzermgerature (below 0°C) called
“supercooled” state until it reaches a temperatofenearly -40°C and (2) the
saturation vapor pressure above ice crystals ishnhower than above supercooled
liquid droplets.

In general, the supercooled droplets and ice dsystse major
component of most clouds situated at subzero temyrer However, these
supercooled droplets are usually very sensitivehéoagitation and it will freeze on
contact with solid particles that have a crystahfalosely that of ice (silver iodide is
an example) to form ice crystal. These materialehaeen termed freezing nuclei.
The need for freezing nuclei to stimulate the fregzprocess is similar to the
requirement for condensation nuclei in the condengrocess mentioned earlier.
However, in contrast to condensation nuclei, freg@znuclei are sparse in the
atmosphere and they do not generally become agtitietemperature reach -10°C or
below. Thus, at temperatures between 0 and -10f@ds consist mainly of
supercooled water droplets. Between -10 and -204Gid droplets coexist with the
ice crystals, and below -20°C, clouds are generatijnposed entirely of the ice
crystals, for example, high altitude cirrus cloud.

The coexistence of supercooled water droplet amd cig/stal can

generate snow and then rainfall if situation previdhis is because when air is
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saturated (100 percents relative humidity) withpees to liquid droplets, it is
supersaturated (over 100 percents) with respeatetacrystals. As a result of this
supersaturated condition, the ice crystal can coheore water molecules than they
lose by sublimation process. This result in muakelosaturation vapor pressure over
ice crystal than above supercooled liquid droplet @ater content thus continues to
evaporate from the liquid drops and provides a$m@myrce of water vapor to feed the
growth of ice crystals nearby (Figure 2.5).

Watear drophat

Temperature

Figure2.5 The Bergeron process in which ice crystal groivtha expense of cloud
droplets until they are large enough to fall asssoorain.

Sour ce: Figure 8.9 in Ahrens (2000)
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If the process lasts long enough, the growth ofcigstals is normally
sufficient to generate snow crystals large enougfall. During their descent, these
crystals enlarge as they intercept cloud dropsfteaize on them. But air movement
will sometimes break up these delicate crystals tmal fragments will serve as
freezing nuclei for other liquid droplets. This a&sult in many snow crystals, which,
by accretion, will form into larger masses callewwflakes. Large snowflake may
consist of 10 to 30 individual crystals. Howevethem the surface temperature is
above 4°C, the snowflakes usually melt before tteach the ground and continue
their descent as rain. Even a summer rain may bagein as a snowstorm in the
clouds overhead. Cloud seeding normally uses thrgdBen process as a mean to
stimulate rainfall by adding freezing nuclei (usuadilver iodide) to supercooled
clouds which can significantly change the growtlhafse clouds.

(2) Collision-coalescence process

A few decades ago, the Burgeron process was bdl@vsole resource
of most observed precipitation except for lightzdle. But later, it was found that
copious rainfall seen in the tropics normally foumder the influence of different
triggering mechanism called “collision-coalescenpeocess”. In this process,
collisions between liquid droplets (especially imrm clouds) play important role in
producing precipitation (Figure 2.6).

This begins with the formation of the very largeud droplets at the
presence of gigantic condensation nuclei, or hygoE particles (such as salt
particles), or through random collision of smallmoplets. These giant droplets
eventually fall through lower cloud layer by thewn weight and, along the way, they

may collide with some smaller and slower droplets then merge together (coalesce)
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to form bigger droplet. Becoming larger in the @es, they fall even more rapidly
(or, in an updraft, they rise more slowly) and aase their chances of collision and a
rate of growth. After collecting a million or scocld droplets, they are large enough to

fall to the surface without evaporating as rain.

I 1y

[ll Uil Large cloud
: . -drofaiet
Vg

* Small cloud ‘ . |
droplets ’ . Small droplets i _

|
]
. captured in B

Figure2.6 The collision-coalescence process in which dolis between liquid
droplets (with different sizes) play important radegproducing precipitation.

Sour ce: Figure 8.4 in Ahrens (2000)

Coalescence appears to be enhanced if collidingleteohave opposite
electrical charges. An important factor that influaes cloud droplet growth by the
collision process is amount of time the drople&nspin the clouds. In this case, rising
warm air currents (updrafts) in forming cloud céowsthe rate at which droplets fall

towards the ground. Consequently, thick cloud wittong updrafts maximizes time
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that cloud droplets spend in the cloud and, hetiee size to which they can grow
(maximum is about 5 mm).

The collision and coalescence process dominate foheing of
raindrop within warm clouds, sometimes called “waram”. The most important
factor in the production of the raindrop here isoamnt of liquid water in the cloud
where other accessory factors are, for examplasgeraof droplet sizes, cloud
thickness, updrafts of the cloud, electric charfjthe droplets. Relatively thin stratus
clouds with slow, upward air currents are, at besty able to produce drizzle,
whereas the towering cumulus clouds associated rapidly rising air can cause
heavy showers (Ahrens, 2000). From the precedisgudsion, it is apparent that large
condensation nuclei are required if warm clouds tareggenerate any appreciable
precipitation. This fact has led to the attemptsied” these clouds by adding “giant”
nuclei. One material used is table salt but water also be sprayed into the target
clouds and acts as giant particles to initiatectiibsion process.

2.3.2 Precipitation in clouds

In cold, strongly convective clouds, precipitatiomay begin only
minutes after the cloud forms and may be initidigaither the collision-coalescence
process or the Bergeron process. Once either @ooegins, most precipitation
further growth is by accretion. Although precipiteitis commonly absent in warmed-
layer clouds, such as stratus, it is often assedtiatith such cold-layered clouds, such
as nimbostratus and also stratus. This precipitasahought to form principally by
the Bergeron process because the liquid water obuatiethese clouds is generally
lower than that in convective clouds, thus making tollision-coalescence process

much less effective. Nimbostratus clouds are ndymthick enough to extend to
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levels where air temperatures are quite low, aeg tisually last long enough for the
Bergeron process to initiate precipitation.

Raindrop may fall from a cloud and not reach grquhthey encounter
rapidly rising air. But if the updraft weakens dranges direction and becomes a
downdraft, the suspended drops will eventually fallthe ground as a sudden rain
shower. The showers falling from cumuliform clodsy. cumulus) are usually brief
and sporadic, as the cloud moves overhead anddiiiftion by. But continuous rain,
on the other rain, usually falls from a layereduddhat covers a large area and has
smaller vertical air currents. These conditionsravanally associated to nimbostratus
clouds. Typically, rains generated from cumulonisiolouds are heavy and can last
for hours due to the strong long-lasting moist aftdrthat fuel such incidence.

And by definition given by meteorologists, to bensmlered as “rain”,
the falling liquid drops must have diameter equaldr greater than, 0.5 mm. Fine
uniform drops of water whose diameters less th&m@m are called “drizzle”. Most
drizzle falls from the stratus clouds, however, km@@ndrops may fall through air that
IS unsaturated, partially evaporate, and reaclgithend as drizzle.

2.3.3 Thunderstorm and hail formation

Thunderstorms are the well-known phenomena to nuebple
especially ones living in the tropical region whére unstable atmosphere dominates.
Thunderstorms activity is associated with cumuldmnis clouds that generate heavy
rainfall, thunder, lightening, and occasionally Indihe greatest number of events
occurs in association with the short-lived cumuhoinus clouds which produce local
rainfall. Occasionally, however, thunderstorms ngagw much larger and remain

active for a few hours. As a result, they can poedinequent lightening accompanied
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by the locally damaging winds or hails. Due to sodiéerences in the forming

process, the thunderstorms can be divided intatypes:

(1) Isolated (or ordinary) thunderstorms, produced bsirgle storm
cell and

(2) Severe thunderstorm produced by several storm cells

2.3.3.1 Ordinary thunderstorms

Several studies indicate that a thunderstorm gohesigh a cycle of
development from birth, to maturity, to decay (F®@.7). The first stage is known as
cumulus stage. This begins with the rising of thenld air along which it cools and
then condenses into single cumulus or clustermidd above the local condensation
level. Once the forming cloud passes beyond thezing level, the Bergeron process
begins to produce precipitation. Usually within d&our of its inception, the
accumulation of precipitation in the cloud is taeaf for the updrafts to support and
start to fall. The falling precipitation causesglan the air and initiates a downdratft.

The downdraft strength is further aided by theuxfbf cool, dry air
surrounding the cloud, a process termed “entraitindinis process intensifies the
downdraft because the added air is mostly cool dmyd it thus causes some of the
falling precipitation to evaporate (a cooling pregg thereby cooling the air within
the downdraft.

As the downdraft leaves the base of cloud, preaipn is released
which marks the beginning of the cloud’s maturgestaApproaching the surface, the
cool downdraft spreads laterally and can be fdibrigethe actual precipitation reaches
the ground. The sharp cool gusts at the surfacendreative of the downdrafts aloft.

During the mature stage, updrafts exist side bg widh downdrafts and then continue
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to enlarge the cloud. This coexistence of updnaft downdraft in the growing cloud
constitute a storm cell. Most thunderstorms hawersé storm cells, each of which
may last for an hour or more. When the cloud egpato the top of the unstable
region, often located at the base of the warmeatagphere, the updrafts spread
laterally under the influencing of strong upper &viand produce the characteristic
anvil top. Generally, cirrus clouds make up theudltop and are spread downwind by
the rapid winds aloft. The mature stage is the nagsive period of a thunderstorm
life-cycle where gusty wind, lightening, heavy raiand sometimes hail are

experienced.

Figure2.7 Stages in the development of an ordinary thundersto

Source: Figure 10-4 in Lutgens and Tarbuck (1998)

Once downdraft begins, the vacating air encourag@® entrainment
of the cool, dry air surrounding the cloud. Evetifyathe downdrafts dominate
throughout the cloud and initiate the dissipatitags. The cooling effect of falling

precipitation and the influx of colder air aloft rkathe end of the thunderstorm
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activity. Without a supply of moisture, the cloudlweventually evaporate sometimes
leaving just only cirrus anvil as the reminder ate mighty presence. The lifespan of
a single cumulonimbus cell within a thunderstornmpéex is less than an hour or
two, but as a storm moves, fresh supplies of wavater-laden air might generate
new cells to those that are dissipating.

In addition, upon reaching the surface, the coldrmttraft has another
effect. It may force warm, moist surface air upwardis rising air then condenses
and gradually builds into a new thunderstorm. Tliuis, entirely possible for a series
of thunderstorm to appear in a line, one next &dther, each in a different stage of
the development. These are termed multi-cell stouost ordinary thunderstorms are
multi-cell storms, as are most sever thunderstorms.

2.3.3.2 Severethunderstorms

Severe thunderstorms are frequent natural haza@bta of producing
large hail, strong and gusty surface wind, flasiodl, and tornado. Just like ordinary
thunderstorm, severe thunderstorms form when naiistises into a conditionally
unstable atmosphere and produce rain clouds baitasid air movement of the cloud
in this case can be greatly enhanced by the egisfira strong vertical wind sheer in
the area. Due to massive size of many severe thstod@s, they are often called
supercell storms.

Strong winds aloft may cause the updrafts in argetreinderstorm to
tilt in its mature stage, as seen in Figure 2.8 $torm is moving from left to right
and the upper- level winds cause the system tadilthat the updrafts move up and
over the downdrafts. This situation will allow thepdraft to remain strong for an

extended period of time. The updrafts in a seviesaderstorm may be so strong that
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the cloud top is able to intrude well into the $astmosphere (called overshooting).

In some cases, the top of the cloud may extendoi@ than 18 km above the surface.

Overshooting top
Tropopause

Anvil
Mammatus

Figure 2.8 Structure anéir movements within the severe thunderstorm.

Source: Figure 15.6 in Ahrens (2000)

2.3.4 Mesoscale Convective Complexes (M CCs)

In mid-latitude zone, where conditions are favoealdr the strong
convection, a number of individual thunderstormsyragceptionally develop in size
and organize into large convective system calledsddeale Convective System
(MCS) which may be round or linear in shape. MC8udes systems such as tropical
cyclones, squall lines, and Mesoscale Convectiva@exes (MCCs), among others.

MCC is a unique kind of the MCS which, by definitjonust have area
of cloud top at -32°C or less greater than 1008fare kilometers, and area at -52°C
or less greater than 50,000 square kilometers oe.dnd these size criteria must be

met for at least 6 hours. MCCs typically form dgriafternoon and evening in the
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form of several isolated thunderstorms. Within t€C, the individual storms
apparently work together to generate a long-lastiagther system that moves slowly
(usually less than 40 km/hr) and often exists feriquls exceeding 12 hours. The
circulation of the MCC supports the growth of ndwrderstorms as well as a region
of widespread precipitation. They can also produeede variety of severe weather,
including hail, strong winds, destructive flashditts, and tornado. Typically, the word
“MCS” is usually used to describe a cluster of thenstorms that does not satisfy size,
shape, or duration criteria of an MCC.
2.3.5 Hail formation

Hail is precipitation in the form of hard, roundpdllets or irregular
lumps of ice. Hailstones mostly have diameters ednefween 1 and 5 cm, although
some can be as big as an orange or even bigger.isHproduced only in large
cumulonimbus clouds where updrafts can sometimashrepeeds of 160 km/hr and
abundant supply of supercooled water is availablailstones begin as small
embryonic ice pellets that grow by collecting swoeted droplets as they fall through
the cloud.

If they encounter strong updraft, they may be edrtpward again and
begin the downward journey anew. Each trip throtighsupercooled portion of the
cloud may be represented by an additional layercef If this process lasts long
enough, the hailstones may grow to considerabke gibwever, hailstones may also
form from a single descent through updraft. Eithexry, the process continues until
encounters downdraft or grows too heavy to remaspended by the thunderstorm’s

updraft.
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2.3.6 Rainfall characteristicsin Thailand
Thailand is located in the tropical zone betweeéituides 5° 37' to 20°
27'N and longitudes 97° 22' to 105° 37'E with t@taa of 513,115 kimlts seasonal
climate is largely under influence of regional moms wind especially the southwest
and northeast monsoons. General knowledge of weathe rainfall patterns in
Thailand is given in the Thai Meteorological Depaht website (TMD, 2009) and
some data are concluded here. From the meteoralogspect, climate of Thailand

can be divided into three seasons:

(1) Summer or pre-monsoon season (mid-February to nag)Muring
which weather is generally hot and dry as the wieolentry is exposed to the sun the
most and it is still lack of strong monsoon windsrtfluence weather otherwise,

(2) Rainy or southwest-monsoon season (mid-May to natbker).
During this period, the southwest monsoon mostéyails over Thailand and it brings
huge amount of moisture from the Indian Ocean tmmfabundant rain allover the
country. Weather is usually hot and humid and thealiwettest period is August to
September, and

(3) Winter or northeast-monsoon season (mid-October ntil-
February). At this time, the weather pattern is tiyasnder the influence of northeast
monsoon that brings cold and dry air from the S#meHigh to govern the whole
country, especially in the middle and upper patit B the south, it will bring more

rain to the area.
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Figure2.9 Annual rainfalls (millimeter) in Thailand (30-yeaverage, 1971-2000).

Sour ce: Thai Meteorological Department website (TMD, 2009)

In general, most rainfall in Thailand occurs duriragqy season but few
can still be seen in summer and winter (mostly eotive rain). According to an
average annual rainfall pattern (Figure 2.9 andlegr&.2), most areas have 1,200-
1,600 mm a year. But some areas (on the windwdeg),gparticularly Trat Province in

the East and Ranong Province in the South have itiame 4,000 mm annually.
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Typically, annual rainfall less than 1,200 mm oscur the leeward-side areas (rain

shadow), such as the central valleys and the upgstrportion of the South.

Table2.2 Seasonal rainfall amount (in mm) and annual raiaysdin different

regions of Thailand (30-year average, 1971-200M)T2009)

Region Winter Summer  Rainy Total Rainy days
North 105.5 182.5 952.1 1240.1 123
Northeast 71.9 214.2 1,085.8 1371.9 117
Central 124.4 187.1 903.3 1214.8 113
East 187.9 2509 1,4176 1856.4 131
South, East Coast 759.3 249.6 707.3 1716.2 148
South, West Coast 4459 383.7 11,8957 27253 176

Normally, there are 5 important factors that arkeled to contribute

most to the observed rainfall in the country, whach:

(1) The southwest monsoon which starts in May and bringrm
moist air from the Indian Ocean inland causing @aaum rain over the country,
especially in the south (west-side) and in thewast. This situation could last until
September,

(2) The monsoon trough, or the Intertropical Convergerfone
(ITCZ), which is a prominent belt of low pressurtiating close to the equator. It is
formed by the vertical ascent of warm, moist ainirthe latitudes north and south of
the equator. However, the belt actual locationesver time where, over land, it
moves back and forth across the equator followlvegsun's zenith point. Every year,
it moves up north from the equator passing Thailarmund May to June towards

southern China and then moves back south trougledbietry again from August to
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October. During these times, it can initiate hugmant of cloud and rainfall along its
border which makes more rain being observed tharaludocal flash flood and
landslide often occur during the passing of thedTalso.

In general, dry spells commonly occur for 1-2 weeksnore during
June to early July when the ITCZ leaves the couatisouthern China.

(3) The northeast monsoon which starts in October asts luntil
February. Not only carrying cold and dry air frohe tChina mainland to most parts of
the country, it can also propel warm and moistoair the Thai Gulf inland causing
abundant rainfall along the eastern coast of th&hsolrhis makes the provinces
located under the influence of the monsoon havemianally high rainfall during
this period (Table 2.2).

(4) The tropical cyclone which enters Thailand from dirto time
during monsoon season from the western North RaOifean or the South China Sea.
And based on its measured strength, three main sfaomtropical cyclone are
identified which are tropical depression, tropistrm, and typhoon (or hurricane).

However, only its depression form that is mostlgrsén Thailand as
the country situates very farther inland with resp® the originating zone of the
cyclone, therefore, it is usually much weaken wkeatering the country’s territory.
However, several places in the south sometimdsatfiered from the mighty tropical
storms and typhoon that invaded their area. Fomeies, tropical storm “Harriet”
that hit Nakhon Si Thammarat in October 1962 aptidpn “Gay” that hit Chumphon
Province in November 1989.

(5) Cold airmass which is descending from the Chinanfaad into the

country during November to April. This large andchdge airmass might collide with
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the less-dense warm air flowing inland from the iT@&alf that can induce instability

weather and strong thunderstorm to be seen alengallision boundary.

Apart from these five influencing factors, rain atiinderstorms in

Thailand can sporadically happen across the cowastiy result of the local convection

process and the confluence of ocean air strearaadniThunderstorms in the upper

Thailand often occur from April to October (but mdquent in May) while those

occur in the south usually seen in March to Novambbe afternoon and evening

thunderstorms (especially in summer and winter)madly arise from convection

process while the others from the confluence déeht airstreams. The classification

schemes for rain scattering and intensity by theDTédle shown in Table 2.3 and 2.4

respectively.

Table2.3 Classification scheme for rainfall pattern in Thad (TMD, 2009)

M eaning (of the total area)

Class Rainfall distribution
Isolated 0-20% or 0/5-1/5
Wildly scattered 20-40% or 1/5-2/5
Scattered 40-60% or 2/5-3/5
Almost widespread 60-80% or 3/5-4/5
Widespread 80-100% o 4/5-5/5

Raining less than 20%

Raining morenti28% but < 40%
Raining more than 40%160%
Raining moentB0% but < 80%
Raining more than 80%« 100%
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Table2.4 Classification scheme for 24-hr rainfall intensityl hailand (TMD, 2009)

Class Rainfall amount
Not traceable 0-0.1 mm
Light rain 0-10.0 mm
Moderate rain 10.1-35.0 mm
Heavy rain 35.1-90.0 mm
Very heavy rain 90.1 mm up

2.3.7 Regional rainfall characteristics

Upper Thailand usually experiences dry weather imtew due to the
influence of the northeast monsoon but in summeroumt of rainfall gradually
increases as well as the thunderstorms. The omngké southwest monsoon leads to
an intensive rainfall from mid-May till early Octeb with peak in August or
September. However, dry spells commonly occur fao 2 weeks or more during
June to early July.

Rainy season in the south is different as abundeémiall occurs during
both the southwest (for the western coast) andheast monsoon (for the eastern
coast) periods. Amount of rainfall on the westade geaches its peak in September

but the eastern side in November and remains mghdanuary of the following year.

2.4 Weather satellites

Weather satellites are satellites that have beeaifsally designed and made
for the observation and measurement about strueiutegaseous components of the
Earth’s atmosphere as well as the important atmergplphenomena such as rain,
cloud, wind, thunderstorm, or the hurricane. Fivsather satellite called “TIROS-1"

(Television Infrared Observation Satellites) wasnighed on 1 April 1960 by NASA



35

and in operation until July 2, 1965. The satelhtes two TV cameras onboard for
taking television footage of weather patterns (hyostoud and large-scale cyclone)
from an almost circular orbit, at an altitude ramggfrom 700 to 750 km. The success
of the TIROS-1 operation led to the developmens@feral more weather satellites
later on by the NASA and the most successful pragrbfom 1970 up to present are
NOAA and GOES satellites in which 19 NOAA and 13 E®satellites were already
made so far (Davis, 2007).
24.1 Low earth orbit satellites

The weather satellites can be separated into twon roategories
according to their orbital altitude, the low eadtbit (LEO) and the geostationary
orbit (GEO). The first group comprises of weathatellites that orbit the Earth’s
surface at altitude approximately 300 to 1,000 kd most of them operate along the
near polar orbit. Therefore, sometimes they ardedapolar-orbiting satellites.
Examples of the well-known LEO satellites at pré¢ser NOAA, DMSP, TRMM and
Terra/Aqua.

NOAA satellites operate at altitudes of 800-850 &imng which they
take approximately 100 minutes to complete a fubbito The most important
instrument onboard is AVHRR (Advanced Very High 8aton Radiometer) sensor
which has 4 or 5 channels scanning radiometer, unegs in the visible, near-
infrared, and thermal infrared portions of the #l@magnetic spectrum (see Table 2.5
for more information) (USGS-AVHRR, 2009). The ldteatellite in this program,
NOAA-19, was launched on 6 February 2009.

Like NOAA, DMSP (Defense Meteorological SatelliteroBram)

satellites also operate at altitude 800-850 km.yTumually have several instruments
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onboard but most useful one is SSM/I-Microwave laragrhe SSM/I is a seven
channels, four frequency, linearly-polarized, passnicrowave radiometric system
which measures atmospheric, ocean and terrain wasm® brightness temperatures at
19.35, 22.235, 37.0 and 85.5 GHz (Table 2.6). SS#i&la are used to derive
geophysical parameters, notably, ocean surface wspded, ice properties,
precipitation over land, cloud liquid water, soibisture, land/sea surface temperature,
and snow cover (NGDC, 2006).

Tropical Rainfall Measuring Mission (TRMM) satedlitis a joint
mission between NASA and Japan Aerospace Exploradigency (JAXA). It was
primarily designed to monitor tropical rainfall eten latitudes 30°N and 30°S at
orbital altitude 350 km and was successfully lawtcbn 27 November 1997. There
are five instruments onboard but the most well-gpired are Visible/Infrared
Scanner (VIS), Precipitation Radar (PR) and the MRMicrowave Imager (TMI)
(JAXA, 20009).

Precipitation Radar is weather radar working atjdency 13.8 GHz
and is the first spaceborne instrument designedviestigate three-dimensional maps
of the severe storm structure (Figure 2.11). Thasueements yield information on
the intensity and distribution of rainfall, on th&n type, on the storm depth and on
the height at which the snow transforms into raee( Table 2.6, Figure 2.10 and
Figure 2.12 for more information). Major objectives PR are (Adhikari and

Nakamura, 2002):

(1) Provide 3-dimensional rainfall structure,

(2) Achieve quantitative rainfall measurement over land ocean, and
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(3) Improve the accuracy of TRMM Microwave Imager (TMI)

measurement by providing the rain structure infdroma

Table2.5 NOAA-AVHRR spectral ranges (USGS-AVHRR, 2009)

Band spectral ranges (in micrometers)

Spectral IFOV

Band NOAA NOAA NOAA (in millradians)
6, 8, 10 7,9, 11,12,14 15, 16, 17

1 0.58-0.68 0.58 0.68 1.39

2 0.725-1.10 0.725-1.10 0.725-1.10 141

3(A) - - 0.58-1.64 1.30

3(B) 3.55-3.93 3.55-3.93 3.55-3.93 1.51

4 10.50-11.50 10.30-11.30 10.30-11.30 141

5 10.50-11.50 11.50-12.50 11.50-12.50 1.30

(Alt.: 350 km)

I
¥y
TRMM SIC /% R Fiight direction

[ ]
®
&

PR

i

Range resolu-

¥
¥ tion: 250 m

Swath width: ~220 km
IFOV: ~4.3 kn/

Figure 2.10 Viewing structure of the PR instrument.

Scan angle:
17°

Source: JAXA (2009)
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The TRMM Microwave Imager (TMI) is a passive miciave sensor
designed to provide quantitative rainfall infornoatiover a wide swath under the
TRMM satellite. By carefully measuring minute amtairof microwave energy
emitted by the Earth and its atmosphere, TMI i dbl quantify water vapor, cloud
water, and rainfall intensity in the atmosphere.li$fa multi-channel/dual-polarized
microwave radiometer that measures radiation gugrcy, 10.7, 19.4, 21.3, 37.0 and
85.5 GHz. The obtained information will provide @aélated to rainfall rates over the
oceans. The TMI data together with PR data will the primary data set of
precipitation measurement. Up-to-date rainfall dadan TRMM are provided in the
website.

Terra and Aqua are two recent satellites in thethE&@bservation
System (EOS) of the US government launched in E3@D2002 respectively. One of
their prime sensor is Modulate Resolution Imaginge&@ro-Radiometer (MODIS)
which have 36 spectral bands in the visible, NIRJH\R, and TIR. The observation in

the visible can provide cloud pattern and in TIRtfee CTT (NASA-MODIS, 2009).
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Table2.6 TRMM-VIS/PR/TMI and DMSP-SSM/I data (JAXA, 2009)

Characteristic VIS PR TMI SSM/I
Frequency/ 10.65, 19.35, 19.35, 21.235,
Wavelength Ofgélfz’uif& 13.8 GHz 213,370,  21.3,37.0,

e 85.5 GHz 85.5 GHz
Scanning Mode Cross track Cross track Conical Gbnic
7x5 km at 16x14 km at
Ground , 85.5 GHz 85.5 GHz
Resolution 2.1 km 4.3 km at nadir to 63x37 km at to 70x45 km
10.65 GHz at 10.65 GHz
Swath Width 720 km 220 km 760 km 1,400 km

<] Horizontal Cross Section
of Rain at 2. Okm Hesght

730 Rain Structure

Figure2.11 Structure of the hurricane in both 2D and 3D as §§ghe PR instrument.

Source: NASA-TRMM websitehttp://trmm.gsfc.nasa.gov)
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Figure 2.12 Rainfall pattern from TRMM satellite during 21-R&ay 2006.

Source: NASA-TRMM websitghttp://trmm.gsfc.nasa.gov)
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2.4.2 Geostationary orbit satellites

The second group of weather satellite containdlgesethat are located
above the equatorial line with similar orbital @itle at about 35,786 km. In this orbit,
satellites will complete the orbit once every 24ty in accordance with the Earth’'s
rotation rate. Therefore, their apparent locatiaresnot changing with time as seen by
the observers on the Earth’s surface (which isotigin of name “GEQO”). Examples
of well-known GEO satellites are GOES, Meteosat,354md MTSAT.

The advantages of the LEO to GEO satellites arg thedter spatial
resolution and the continuous observation along dhgit path, however, their
temporal resolution is not as good as the GEO (mdstving about 15-20 days
revisiting period). On the contrary, GEO satellitzsn observe Earth’s atmosphere
continuously during both daytime and nighttime [wiabout 15-30 minutes gap
between each look), and with area cover of abotitolthe earth’s surface but with
rather coarse spatial resolution (usually 1-10 km).

The Geostationary Operational Environmental S&el(or GOES)
program is key component in the US-National Weatenvice (NWS) operation as
being main resource for the needed atmospheric(dajafrom the satellite images or
atmospheric soundings) necessary in global wedtirecasting and meteorological
research. First GOES satellite was launched ond6l@r 1975 and the latest one in
series, GOES-13, was launched on 24 May 2006. Asgmt, there are four GOES
satellites in the operation, GOES-10 (at 60°W dherSouth America), GOES-11 or
GOES-West (at 135°W over the Pacific Ocean), GOES1GOES-East (at 75°W
over the Amazon River and provides most of the W8ather information) and

GOES-13 which is still in on-orbit storage at 105°Whe mosimportant instrument
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onboard is GOES-Imager which has 5 spectral bahds\{isible and 4 in IR regions)

as described in Table 2.7 (NOAA-GOES, 2009).

Table2.7 GOES-Imager instrument ban(@SOES 8-12)NOAA-GOES, 2009)

1 2 3 4 5

Channel (Visble)  (SWIR) (Moisture) (TIR-1)  (TIR-2)

Wavelength gm) 0.55-0.75 3.80-4.00 6.50-7.00 10.2-11.2 11.512.
IFOV ( nadir) 1km 4 km 8 km 4 km 4 km

The Meteosat satellites are operated by the EUMHT8nder the
Meteosat Transition Program (MTP) in which thetfoae, Meteosat-1, was launched
in 1977 and the last of the first generation, Ms&t&’, was launched in 1997. Their
main operational location is at 0° longitude abdive Equator. However, two more
Meteosat satellites in the second generation optbgram (called MSG-1 and MSG-
2) have been launched in 2002 and 2005 respectiseiccompany and eventually
replace the Meteosat-7 satellite. At present, tagnmperating satellite is MSG-2 (or
Meteosat-9) at location 0° longitude while MSG-1 teteosat-8) operates as a back-
up at 9.5°E (EUMETSAT, 20009).

The SEVIRI (Spinning Enhanced Visible and Infraréghager)
radiometer is the main element of the MSG satellttavill scan the Earth's surface
sufficiently quickly to permit a repeat cycle of frinutes, using its 12 spectral bands
that can provide daylight images of the weathetepas and thermal information with
1-km and 3 km spatial resolution in the visible dRdbands respectively (8 of which

are in the TIR) (Table 2.8).
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Table2.8 SEVIRI instrument characteristi¢glSG) (EUMETSAT, 2009)

Channel Spectral Band Resolution Principal target
(Center) (nm) (km)
HRV (0.75) 0.6-0.9 1 km cloud texture, winds
VIS (0.64) 0.56-0.71 3 km cloud over land, winds
VIS (0.81) 0.74-0.88 3 km cloud over water, vegetat
NIR (1.6) 1.50-1.78 3 km cloud over snow
MIR (3.8) 3.48-4.36 3 km low cloud
IR (6.2) 5.35-7.15 3 km high water vapor
IR (7.3) 6.85-7.85 3 km middle water vapor
IR (8.7) 8.30-9.10 3 km total water vapor
IR (9.7) 9.38-9.94 3 km total ozone
IR (10.8) 9.80-11.80 3 km surface/cloud top teminds
IR (12.0) 11.00-13.00 3 km surface temp. correction
IR (13.4) 12.40-13.40 3 km higher clouds

The Geostationary Meteorological Satellites (GMS$spgram is
operated by the Meteorological Satellite Center QY1®f Japan Meteorological
Agency (JMA) and a series of the GMS satelliteléchtHimawari” in Japanese) have
been launched since 1977 where the most recent@w&-5, was launched on 18
March 1995 into the GEO orbit at 140°E. It cariiestrument called VISSR (Visible
and Infrared Spin Scan Radiometer) that has foanmweéls, one in the visible and
three in the infrared regions (Table 2.9). The gbtesolution (at nadir) is 1.25 km in
the visible band and 5 km in the infrared.

The MTSAT-1R (Multi-functional Transport Satellite)r Himawari-6,
is the first satellite in this series being laurctheto orbit on 26 February 2005 as a

replacement to the old GMS-5. It has new infrarednnel that was added to improve
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the detection of fog at nighttime and also the eamcy of sea surface temperature
observation (Table 2.9). During the MTSAT-1R opemat the MTSAT-2 (launched
in 2006) has been placed in standby mode at 146°Eontinue the mission if

MTSAT-1R fails to work properly.

Table2.9 GMS-VISSR instrument characteristi®ddSC, 2009)

Title GMS1-4 GMS5 MTSAT-1IR MTSAT-2
IR1 IR1
Channel and Wavelength
(10.5-12.5)
IR2 (11.5-12.5)

IR3 (6.5-7.0) (Water vapor)
IR4 (3.5-4.0)

(O\gf)'_t(’)'io) Visible (0.55-0.90)

Imager spatial resolution: Visible: 1 km (nadiR, 1-4: 4 km (nadir)
Imager quantization levels: Visible: 10 bits, IRI110 bits

MTSAT observes cloud and water-vapor distributioontmuously
during day and night as well as the land/sea seréad cloud-top temperatures. By
analyzing these data, a range of useful informatsmch as cloud top height, cloud
distribution, cloud types (e.g. cumulus, stratusus, and cumulonimbus), fog and
winds in the atmosphere can be obtained. Furtlmer,development of typhoons,
depressions and fronts, as well as the sea icevalednic ash clouds can also be
observed by MTSAT. Example of the VIS/TIR GMS-5edlite images are shown in

Figure 2.13.



45

Figure 2.13 GMS-5 VIS/TIR satellite image over Pacific Ocean3inAugust 2002.
Major features appeared include deep/thick clouaitey, high/thin cloud (light blue),
low clouds (pale yellow), land (yellowish green)dasea (dark). Note that, there are
three typhoons appeared in the upper part of tlagé®s (as names seen).

Source: Hong Kong Observatory website (http://www.hko.duy).

2.5 Reationship between cloud and rain

Cloud and rain are the key components of the glblydrologic cycle that

regulates circulating mechanism of water aroundwbed. Clouds are the original



46

source of rain which is crucial for the daily ligrof the majority of population on the
Earth, especially the farmers. The important rdlelouds is not only producing rain
but also maintaining the Earth’s energy balanceesys Thick clouds can reflect a
considerable amount of the incoming sunlight bazkspace during daytime while
high thin clouds can absorb some of the outgoifiguied radiation emitted from the
Earth surface, especially at nighttime, and radiateack downward. As a result,
knowledge of cloud structure and distribution isesgial for the understanding of
rainfall pattern, climate changes, and energy lta@aharacteristics of the interested
area (NASA-Cloud and Radiation, 2009).
25.1 Cloud classification techniques

The cloud structure depends greatly on stabiligll®f air in which it
forms from which three groups of cloud cluster aisually identified: cirrifom,
stratiform and cumuliform. Cirriform clouds usuallgrm in the upper troposphere
and compose principally of ice crystals. It is nalipthin and transparent, wispy and
white in appearance but sometimes it can be sedmeifiorm of a very dense patch
which is left over from the anvil cloud of a cumaimbus which has disappeared.

Stratiform clouds mostly form in the stable air which vertical
movement of air parcels is strongly suppressed,rasult, the growing clouds have to
mostly extend horizontally. This makes them haveestike layers with a large
horizontal out reach. On the contrary, the cumuiifaclouds mostly happen in the
unstable air in which the vertical movement of #ueparcels is strongly enhanced.
This situation leads to the developing clouds oftame vertical extent that is larger

than their horizontal outstretch, for examples,dhmulus or cumulonimbus clouds.



47

Generally, the cirriform clouds cannot produce rauhereas the
stratiform clouds may cause some light rainfall.t Bue heavy rainfall is always
associated with the deep and thick clouds like dammbus. Figure 2.14 shows

different cloud types as normally seen in the wapsummer time.

Figure2.14 Three main forms of cloud: cirrifom, stratiformdacumuliform.

Sour ce: http://www.carlwozniak.com/clouds/Graphics/New%B@&ouds25.jpg

Cloud classification is the process of identifyityge of clouds based
mainly on their appearances or the observed piiegeih feature selection, 6 criteria
of appearance: brightness, texture, area covepest@ganization and shadow, are
often considered for cloud identification by NASAdNOAA Weather Satellite
Programs (like NOAA). In addition, cloud motionseasometimes added to provide

the information of how rain moves. At present, dalassification is typically utilized
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based on the satellite images taken in the visiid;infrared (MIR), thermal infrared
(TIR), and microwave portions of the electromagnepectrum.

Images of cloud in visible region can provide us&itormation about
cloud size, shape, texture and context while imageke infrared region can inform
about the water content and surface temperatutkeo€loud. The active microwave
images can be used to identify cloud structure @sdwater content. Several
techniques have been proposed to identify diffetgpes of cloud in the satellite
imagery (mostly for rainfall estimation) but thewrc be divided into three broad

categories, which are:

(1) Spectral-based methods: e.g. the bi-spectral oit sphdow
techniques,

(2) Texture-based methods: e.g. the texture analysractal analysis,

(3) Structure-based methods: e.g. spatial clusteringcanponent

identification.

25.1.1 Bi-spectral technique

Among these described methods, the most populari®nbe bi-
spectral technique which classified cloud typesellasn their appearance in the
visible and thermal infrared satellite images (Begure 3.4 for example). Naturally,
bright clouds in visible images represent dense threk cumuliform clouds (with
high albedo like cumulonimbus) that are more likielyprecipitate while less dense or
high thin clouds (like cirrus) normally appear hretgray tone. However, cold clouds
(like cumulonimbus cloud top and all high cloudraklappear as bright area in the
thermal infrared images due to their low surfacaperature, but low and middle

clouds that have warmer surface typically appearay tone. If cloud images in these
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two spectral regions are jointly considered, sopec#ic criteria, or thresholds, may
be reached to identify types of the clouds embeddethose associated images
(Dioszeghy and Fejes, 1995; Massbal., 1996; Faret al., 1997).

For examples, cirrus or other high thin clouds appgay in the visible
image but are very bright in the TIR image, whem@asulonimbus appear bright both
in the visible or infrared images. In addition, cthilow/middle clouds with high
albedo (like cumulus) usually appear bright in ¥igble but grey tone in the infrared
image (see Figure 3.8 for example).

25.1.2 Split-window technique

Other technique widely-used for the identificatioh cumulonimbus
cloud from the surrounding high clouds is called thplit-window” approach. The
method was initially proposed by Inoue (1985, 19&jdor the automatic delineation
of convective rainfall areas in the NOAA-AVHRR inmesy This method uses two

infrared brightness temperaturespfTobserved at infrared bands e.g. at 10.5-11.5

(T11) and 11.5-12.5 (1) um measured from weather satellites (like NOAA, GOES,
GMS, or MTSAT). These data are available durindhlmtztytime and nighttime.

The basis of the split-window technique for clouetettion lies in
property of the infrared window region from 8 to 2, in which, the refractive index
of water and ice (particularly its imagine partyiea significantly with wavelength.
This variation results in the difference in transsivity and emissivity of the cloud. In
case of thick clouds, the clouds can achieve théackbody state so that the
brightness temperature observed from space doeshamige with respect to their
wavelength. On the other hand, in case of thinddaauch as cirrus clouds, the clouds

are usually far from being in the blackbody stats,a result, radiation from the
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underlying surface and atmosphere passes thoughldhd and a part of radiation

thermally emitted from cloud body itself is addedupward radiation above clouds.
Therefore, BT of optically thin clouds changes withvelength, and the clouds can be
detectable by means of two channels in the IR windegion (Hayasaka, 1996).

The technique is developed based on the datagtithess temperature
observed in the two TIR bands (center at 11 andmpgiven in terms of 1, andAT
= Ti1- T12 (Cooperet al., 2003). In addition, at night, the differencevibe¢n BTs
measured in the shortwave (at 3p#8) and longwave (1ikm) IR (TBs 75 TB;1) can
be used to detect partial cloud or thin cloud witthie sensor’s field of view (FOV).
The small or negative differences are seen onlynwiygaque scene (such as thick
cloud or the surface) fills the FOV and negativéfetlences occur at night over
extended cloud due to lower cloud emissivity ab3iuh channel.

At nighttime, the 6.7um TIR channels could also be employed to
identify the thick cumulonimbus cloud. The ideahsat low clouds are buried in the
water vapor, and since the quih channel sees temperature of the cooler waterrvapo
present above the cloud (as temperature decreasebeight), the satellite-measured
temperature will be lower than the actual cloud teqpperature. But, the same cloud
when observed at 1im will yield temperature much closer to the trueuc top
temperature. Therefore, the difference betweentwliemeasurements will be large.
Conversely, for high and thick cloud, there is motich water vapor above it to
depress the relative difference between two chanselthe values in this case are
small (Kurino, 1997a, b).

Based on these facts, extensive algorithms have begeloped to

classify clouds and estimate the cloud-top heigit aptical thickness using split-
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window measurement with various thresholds. Fongtas, Inoue (1987; 1989) used
this technique to classify cirrus and blackbodyd®in the AVHRR images in which
two-dimensional histograms of brightness tempeeatirthe 11um channel and BT
difference (BTD) between split window data were stouncted. By selecting proper
thresholds in the histogram, cirrus, dense circuspulonimbus, and cumulus clouds
can be identified over the tropical ocean (Figude&?

The technique was also used in Incaieal. (1997) for the GMS-5
satellite images and in Inoue (2004) for the GOES&sW\satellite image. In the latter
work, the BT of 253 K (-20°C) was used as a cldueghold of deep convection, and
the BTD of 1 K was applied for the cirrus/cumulobms type cloud classification. A
deep convection is defined as the cloud areadlwatider than 253 K.

According to Inoue (1989), the height of the claad can be classified
by two thresholds. If the brightness temperatulaesavas below (above) -20°C, then
the cloud type should be classified as being loswel cloud. In general, -20°C
roughly corresponds to the air temperature arodtl Pa in the tropics. Similarly,
Inoueet al. (2004) applied split-window method to examinetgpamporal structures
of cloud properties over the Bay of Bengal during period 1986-1993. In this work,
six cloud types including low-level cumulus, cumsylthin cirrus, thick cirrus, dense
cirrus, and cumulonimbus type were classified witleee0.75°C threshold was used to
distinguish optically thick clouds (cumulonimbusprh dense cirrus anthe -20°C

threshold to separate between low level cumuluscanaulonimbus.
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Figure 2.15 Cloud classification table proposed by Inoue (1987 NOAA AVHRR.
The abscissa and ordinate showpti-BT and the difference between i+ and 12-
um BT, respectively. The 0.5 K threshold was applteedeparate cumulonimbus from

dense cirrus. The clear-sky region (over sea)fiselg as 1 > SST-5 K.

2.5.2 Rain and cloud relationship

The effective quantitative determination of thenramate from the
knowledge cloud type and its distributing pattesrsiill one of the most difficult and
changeling problems facing science and technoldggatellite remote sensing (see for
reviews in Barrett and Martin, 1981; Petty, 1998yvizzani, 1999; Levizzardt al.,
2002). The viewpoint varies substantially from te&tively simple methods used for
climatic-scale analyses (Arkin, 1979; Arkin and @darak, 1991) down to the
instantaneous rain rate estimations for the rebeamnd nowcasting (e.g. Bellabal.,

1980; Scofield, 1987; Adler and Negri, 1988; Tetkal., 1998a, b) and the unified
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perspective on satellite precipitation estimataksrgit unanimously exists. In the past,
mostly used satellite data for rainfall estimatiwware from the visible, infrared and
water vapor bands of the weather satellites.

However, in the last decade, several passive atideamicrowave
instruments have been sent to space for the measateof cloud property and the
resulting rainfall but the technical deficienciesliohit the use of the microwave
sensors to only for the low earth orbit satellites for the geostationary satellite.

25.2.1 Visibleand infrared techniques

Visible and infrared satellite imagery are the camnnnesource for the
analysis of rainfall amount based on many propasethods that can be broadly
divided into four categories which are (1) cloudiewing, (2) bi-spectral, (3) life
history and (4) cloud model-based. Each categogssés a particular aspect of the
sensing of cloud physical properties using sageititagery (Barrett and Martin, 1981,
Levizzani1999, 2000).

Cloud indexing techniques normally assign a spec#in rate value to
each cloud type identified on the satellite imagdiye simplest and perhaps mostly
used one was invented by Arkin (1979) based on loiginelation between radar
estimated precipitation and fraction of area asdedito temperatures lower than 235
K in the TIR cloud images.

This method, named GOES Precipitation Index (G&$gigns these
areas with a constant rain rate of 3 mm/hr, whechgpropriate for measuring tropical
precipitation over 2.5°x2.5° boxes (Arkin and Ma&sn1987). GPI has become
standard and regularly applied for the simple eirdstimation in large area (e.g. in

Kumar and Prasad, 1997 and Islam and Wahid, 2008)linear form of the GPI is:
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GRim) = KxFCxP (2.3)

where K is a constant rain rate, taken as 3 mnyhkrkin and Meissner (1987), FC is
the fractional coverage of cloud, and P is the ayeraining period (in hr).

Rain days could be identified from the occurren€dRo brightness
temperatures below a threshold at a given locastimated rain days are combined
with rain daily means that are spatially varialdeproduce rainfall estimations for
extended periods. The World Climate Research Pno@CRP) along with Global
Precipitation Climatology Project (GPCP) has sthestimating precipitation at this
scale over the globe for periods from five days tmonth (World Climate Research
Program, 1996). A family of cloud indexing algorite was developed at the
University of Bristol, originally for the NOAA sallées and recently adapted to
geostationary satellite imagery, and has been egpply Toddet al. (1995) to rainfall
estimation in River Nile catchment while Tucker aéar (2001) applied it for the
whole Kenya in 1996-1998.

Bi-spectral methods are based on very simple, thowg automatic,
relationship between cold and bright clouds andh ligobability of the precipitation
as it frequently happens for cumulonimbus. Lowebgbilities are associated to cold
but dark (cirrus) or bright but warm (stratus) aeu Tsonis and Isaac (1985) and
Tsonis (1987) developed clustering methods sinddoi-spectral cloud classification.
Rain areas are determined by classifying pixeltehssin the VIS/IR histogram of the
cloudy scene and radar data are used as the vatidabund truth.

The role of VIS data in improving IR rainfall esttes was also
examined by Kinget al. (1995) and their results show a higher corretatrath

validation data using VIS/IR over the IR alone #orcase of warm, orographically
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induced rainfall. O’Sullivaret al. (1990) used CTT and textural characteristicsrapri
daytime along with TIR temperature patterns toneste rainfall over a 10x10 pixel
array in three categories: no rain, light rain, anstlerate/heavy rain.

The life-history methods, like Griffith-Woodley tecique (Griffith et
al., 1978), are oriented towards the convective cleystem. It relies upon a detailed
analysis of the cloud’s life cycle, which is pauti@rly relevant for convective clouds.

The used formula for rainfall determination is naifly described as (Sumner, 1988):

R() = aA(btdA/dt) (2.4)

where R(t) is the rain rate at time t¥g), A (t) is the area of cloud cover at time t
(m?), a and b are constants of the system. A majdsl@no arises in presence of cirrus
anvils of neighboring clouds which often screen theud life cycle underneath
leading to possible underestimates early in the @&y overestimates towards the
evening.

Cloud model techniques incorporate mechanisms aidcformation
process into the retrieval of associated rainfaibant. A 1D-cloud model has been
usually adopted to relate cloud top temperaturel(Gd rain rate and rain area (Adler
and Negri, 1988). Precipitation is assigned to eative areas by means of the
derived cloud model from which the relationshipviegn CTT and rain rate are
determined and described in form of some chosemenatical formula. The most

popular one is in the form:

P=aP J2
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where P is the rainfall amount and T is the assedialoud top temperature, a and b
are appropriate constants of the calculation ddrix@m the reference data.

In addition, apart from the CTT, the duration ahreloud existing was
also used for the estimation of rainfall in thepios, mostly in Africa, as seen in
Mohammedberhan (1998), Thoreeal. (2001), and Grimest al. (1999). All works
used same technique called “TAMSAT” (Tropical Agpliions of Meteorology using

Satellite data) to predict the amount of rainfatielh can be described as

P=aCCD+b (2.6)

where P is the rainfall amount, CCD is the assediatin (or cold) cloud duration,
while a and b are appropriate constants deriven tiee referenced rain data. Results

found in Mohammedberhan (1998) are shown, for exanip Table 2.10.

Table2.10 Rain-CCD relationship used by Mohammedberhan§)L99

Month Formula r? Threshold
May P =0.075CCD + 4.38 0.42 -40°C
July P =0.98CCD + 17.19 0.74 -30°C

August P =0.55CCD + 20.72 0.48 -30°C

September P=0.88CCD +1.71 0.52 -50°C

Note: P = Rainfall amount (in mm) and CCD = Cola@@ Duration (in hr)

In addition, the aforementioned split-window tecjue can also be
used for the instantaneous delineation of the adiweerainfall areas using data in the
10.5-11.5 and 11.5-12;5n channel (Inoue 1987; 1989; 1997). The conteth®two

channels partially corrects erroneous rainfall gj@ad consequent frequent rainfall
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overestimate) of simple IR techniques producingebetalse alarm ratios (FAR).
Kurino (1997a, b) has applied a split-window tecjua to data from the Japanese
Geostationary Meteorological Satellite (GMS) fronhigh three parameters: the 11
um brightness temperature, the difference betweeantll12um, and the difference
between 11 and 64 were extracted.

2.5.2.2 Passive microwave techniques

In the VIS and IR spectral range, clouds are fratjyeopaque and
precipitation is inferred from the cloud top stwwe only. However, at passive
microwave frequencies, precipitation particles #re main source of attenuation of
the upwelling radiation and, therefore, the passnerowave technique can provide
physically more direct than those based on VIS/&liation. The emission of
radiation from atmospheric particles results inramease of the received signal at the
instrument. But at the same time, the scatterirggtdihydrometeors reduces radiation
streams whereas type and size of the influencindrdmyeteors depend on the
frequency of the upwelling radiation (Levizzani999.

Above 60 GHz, ice scattering dominates and theoradters can only
sense ice while rain is not detected. Below ab@uGRIz, absorption is the primary
mechanism affecting the transfer of microwave ramiiaand ice above rain is
virtually transparent. Between 19.3 and 85.5 GHe, tcommon passive microwave
frequency range, radiation interacts with the mbjipes of hydrometeors, water
particles or droplets (liquid/frozen). Scatteringdaemission happen at the same time
with radiation undergoing multiple transformatiomgthin cloud column in the
sensor's FOV. At different frequencies, the raditene observe different parts of the

rain column. As for other parts of the spectrumgnowave radiation is absorbed (but
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not scattered) by cloud droplets, water vapor angjen. This can make precipitation
estimates based on absorption potentially difficult

Precipitation drops strongly interact with microwaradiation and are
detected by radiometers without the IR strong lsia$be biggest disadvantage is the
poor spatial and temporal resolution; the first doaliffraction and the latter to the
fact that microwave sensors are presently only remlron polar orbiters. The
situation is further complicated by the differencesadiative characteristics of sea
and land surfaces that lie underneath. A sea sutf@s a relatively constant low
emissivity (e = 0.4) so that the radiation emithenn it is small and precipitation (e =
0.8) will increase the amount of radiation detedvgdthe sensor through emission.
The high polarization of sea surface also contrastsy much with the low
polarization of rain. Land surfaces have a high aadable emissivity (e = 0.7-0.9)
close to that of the precipitation and low polatia.

The emissivity depends upon characteristics ofsiindace including
vegetation cover and moisture content. Rainfallrlewel increases the upwelling
radiation stream but, at the same time, absorbgtiaad inducing errors in the
identification of rain areas. Scattering is thus kiey to microwave rainfall estimation
techniques over land and the 85.5 GHz channel of ®pecial Sensor
Microwave/lmager (SSM/I) is very sensitive to sedttg from small particles. The
applicability of passive microwave rainfall retradvmethods needs to be clearly
defined, especially when operational applicatiores @& stake (Ferraret al., 1994;
Berget al., 1998). Wilheitet al. (1994) provide a fairly complete overview of firdd

and Petty (1995) concentrates on rainfall estimaticer land.
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2.5.2.3 Active microwave techniques

A new perspective in tropical rainfall measuremefntsn space is
available since November 1997 with the launch ef Tmopical Rainfall Measuring
Mission (TRMM) satellite. The main objectives of ithree-year mission are to
measure rainfall and energy (i.e. latent heat afdensation) exchanges of tropical
and subtropical regions for a better initializatioh global weather and climate
models. The passive microwave instrument TMI iglow-up of SSM/I with a new
10.7 GHz channel installed and horizontally pokdizand the water vapor channel
shifted from 22.235 to 21.3 GHz. The most importamprovement is the double
frequency (13.796 and 13.802 GHz) PR instrumeatfitbt of its kind to be flown on
board a spacecraft. The instrument aims at progidhre vertical distribution of
rainfall for the investigation of its three-dimemsal structure, obtaining quantitative
measurements over land and sea.

25.2.4 Hybrid method

Accurate and rapidly-updated precipitation prodwaets be drawn from
the use of multiple satellite sensors on geostatipand polar orbits. Sensors such as
the GOES’s Imager and Meteosat’'s VISSR rapidly tpdaagery taken in the IR
spectrum, which corresponds to emitted cloud tolateon for optically thick clouds.
The SSM/I provides a global coverage of precimtatirom polar orbit. The method
of Turk et al. (1998a, b) attempts to statistically fuse thege ttypes of satellite data
in real time for the retrieval of instantaneous awtumulated rain rates at the
geostationary time scale, i.e. half an hour or.l&sgrobability matching is performed
between the SSM/I rain rates from the closest pgmsgsatime and the geostationary

TIR brightness temperatures. The matching is aufically updated as new SSM/I
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data are ingested in real time. The technique aak w principle for all current GEO
satellites (GOES-8/9, GMS-5, METEOSAT-7) and adimtais also applied for the
assimilation of rain rates from the TMI.

Several other IR/MW methods have been proposeagryo take
advantage of the higher physical content of micrmvaneasurements and the
spatial/temporal coverage of geostationary sasllitAmong them are Jobard and
Desbois (1992), Laingt al. (1994) and Vicente and Anderson (1994). All these
methods have to properly consider about the ndgeskia constantly ongoing and
non-static calibration procedure as being outlitgdLevizzaniet al. (1996) and
incorporate it in some kind of probability matchimgthod like one described above.

A different approach based on the synergetic use@ES-8/9 thermal
IR data, radar instantaneous rainfall estimatesnaodel output is the Auto-Estimator
technique of NOAA satellite Data and Informatioméee (NESDIS) (Vicentest al.,
1998). The method has been developed using powerdgression algorithm to
compute real-time precipitation values. The regossss based on a statistical
matching between radar-derived rainfall estimated abserved satellite brightness
temperature field. Adjustments are performed fdfedent moisture regimes using
real-time fields of precipitable water and relativemidity as computed by the Eta
Model of the National Center for Environmental Rcédns (NCEP).

Vicente et al. (1998) reported the comparison results betweeanme
radar-derived estimated rainfall and cloud top terajure from 195 K to 260 K as

seen in Figure 2.16. The solid curve representsapession fit given by:

R = 1.1183%0Exp (-3.6382x16xT*?) (2.7)
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where Ris the rainfall rate in mm/hr andi¥ the cloud top temperature in Kelvin (K).

Both rain and non-rain pixels are considered incibr@putation of the regression fit.

Radar Rain Rate & GOES-8 Temperature
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Figure 2.16 Relationship betweeradar rainfall rate and cloud brightness tempeeatur
given in Vicenteet al. (1998) where dots represents mean radar derasiefbll for
each one degree temperature interval from 195 26@K. The solid curve represents

the power law fit between radar derived rainfatireates and cloud top temperature.

253 Studiesof cloud-rainfall relationship in Thailand
In recent years, there are several efforts to tiyate the arithmetic
relationship between rainfall rate and cloud tomperature (CTT) with various
results. For examples, Udomchoke and AungsuratB®@b] compared the amount of
rainfall collected from 20 weather stations in tieth with their corresponding CTT
above the used station derived from GMS-4 satelResults were shown in Table

2.11. This is normally called the power-law P-Tat@nship.
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Table2.11 Rainfall-CCT relationship iddomchoke and Aungsuratana (1995)

Period Formula r? Season
March—May P = 4.3932xPBr24%°  0.97 Hot season 1993
August-September P = 1.8462%10%%  0.62 Rainy season 1994

Note: P = Rainfall amount (mm)T = Cloud top temperature (K)

Fena 1@mad (2539) found that the amount of daily rainfall that

produced flash-flood in different regions of Thailacould be estimated from the CTT

in term of the non-linear regression equationseas $n Table 2.12.

Table2.12 Rainfall-CCT relationship sz et 1@1Ad (2539)

Region Formula r
North P = 1.1102x1§T48288 0.71
North Eastern P = 4.4905xfp 38012 0.73
East P = 5.2384x16r 6683 0.70
South P = 2.4916x16r*08% 0.71

Note: P = Rainfall amount (mmY}, = Cloud top temperature (in K)

In addition, sila Swaminy (2545) and uama IADEI1INA (2546) have

used the TAMSAT technique and cloud top temperatoresstimate rainfall in
Bangkok Metropolitan during the southwest monsddiay-October) and northeast
monsoon (October-March) season, respectively aadréBults are shown in Table

2.13.
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Table 2.13 Rainfall-CCD relationship imila Syavigy (2545) andumma 3100071300

(2546)

Period Formula r2 Threshold

May-October (2001) P =8.8333CCD -30.875 0.742 (-30°C)  -30, -40, -50°C

TUA (2545) P = 6.854x1BI 74 0.745 P > 40 mm

Oct (2000)-Mar (2001)
P =0.616CCD + 14.488 0.7 (-40°C) 0 to -60°C
yamna (2546)

Note: P = Rainfall amount (in mm), CCD = Cold CldDdration (in hr), T=CTT (in °C)

Also, Budhakooncharoen (2004) used the 3 hrs fhidéda observed
at 3 ground stations in the Petchabun Province (iguhomsak and Wichianburi) to
investigate their relationship with CTT data ovee station extracted from the GMS5
satellite imagery. The data were collected durirgyNDctober in 1997 and 1998 and

the obtained results were described in the P-T fasrmeen in Table 2.14.

Table2.14 Rainfall-CCT relationship in BudhakooncharoenQ20

Station Formula r

Muang P = 2.52xIHT 14 0.7527

Lomsak P =7.57xir?°%® 0.6829
Wichianburi P = 1.796x3T10°% 0.8149

Note: P = Rainfall amount (in mm/3 hr), T=CTT Ky



CHAPTER Il

METHODOLOGY

3.1 Conceptual framework

The main objective of this study is to analyze riéationship between rainfall
intensity and the associated cloud properties (Ckop temperature and cloud cover
area) in Thailand based on the selected case stadairring in 2006 and 2007. To
achieve this goal, three main steps of the workcgulare were planned and

implemented:

(1) Development of the automatic cloud mapping andsdiaation model for
the use with MTSAT-1R imagery,

(2) Examination of the seasonal rainfall and cloud calistributing patterns
during the selected years, and

(3) Analysis on the relationship between rainfall irsin and cloud
properties (cloud top temperature and cloud covea)abased on the chosen case

studies.

Figure 3.1 presents diagram of the work procedwatibned above where its
first part (model development) is described in dietathis chapter while information
of the other two parts are further described ingZéralV. Information about all used

data and their original source is given in Table 3.
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Figure 3.1 Flow chart of the study divided into 4 principalr{za (a) data collection

(b) data map preparation, (c) cloud model develagraed (d) analysis and reporting.
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Table 3.1 Information of the data usage.

Data type Raw data format Input format Original source

Rainfall Daily record from Interpolated map Thai Meteorological
116 TMD stations  (using IDW method) Department (TMD)

Satellite imagery MTSAT-1R (1 VIS  Cloud cover area and Kochi University, Japan
and 4 TIR bands) CTT maps

Boundary map Province polygon Country boundary Department of
Environmental Quality
Promotion (DEQP)

Weather news Official report Details of the events TMD, Department of
Disaster Prevention and
Mitigation (DDPM)

As this work needs large number of the classifieda distributing and cloud
top temperature (CTT) maps over the entire couinttye analyzing process but the
proper tools to operate this task effectively wstikk yet to find. As a consequence, at
the beginning of the research period, most time d@asted to the development of
such tool based on application of several existimgpputer programs like MATLAB,
SML and ERDAS Macro. The result is the cloud cliésaiion model for MTSAT-1R

imagery over Thailand as needed (see Section Bcgetail).

3.2 Data collection and data map preparation

All needed data for the study are described in &8kl along with the original
source of the referred data. However, most data kabe modified, or enhanced, and
transformed into some proper formats that are depEtbeing used by the processing

program or models. This is called data map prejmaraind details are as follows:
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3.2.1 Rainfall map

The first stage of analyzing process performed thasexamination of
rainfall pattern over Thailand compared betweenr/@906 and 2007 based on the
generated monthly, quarterly, and annual rainfadlbsnof those years. These maps
were created by the interpolation of rainfall retofrom 116 weather stations locating
around the country using the IDW interpolation noeklisee Figure 3.2 and Appendix
C for more detail). These stations are responsiyethe Thai Meteorological
Department (TMD) and raw data were provided inftren of daily rainfall files (.xls
spreadsheet). These received files need to bemeafted before putting into ArcMap
for further analysis. (See Figure 3.3 for examplthe used rainfall file).

The daily rainfall data were subsequently accunedlato produce
rainfall map at specific time period required; edgily, monthly or annual. To assist
the qualitative analysis, rainfall data were dididato several classes to represent

different zones of intensity level on the rainfalhp.
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116 TMD RAIN STATIONS IN THAILAND

Legend

© gis-rain-tmd-2006 Events
I:l province

Pixel size 0.2x0.2

Calculate the count nhumber

with 4.4 sq.km. when need to know
the area of each class/each pixel

L LI 1Decimal Degrees
0 36 12 18 24

Figure 3.2 Location map of the 116 TMD weather statiamsise.

A B [ B E F G H
1 |stn_name - | stn_lat| = | stn_lor = |sthcod| ~ [wear | month <7 dday |7 rain <
336 Sawi Agromet 10.3333 991 H17301 2006 12 E 158.2
337 Chumphon* 104533 991833  &17201 2006 12 5 116.49
338 Kho Hong Adgromet 70167 1005 BEE3M 2006 12 16 EE.?l
339 Yala Agromet GER1E7  101.283 &H13M 2006 12 20 671
340 MNakhon Si Thammarat* B.4667  99.965Y  BRZZO 2006 12 16 G308
31 Makhon Si Thammarat® B.4667  99.966Y BRZZM 2006 12 15 601
342 Pattani Airport® G.7833 10115  &E0ZO1 2006 12 1B Bh.8
343 | Songkhla* 72039 100605 BEEEO 2006 12 16 48.3

Figure 3.3 Example of the used rainfall data files (beforéaenatting).

Source: TMD (2009)
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3.2.2 Cloud cover map

The cloud cover maps for some selected dates, riwdge were also
prepared based on raw data of MTSAT-1R satellit@ges in the visible and infrared
regions, which can be downloaded from the web @lit&ochi University in Japan:
http://weather.is.kochi/archive-e.html, under thgervision. However, at present,
only hourly image files were available for the ddead. Ancillary data of the image;
e.g. hour/date/year being taken or band, were givéhne file’'s name as illustrated in
Figure 3.4.

All five bands of the VISSR sensor (1 visible and@IR in Table 2.9)
are available for the download. The spatial resmtudf the visible image is about 1
km (nadir) and the TIR image is about 4 km (nadi®yample of the satellite’s visible

image is shown in Figure 3.5.

MTlRY\fMMDDHH .pgmg1z
i bmm e - Compressed with gzip

i Format data is plain text data

i PGM is portable gray map

i Channel IR1-4 or VIS (Table 2.9)
R » Year, Month, Day, Hour (UTC)

MT1R is the MTSAT-1R satellite

Figure 3.4 Structure of the MTSAT-1R filename
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Figure 3.5 MTSAT-1R VIS image over the Pacific Ocean on 25iA2007

Source: Kochi University (http://weather.is.kochi/archieghtml)

Before putting in use, the original satellite imageust be cropped to
separate only the portion of area over Thailanddaher study using the MATLAB
program. These images were then geometrically cimuleby the ERDAS program
based on the WGS-84 projection and the countryisnbary was then added to the
cropped image. The boundary location was deriveddisgolving the province
polygon provided by the Department of Environmefahlity Promotion (DEQP).

The brightness values in gray scale 0-255 for TiRages were

subsequently converted into the equivalent brigtgrtemperature, or BT, (in Kelvin
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unit) based on the standard look-up tables foptioper conversion of each TIR band
provided by the satellite’s responsible agency-JAXAe BT images are needed for
the classification of cloud types, especially tleavy-rain cloud (cumulonimbus) and
cold/high cloud (e.g. cirrus), by the conventionathods like bi-spectral (along with
VIS image) or split-window technique.

However, to evaluate relationship between raintaild cloud top
temperature, the non-precipitating cold cloudse ldirrus, must be screened off first
otherwise they may be mistakenly classed as banmghbearing cumulonimbus as
their normal CTTs are rather indifferent. All thefbre mentioned procedure can be
operated automatically using the developed mods ith discussed later in Section

3.4.2.

3.3 Analyzing process

The first step of the planned analyzing procestis thesis was to examine
variation in pattern of the seasonal rainfall alalid distribution over Thailand in the
selected years (2006 and 2007), and also, to fgahe causal factors that influence
the appearance of those observed rain and cloud.rraphe explanation, the priority
was given to the main factors that are believedioiminate pattern of rainfall found in
Thailand as discussed in Section 2.3.6, especlaiynonsoon systems.

The work in this part was focused on analyzinggbasonal cloud and rainfall
distributing patterns as a whole based on theiefesl data during the years. For the
rainfall, these are rainfall accumulated maps omtily, seasonal, and annual basis.
But for the cloud cover, these are temporal classi€éloud maps during some chosen

period (about 5 days) in each season (summer,, randywinter).
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The second task was to analyze the relationshipdaset rainfall intensity and
cloud properties (cloud top temperature and cloakec area) based on some chosen
case studies. The used rainfall data (for each) casee gained from the 116 TMD
stations mentioned earlier (Figure 3.2) and theesponding CTT maps were derived
from the developed model (see Section 3.4). Thdysisawas separated into three
broad scenarios based on season, region, andlraméasity. Particular interest was
given to the severe rainfall from the cumulonimhizisud. The relationship was
explained in proper linear form, polynomial fornt, gower-law regression form that
most fit.

Main focus of the study was also placed upon thegvants which are good
indicator for the presence of severe thunderstqfrosn the cumulonimbus cloud).
Information of hail events was gathered from o#fiaieports issued by tHEMD and

also the DDPMn 2006 and 2007 (see Table 3.2 for more detail).
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Table 3.2 Reports of hail events in 2006 and 2007 from theDTamd DDPM

Date Locations (Provinces)

14 March 2006 Lampang
7 April 2006 Nakhonratchasima, Buriram, Srisaket, Sakaew, Pabtiin, Loey,

Sakonnakorn
9 April 2006 Chiangmai
12 April 2006  Tak
13 April 2006  Sakonnakorn
14 April 2006  Chiangrai, Ubonratchathani
17 March 2007 Yasotorn, Kalasin
27 March 2007 Chanthaburi
3 April 2007 Kalasin, Khonkan,Roet, Srisaket
4 April 2007 Chachoengsao, Trang, Trad, MahasarakNasotorn, Roet, Lopburi
8 April 2007 Kanchanaburi, Tak, Sakaew

11 April 2007  Kanchanaburi, Chachoengsao, Chiangrai, Chiangnaai, N

Prathumthani, Lampang, Surin, Uthaithani

18 April 2007  Khonkan, Chiangmai, Prae, Mahasarakha

19 April 2007  Chiangrai, Nan

24 April 2007  Nakhonpanom, Nongkai

25 April 2007  Nakhonsawan, Prae, Lampang, Sris&in, Utraradit

27 April 2007 Trad, Tak, Pisanulok, Phetchabooisgget, Nongkai
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3.4 Development of automatic cloud classificatiomodel

As this study need to use large number of the ifledscloud distributing and
CTT maps over the entire country in the analyzingcess but the proper tools to
operate this task effectively and conveniently wsti$ yet to find. As a consequence,
at the beginning of the research period, most tiras devoted to the development of
such tool for further use as required. There wireet main steps in the formation of
this required cloud classification model after trgginal satellite image files were

downloaded form the host website (at Kochi Univgjsivhich are:

(1) Cropping and geometric correction of Thailand mortin the image,
(2) Conversion from radiance files into equivalent btigess temperature file,
and

(3) Classification of cloud types using the brightnesaperature map.

3.4.1 Cropping and geometric correction of Thailad portion

As this study concerns only the rainfall and cladidtribution over
Thailand territory while the original MTSAT-1R sHiiee images cover all the Pacific
regions, where Thailand is located on the far défthe image, as seen in Figure 3.5
(or Figure 2.13 for GMS-5). As a result, all theashdoaded images must be cropped
to reduce their size to cover the Thailand porboty. This was succeeded by using
MATLAB cropping module that is able to operate tepping file by file through the
entire source directory. The destination directdognd preference, or cropping
location can also be specified on the module thnoting code-writing process (see
appendix B).

Before cropping, each image file covers area beti@egitudes 70°E-

160°E and latitudes 20°S-70°N. This comprises afuald800x1800 pixels in total,
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each pixel has 1/20x1/20 degree resolution, as showigure 3.6. Downloaded data

are normalized to 8 bits (256 levels).

70°E 160°E
a :
(A e
i : 1/20 degree resolution
i 1800 x 1800 pixels
T R—— H

Figure 3.6 Original area cover of MTSAT-1R image

96E 107°E
1 I
[} 1
4 , B
22N ----- JI- ------------------- : _____ width
: : 4 B
| Cover :
: . : hsight
: Thailand !
i I
I area : c D
: : The cropped area
1 [}
35 e - :,- S
ol ' D
1

Figure 3.7 Cropping area cover of MTSAT-1R image

To crop Thailand portion off from the whole imadeur specific
coordinates close to Thai border were chosen atedlias position A, B, C and D,
where their respective coordinates are: A (96°EN22B (107°E, 22°N); C (96°E,
5°S) and D (107°E, 5°S) as displayed in Figure 3e cropped image now has
220x340 pixels. Examples of the cropped image fdesr Thailand are shown in

Figure 3.8.
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(a) Visible band

(c) IR2 band (d) IR3 band (e) IR4 band

Figure 3.8 Examples of the cropped MTSAT-1R satellite imémeThailand portion
in (a) visible band (at 0.55-0.90n), (b) IR1 band (at 10.3-11;8n), (c) IR2 band (at

11.5-12.5um), (d) IR3 band (at 6.5-7,0n) and (e) IR4 band (at 3.5-4:n).
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In order to make the Thailand study area in theped area, the
following calculations are performed. The croppethge has 220x340 pixels. The
cropped area is defined by the af&CD.

The locations for the point, B, C andD of the cropped area in Figure
3.7 with reference to the poindsb, c andd of the original area of the satellite image

in Figure 3.6 can be calculated as follows:

A: (96°E-70°E, 70°N-22°N) = (26, 48)
B: (107°E-70°E, 70°N-22°N) = (37, 48)
C: (96°E-70°E, 70°N-5°S) = (26, 65)

D: (107°E-70°S, 70°N-5°S) = (37, 65)

In terms of pixels, the locations are defined di®¥es:

A: (26x20, 48x20) = (520, 960) B: (37x20, 48x20(740, 960)

C: (26x20, 65x20) = (520, 1300)  D: (37x20, 65x2Qy40, 1300)

Then width and length are defined to size of X amk of Y as
follows:

size of width (X) = 740-520 = 220 pixels

size of length (Y) = 1300-960 = 340 pixels

The variables will be used to entry in MATLAB crppogramming. It
is (X, ¥, w, I). In this study, the value of (x,w, 1) is (520, 960, 220, 340).

These images were then geometrically correctedgutie ERDAS
program and based on the WGS-84 lat/long projectiod the country’s boundary
was then added to the cropped image. The boundasyderived from the province

polygon provided by the Department of Environmefahlity Promotion (DEQP).
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3.4.2 Radiance conversion for BT mapping
To classify the cloud types on the satellite imadge®wledge of the
cloud top temperature (CTT) are necessary. For MIFSAR imagery, this CTT map
could be generated directly by using the standao#f-Lp table for the radiance/BT
conversion provided for each individual image (Jeble 3.4 and Figure 3.9 for
examples). The conversion table was formulated dasethe Planck function and
sensor’s spectral response functions from whichagi@oximated conversion formula

is given as follows (MSC, 2009):

Bi (Ty) = 2hc®Vi3 / exp {hcvi / k (ai+axTy) - 1} (3.1)

where B;: sensor Planck function of channel
Ty, : brightness temperature
V, : central wave number of channel
ay; ayi - band correction coefficients of channel
h : Planck constant
k : Boltzmann constant

c : speed of light

values of the constanss anda, for each band of MTSAT-1R are given in Table 3.3.
In this context, the brightness temperatufg is the equivalent
temperature at the surface of the objects undeoltservation (along the FOV line of

sight) from which the measured radiance was felgased.
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Table 3.3 Values of the constangs anda, for each MTSAT-1Rband (MSC, 2009).

Wave number Band correction coefficients
Channel
v (cmrd) a a
IR1 (10.8um) 926.6118 0.3592380 0.9987587
IR2 (12.0um) 833.1675 0.1968675 0.9992525
IR3 (6.8um) 1482.2068 0.3785336 0.9991187
IR4 (3.8um) 2652.9316 2.3473427 0.9969755

Table 3.4 Example of the conversion table for TIR images Gf3AT-1R

Equivalent brightness temperature (in Kevin unit)

Radiance Value
IR1 IR2 IR3 IR4

329.941500 329.940000 299.967083 319.969643
329.625500 329.593333 299.799306 319.862024
329.309500 329.246667 299.631528 319.754405

w N O

328.993500 328.900000 299.463750 319.646786
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Row | 1 | 2 | 3 | 4 | 5 | & 7 | & |
o[ ms[ 1z0] 2] 1] 2] tz0] 12A[ 119
1 ma] 2] 12| 2] 120 el 18] a0
2| teo[ 120 1] 1z0] e[ ma] e[ 120
3| nmal 12| 1] 1] ma] ma] ma] 119
4 ma[ 120 120] 120] 3] 120 120 120
5| ten| 120] 121 120 120 120 21| 12
B a3l 120 120] 120 120 1] mia] 119
71 ms[ 18] ms[ 20| [ 121] 121 120
8l nm7[ 18] 120 12| 12| 2] 121 10

9 1200 1A 11 1200 11 122) 122 122
10 1200 120 11 120] 122 122 122 122
11 1200 M3 120] 120 1A 1 141 11
12 1200 120] 120)0 121 120) 120] 120 11
13 120 120 11 121 11 11 11 12
14 11 12 1 11 11 121 122 122

Fow | 1 | 2 3 | 4 | &5 | &

Z86.625| 286.735) 206.206) 295206 2R5.206[ 285735
286184 | 28R.206| 285206 20R.206) 206.735] 286184
285.735) 285.735) 285.266) 285735 286.154[ 286.154
286184 | 285.286| 285.206| 2B5.206| 286.194| 286184
Z8E.184| 28R.735| 286,735 208R.735) 286.184| 285.735
286,735 286.735) 205.206) 295.735| 285.735[ 285.735
Z8E.184| 28R.735| 285,735 28R.735) 286.735] 285,286
286.E25| 206.625) 206194 ) 295.735| 2B5206[ 285206
287.065) 286.184) 285.735) 285286 285.2586( 284.837
285.735) 285.286) 285.286) 295.735| 205.206[ 284.837
10/ | 285.735| 285.735) 285.286| 285.735| 254.837| 284.837
1| 285.735| 286.184| 285.735| 285.735( 285.286| 285.286
12/ | 285.735| 285.735) 285.735| 285,286 285.735| 285735
13/ | 285.735| 285.735| 2B5.205( 2B5.786| 285205 285706
14/ | 285,786 | 285.286| 285.286| 285.786| 285286 28R.78F

Lo Y I oy Y ST N T

[u)

(b): MTSAT1R07010808IR1 (after converting-BT format

Figure 3.9 Examples of the MTSAT TIR image (a) before convasilisplayed as
radiance image and (b) after conversion-displayedauivalent BT image (in Kevin

unit).
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To assist the automatic conversion from radianceagan to
corresponding BT image, the conversion module vea®ldped based on the Spatial
Modeler Language and ERDAS Macro Language. The teosas created for general
use with TIR images from any weather satellite whée conversion look-up table is
available and was added as an extended utility todERDAS menu. The GUI
appearance of the module is shown in Figure 3.1@e khat, in the module, only the
conversion of band IR1, IR2 and IR4 are availalblprasent as they were needed in
the analysis. However, the application for IR3 imagould be implemented
conveniently if required. The input file is radiantle (with DN = 0-255) and the
output file is its equivalent BT file (in Kelvin it

3.4.2.1 Classified CTT maps

The derived BT map was for all objects that appmarthe satellite
image. However, only the cloud section of the imtge was of interest in the study
therefore the BT threshold was set at 10°C in tren@ilation of cloud cover image.
This makes most of the background objects on thithiSasurface being screened off
the displayed map along with some warm cloudshhae CTT greater than 10°C.

However, by setting threshold at this value, it eaable the detection
of warm clouds that have CTT between 0 and 10°C asd the mixed cold/warm
clouds that may have temperature between 0 andC-Zllie identification of cloud
type on the image was still not performed at thége but, generally, the clouds at
temperature 10 to -20°C are usually the growing wuscloud, or some stratiform
clouds, that might be able to produce a showeigbt tainfall but not heavy rainfall.
But clouds with temperature less than -40 or -58f€likely to be rain-bearing cloud

like cumulonimbus; however, these can be cold kighds like cirrus also.
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#s. Raster IR1 to temperature convert...

Input B azter: [*.img) CQutput File... [*.imag)

| =l =
|

Cancle |

(a) GUI for the conversion of raster IR1

#s. Raster IR2 to temperature cnnvert.k

Input B azter: [*.img) CQutput File... [*.imag)

=] 2
|

Cancle |

(b) GUI for the conversion of raster IR2

. Raster IR4 to temperature convert... [')_(|

[nput Baster: [*.img] Output File... [F.img)

=| -
|

Cancle |

(c) GUI for the conversion of raster IR4

Figure 3.10 The GUI appearance of the derived radiance/BT asiwe module

In this work, the brightness temperature data oedudoud images
were classified into eight classes (at intervall@fC) as described in Table 3.5 and

some examples of the classified CTT maps are showigure 3.11.
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Table 3.5 The classification scheme of cloud top tempeeatnap

Class Range (in°C) Range (in K) Potential cloud pes
1 0to 10 27310283  Warm cloud like cumulus or stratus (that
have only water droplets as main

2 -10to O 263 to 273 component)

3 -20to -10 253 t0 263

4 30 to -20 243 t0 253 Mixed clouds (that have both water droplets

and ice crystal as main components)

5 -40 to -30 233t0 243

6 -50 to -40 22310233  Huge mixed cloud like cumulonimbus or
cold high clouds (like cirrus or cirrostratus

7 -601t0 -50 21310223 that have only ice crystal as main

8 < -60 <213 components

3.4.3 Cloud classification scheme
The final step of the model developing process wadassified type of
clouds that appear on the satellite images (in fofthe CTT map). The ultimate goal
was to identify the existing cumulonimbus cloud flee further use in the analysis of
cloud-rainfall relationship. This could be donengsthe bi-spectral or split window
methods as described earlier in Section 2.5.1.aBuhe visible images are valid only
during daytime when the sunlight is still strongitthe TIR images are available
both in daytime and nighttime, therefore the spitdow method was chosen over
the bi-spectral method in this thesis. In theorpthb methods have the same
fundamental principle, which is to establish someppr thresholds and apply them to

the images for the classification of cloud typesdesl.
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Figure 3.11 Examples of the classified CTT map over Thailbaded on the MTSAT
image of (a) band IR1 and (b) band IR 2 as showRigure 3.8. (Apr 25, 2007

UTCOO0 images)

In this study, data from band 1 and 2 of MTSAT-1Brevselected for
the use in split-window analysis as they are usabkh in daytime and nighttime.
However, at nighttime, the difference between BEasured in the shortwave (center
at 3.75um) and longwave (1tm) IR (TBs 75 TBi11) can also be used to detect partial
cloud or thin cloud within a sensor’s field of vieflgOV). The small or negative
differences are observed only for the case whempague scene (such as thick cloud
or the surface) fills the FOV and negative differes occur at night over extended
clouds due to lower cloud emissivity at 3j#h channel.

Similarly, at nighttime, the 6.dm TIR channel can also be employed

to identify the thick cumulonimbus cloud. The idsdhat low clouds are buried in the
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water vapor, and since the quih channel sees temperature of the cooler waterrvapo
present above the cloud, the satellite-measuregeamture would be lower than the
actual CTT. But, the same cloud when observed aimi Wwill yield temperature much
closer to the true CTT. Therefore, the differeneéreen the two measurements will
be large. Conversely, for high and thick cloud, #adéues in this case are typically
small (Kurino, 19974, b).

3.4.3.1 High cloud filtering

One of the major problems normally found in theniifecation of
cumulonimbus clouds on the satellite images isrthppeared CTT range that still
somewhat overlaps with the high and cold cloudsdeslly thin cirrus). Therefore, to
reduce the confusion in the interpretation of fartlelassification results, the high
clouds must be screened off the map beforehance, Hee threshold index for high
cloud identification was set based on the obsedri#drence in values of BT in the
IR1 and IR2 bands for those clouds.

In this process, samples of high clouds were djsished on the cloud
map based on their apparent structure in visiblegenand the variation in spectral
values in the IR1 and visible bands (low in visibled high in IR1). And to assure
more about the validity of the selection, the inmgeuse were chosen to be only in
the early morning of winter days at which all otmeiddle/low clouds still did not
form much. Then, the BT values (cell-based badifhase chosen samples in the IR1
and IR2 bands were assembled and some basicisttisirameters e.g. mean, range
and SD were calculated. The calculation was alstopeed for AT (T1;- T12) and
results are given in Table 3.7 and Figure 3.12noe data, thresholds for screening

of high clouds (especially thin cirrus) arg; € 250 K (-23°C) andT > 1.5 K (upper-
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bound values of the variation). Applications of dbethresholds are shown for
examples in Figure 3.13a and 3.13b.

This screening process was also applied to the keummobus cloud to
ensure that the screened cirrus clouds (underftineraentioned thresholds) have less
or no impact on the existing of actual cumulonimblasid on the images. And results
of the calculation are illustrated in Table 3.6rgawvith the high cloud data. Data in
the table could help us define potential thresh@ddshe classification of high clouds,
middle or low clouds, and cumulonimbus clouds fbailand like one seen in Figure
2.15, for example, threshold for separate cumutosnfcumulonimbus should be

around greater than 250 K for infrared 1.

Table 3.6 BT andAT statistics (in Kevin unit) for the high cloud andmulonimbus

cloud over Thailand (as observed by IR1 and IRZwobEs of MTSAT-1R).

Cloud type Parameter Mean Minimum  Maximum SD
IR1 (11pm) 253.72 222.43 284.83 14.02
High clouds IR2 (12pum) 249.89 219.48 280.44 13.03
AT 3.8 2.95 4.38 0.99
IR1 (11pm) 233.73 197.6 284.83 28.23
Cumulonimbus  |R2 (12pum) 231.39 198.07 280.44  26.15

AT 2.34 -0.47 4.38 2.07
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Figure 3.12 Scatter plots of IR1/IR2 BT and IR{F of high cloud samples

('a) With high clouds (before filtering) ('b) Without high clouds (after filtering)

Figure 3.13aExamples of cloud images (a) with and (b) withdugh cloud

appearance, example on Apr 19, 2007 (h1).
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Figure 3.13b Example of cloud image after the high-cloud fithg process (without

high cloud appearance) on April 19, 2007 (h1).
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3.4.3.2 Development of the classification model

The main outcome of the needed classification madelcloud
distribution map on which the potential high clowde already filtered off the scene.
As a result, only clouds (apart from high cloudsgtthave CTT less than 10°C will be
identified and presented on the output cloud m3pe classification module was

designed to fulfill this objective in which threeam operating steps were devised:

() Input MTSAT-1R image files band IR1 and IR2,

(2) Filtering potential high clouds on the input imagkeased on
thresholds that are primarily set in the scriph @dAT = Ty1- T12), and

(3) Generate the output cloud map files which are simap, cirrus-

filtered map, and all classified cloud maps (clouth CTT < 283 K)

The operation at each step was controlled by tleeifsp source codes
written as SML/EML script and added as utility ta@lERDAS’s Utilities section (see
figure 3.14 and appendix A for more detail of hamuse the modules). Though, the
cirrus cloud and warm cloud maps were not needethénanalysis but they are
necessary for the study of the Earth’s energy budge weather variation at regional

or global scales.
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CHAPTER IV

RESULTSAND DISCUSSION

4.1 Seasonal rainfall and cloud cover distribution patterns

The main purpose of this section is to examineepatof rainfall and cloud
cover distribution over Thailand during years 2@®@l 2007 in relation with the main
influencing factors being identified at each spediftime period (at seasonal scale).
The comparison between rainfall and cloud distidyufpatterns found in the study
can inform us about their potential relation whisHurther quantified in more detalil
in Section 4.2.

4.1.1 Seasonal rainfall distribution

As Thailand is located in the monsoon-dominatedbregnost rainfall
is created from the monsoon-induced mechanisms.edery some other factors like
the monsoon trough (or the ITCZ), the tropical ope, and the cold air mass moving
south from the mainland China can also induce heauyfall from time to time
whenever they reside in the country (as describheSeiction 2.3.3). The influence of
these factors could be seen in the accumulatedalaimaps, especially when
compared to the normal situation one.

To illustrate this fact here; the quarterly and wadnrainfall maps of
Thailand in years 2006 and 2007 are placed sidsid®/ to present their similarities

and differences (Figures 4.1 and 4.2 and Tableahi)the causes of differences are
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identified based on official weather reports of WD and DDPM during the concerned
period.

It was found that, patterns of rainfall distribution both years (Figure
4.1) are rather similar in general where high amaifnrainfall (e.g. > 2,000 mm)
appear in the south and in the eastern region ¢esdlye Chanthaburi and Trat
Province). The relatively high rainfall areas a¢stst in the some part of northeastern
region (upper right) and the western region (althreglower border). And, in average,
the central region and upper north receive ledafalhamount in both years. Here,
the seasonal rainfall pattern has been furtheddd/iinto 4 periods and the detailed

explanation is as follows.

2006 2007

% o 100 02 04 3 3

Quarterly Accumulated Rainfall in Q1-2006 Quarterly Accumulated Rainfall in Q1-2007

. 9

i ,.
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% ' 9”8 - llm' mz' IIH‘ ma' 9% 98 100 102 104 106

(a) First quarter: February-April

Figure4.1 Pattern of rainfall distribution in periods: (a)dfeary-April, (b) May-

July, (c) August-October and (d) November-January
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Figure4.1 (Continued)
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(d) Fourth quarter: November-January

Figure4.1 (Continued)
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Figure4.2 Annual rainfall maps for (a) 2006 and (b) 2007



95

Table4.1 Monthly accumulated rainfall amouimt 2006 and 2007

Monthly rainfall (mm)
Period Month Dominant causes
2006 2007

Quarter 1 February 4,933.80 1,216.70 Cold air mass (weather front),
northeast monsoon (for the south),
(Feb-Apr) March 7,989.30  4,727.90 low pressure area (from the ocean),

upper westerly wind, and local

April 12,892.10 12,783.10
convection
Total amount 2581520 18,727.70
Quarter 2 May 24,087.80 31,610.10 Southwest monsoon, monsoon
trough, tropical cyclone and low
(May-July) June 21,566.40 20,058.30 pressure area (from the ocean)
July 25,186.70 21,988.90

Total amount 70,840.90 73,657.30

Quarter 3 August 27,810.40 23,426.70 Southwest monsoon, monsoon

trough, tropical cyclone and low

(Aug-Oct) September 29,475.80 27,978.40 pressure area (from the ocean)

October 23,109.80 25,365.30

Total amount 80,396.00 76,770.40

Quarter 4 November 5,424.10 7,576.20 Cold air mass (weather front),

northeast monsoon (for the south),

(Nov-Jan) December 3,595.40 3,765.00 and local convection

January 1,742.30 2,999.50

Total amount 10,761.80 14,340.70

Annual average (mm) 1,619.09 1,581.86 -
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4.1.1.1 First quarter: February to April

This is the beginning of summer time in the counirtyere normal
weather is mild and dry under the strong influenéghe northeast monsoon that
normally brings the cold and dry air from the SiaerHigh down to the tropical
region. Rainfall occurred during this period is ithypslue to the local convective
process where it is generally seen in late afterrman the evening. Apart from this,
cold air mass from China can also produce a coretke amount of rain fall along
the weather front. However, the rain resulted frdm aforementioned processes
typically does not last long (often less than anrh@and pronounced heavy rainfall is
rarely found in these situations

At this time, the northeast monsoon that moves sactbe Gulf of
Thailand to the south will carry huge amount of mioisture to form heavy and
widespread rainfall all over the eastern side efrthiddle and far south, especially on
the windward side of the mountain. This sometinessilts in the deadly flooding in
some hit areas (Figure 4.3).

Another less known factor that sometimes could gErespecula
heavy rainfall during this period is the upper weest wind that is moving eastward
across the country (mostly in February or Marchhigh altitudes (typically 10-15
km). This wind was held responsible for heavy raansl serious flood seen in the
south during mid-February 2006 (Figure 4.4). The loressure areas formed over
warmer ocean can also bring significant amountaof to the coastal zone in March

and April.
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Figure4.3 Rainfall map on 3 January 2006 when the strongheast monsoon
generated widespread rainfall in the south, esfhgda the eastern side and in the far

south.
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Figure4.4 Rainfall mapon 13 February 2006 when the strong upper westdrig

was moving across the south which caused heaviallaamd flooding in some areas.
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4.1.1.2 Second quarter: May to July

This is the beginning of the rainy, or monsoon,sseathat provides
most of the rainfall to the country. At this perjdte rains are generally contributed
by the southwest monsoon and the monsoon trough.sbhthwest monsoon is the
prime contributor to the rainfall observed all owke country, especially on eastern
and western parts. During the rainy season, it @alitinuously carry moist air from
the Indian Ocean into the country which is beinginmsource of observed rains
(Figure 4.5). Several severe heavy rains and fleegl® reported nationwide in both
years (especially in 2007) in association to tr@qgmged intense southwest monsoon
(Table 4.2).

Meanwhile the monsoon trough, a long stripe ofltve pressure zone
from the Equator which is moving up and down actbgsscountry every year, begins
to enter the south in April and moves northwarthe central and northern portion of
the country in May and June respectively. Along g, it can induce huge amount
of rainfall within the occupied territory (lying nstly toward east-west direction) that
sometimes results in serious flash flooding anétgdamages in many places as seen,
for example, during 21-23 May 2006 in the lowerthern region (Figure 4.6).

Apart from the two main sources of rain mentionedier, there are
also some other factors that have potential toyredvidespread rainfall in Thailand
which are the tropical cyclone in the Pacific Oceawdl the low pressure area in the
Indian Ocean or the South China Sea. The tropipabnoe is a tremendous cyclonic
system (of low pressure area) that can generagagatrainfall in vast area. Usually, it
has been called in several names based on strahgtich stage of the development

which are (from weak to strong) the depressionpital storm, and typhoon (or
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hurricane) respectively. The area likely to havesmimpact from the tropical cyclone
formed in the Pacific Ocean is the northeast &slticated closer to the cyclone path

than all other parts of the country (Figure 4.7).

Table4.2 Reports of severe floods and number of casualtie006 and 2007

(DDPM, 2009)

2006 Date Location Casualty  Main contributor
1 12-16 February Middle/lower south AJpper westerly wind
2 21-23 May Lower north 88 Monsoon trough
3 30 June-3 July All regions 5Southwest monsoon
4 13-18 August Upper south and NE - Southwest monsoon
5 19-21 August Upper north 2Monsoon trough

Monsoon trough

6 September-October All regions 347 Tropical cyclone
2007 Date Location Casualty  Main contributor
Monsoon trough,
1 1-8May Upper south “Tropical cyclone
. Monsoon trough,
2 9-31 May Upper Thailand “Southwest monsoon
3 25-30 June All regions -Southwest monsoon
4 4-12 July All regions - Southwest monsoon
5 20-22 July All regions - Southwest monsoon
6 1-12 August Upper Thailand ZSrout_hwest monsoon,
ropical cyclone
7 18-25 August Middle south -Southwest monsoon
8 9-11 September Lower north &onsoon trough

Monsoon trough,

9 26-30 September All regions Southwest monsoon

10  October Upper Thailand 17Tropical cyclone
11  20-24 October Middle south Monsoon trough

12 7-12 November Middle south Low depression area
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Figure4.5 Rainfall mapon 2 July 2006 when the strong southwest monsadunced

the widespread heavy rainfall and flooding in sal/ptaces across the country.
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Figure4.6 Rainfall mapon 22 May 2006 when the strong monsoon trough ieduc

the widespread heavy rainfall and flooding in sel/g@laces in the lower-northern

region.
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Figure4.7 Rainfall mapon 4 October 2007 when the tropical cyclone “LeKima
moved into the country and induced widespread heaivyall and flooding in several

places in the lower-northern and northeastern regod the country.
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Most tropical cyclones moving into the country Imetpast are usually
in form of depressions and tropical storms, andlyan form of the true typhoon. In
addition, the tropical cyclone can also form in thdian Ocean where it is simply
called as “cyclone” instead of “typhoon”. These loyes are found less frequently
than those in the Pacific region but could alsodpoe heavy rains as they move
closer to the country’s territory.

Whereas, the low pressure areas in the Indian Oceahe South
China Sea can occur from time to time due to themea sea water during this time
that provides higher warm moisture for the atmosph€his situation could lead to
the development of low pressure area as a conseguévhen these systems move
ashore, they bring with them plenty of raw materifdr the use in rain production
later on (Figure 4.8).

4.1.1.3 Third quarter: August to October

This is the most intense period of rainfall in Taad as most of rain
contributors have gained significantly more stranduring this season due to the
warmer atmosphere and also warmer ocean (note tthatjs summer time of the
northern hemisphere). Rains may be notable reduteguly when the monsoon
trough is away to southern China that leaves thethsegest monsoon as sole
contributor of rains found in the country. Howevidre monsoon trough will move
southward back to the country once again in Auglisbctober and when encounter
with the southwest monsoon; they can initiate larglime of rainfall amount over
most parts of the country, especially on the windirside of the area and floods will

eventually arise as a consequence (Figure 4.6).
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In addition, the tropical cyclone in the Pacific @da and the low
pressure area in the Indian Ocean or the SouthaC8ma can be formed more
productively at this period of the year due to tha@rmer ocean. For example, in
October of both years, the typhoons (in its depoestrm) have caused widespread
heavy rains and flood in many regions in the uggeet of the country, especially in

the lowlands situated close to the river.
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Figure 4.8 Rainfall mapon 2 May 2007 as the low depression area from thié &
Thailand moved inland and induced widespread heainfall in several regions of

the country.
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4.1.1.4 Fourth quarter: November to January

This is in the middle of wintertime for the northehemisphere in
which weather is relatively dry and the near-swefair is getting colder and less
turbulent. The intense rainfall at this time isatgrfound except in the south where the
northeast monsoon can generate great amount f maithe area. However, huge
cold masses from China often move to occupy uppérgf the country at this time
which makes the atmosphere more stable and lasssra@roduced (except along the
front where the air is very turbulent and many sev&orms being developed as a

consequence) (Figure 4.9).
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Figure4.9 Rainfall mapon 13 March 2006 when large cold mass moved topyccu

upper part of the country and induced widespreadaihalong the weather front.
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4.1.2 Seasonal cloud distribution

As already described in Section 4.1.1, the domircamttributors of
rainfall seen in Thailand vary distinctively wittmee of the year (broadly at seasonal
scale). Typically, in summer (mid-February to Midal), the major sources of rainfall
are local convective mechanisms, the low pressiga eoming from the ocean, the
southwest monsoon, the monsoon trough and the aolthass (weather front). In
rainy season (mid-May to mid-October), they are #wthwest monsoon, the
monsoon trough and the tropical cyclone. And intanitime (mid-October to mid-
February), they are cold air mass (weather fromdjtheast monsoon (for the south),
and local convection.

However, before the rain could be formed, the @ouds must be
developed first under the influence of these majntributors. Different types of
clouds are responsible for the different patterragifall intensity and duration. In this
section, some examples of daily cloud distributipattern (for different season)
derived from the MTSAT-1R and their associatedydeinfall map are presented to
gain prior knowledge of their relation before thersndetailed analysis is performed
in Section 4.2.

4.1.2.1 Cloud/rainfall in winter

To represent cloud/rainfall distributing pattern winter, their data
maps taken on 6-7 January 2007 were chosen fomrhéysis. On that dates, the
massive cold air mass still occupied most aredharupper part of the country, as a
consequence, the weather was rather cold and calnteas clouds were able to form
in the sky (as the atmosphere was relatively stablinat time) (Figure 4.11). The

observed rainfall was mostly located in the lowart pf the south due to the influence
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of the strong northeast monsoon and no record iofathin the upper part of the
country as seen in the rainfall map for 7 Janu&igure 4.10). This map represents
accumulated rainfall being collected within 24 roduoring 7.00 am (8Jan) to 6.00

am (7" Jan).
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Figure4.10 Rainfall map for 7 January 2007 when strong reash monsoon
generated widespread rainfall in the south, esfhgda the eastern side and in the far
south. And, there was no record of rainfall measumnethe upper part of the country.
The rainfall data were collected within 24 hoursing 7.00 am (6 Jan) to 6.00 am

(7" Jan)
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Figure4.11 Hourly CTT maps (derived from MTSAT-1R imagesy 7 January

2007 taken within 24 hours during 7.00 af! ¢&n) to 6.00 am (7Jan).
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Table4.3 Variation of CTT area coverage during 6-7 Janu@§7ZFigure 4.11)

Coverage area base on CTT class (km?)

Time Cloud grea L owest
order o doud 100 o0 X 2 3y40 4050 50060 <60 (ke temp (K)
06-H7 406,710 45210 36840 16,050 7,560 3150  1B5 2520 3420 118260 205510
06-H8 407,640 39,330 36840 17,520 10,740 3840 9303, 2670 2,460 117,330 204.042
06-HY 399,840 45990 39,000 18,930 9,000 3000 1062 2670 240 125130  209.661
06-H10 386,430 49,380 48750 19,350 7,080 3990 915, 3,450 630 138,540  209.661
06-H11 372,870 51,750 58950 19,260 5160 3750 0906, 7,050 90 152,100 212248
06-H12 357,600 54120 71,760 22230 5100 4260 000D, 900 ; 167,370 219.285
06-H13 337,260 53,160 79,500 40,020 7,440 6450 1401, ; ; 187,710  228.360
06-H14 326,400 58050 87,330 46,140 5280 660 180 30 ; 198,570 222431
06-H15 321,240 55920 95880 43500 5790 570 4wl 810 30 203,730  212.248
06-H16 305,010 68250 12 36060 2490 270 1,290 4050 2,310 210960  206.935
06-H17 289,260 85440 89,700 38,880 4470 1,500 48 4890 7,350 235710  204.042
06-H18 267,810 80,310 92760 48240 6,870 2250 2706 10500 9,870 257,160 202515
06-H19 241,980 83910 94140 60,000 8340 2190 6207 14310 12,480 282,090  200.938
06-H20 217,860 89,910 79,860 79,740 13,410 2970 8,580 19,080 13,560 307,110  200.938
06-H21 204960 100,440 68,820 88,260 13,620 1,860 10,020 25830 11,160 320010  204.042
06-H22 200,250 98,340 68130 93,840 7,410 1,770 6,38D 29,190 9,660 324,720  204.042
06-H23 189,750 97,080 82110 85920 11,430 2,820 17,010 26,250 11,700 335,220  197.600
06-H24 183,570 97,740 99,960 73,020 13,980 2,220 11,550 28,980 13,950 341,400  193.975
07-H1 179,100 105960 93300 70,050 19,500 822 5,700 24,240 24,750 345870  195.825
07-H2 178650 108240 82,620 71,400 22,020  4®0 2,610 21,240 36,150 346,320  197.600
07-H3 187,170 96,600 99,030 66,960 7,920 1,560 5580 27,840 32,220 337,800  197.600
07-H4 208560 111,150 92,040 45750 1,260 ®25 8580 28,980 26,400 316,410  200.938
07-H5 237,060 109,950 90,090 19,860 2,070 ®B06 9,180 26,100 26,700 287,010  199.300
07-H6 246570 114300 85320 oo 540 1,800 8,220 20,940 24,630 278,400  199.300

Form the rainfall data in Figure 4.10 and cloudadat Figure 4.11 and Table
4.3; it is obvious that there were plenty of cloofiserved in the sky during that 24-hr
period especially at nighttime in the lower partloé country. However, in the north
and upper northeast fewer clouds were seen dusetmtiuence of stable air in cold
mass territory. Majority of the clouds are potentiaarm cloud with temperature
between 10 and -10°C and only small fraction tteat be considered as being rain
cloud (with temperature less than -30 or -40°Cwiver, the potential relationship

of cloud top temperature and rain rate will be désed more in Section 4.2.
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4.1.2.2 Cloud/rainfall in summer

To represent cloud/rainfall distributing patternsammer, their data
maps taken on 18-19 April 2007 were chosen forathedysis. On that dates, the cold
air mass was weaken and gave chance to the warst/aipistreams from the Thai
Gulf and Andaman Sea to move into the central amet northeastern region. This
results in the formation of rain cloud along theatir front and by local convective
process (Figure 4.12). Most cold clouds were dgexdaduring daytime and normally
lasted just only few hours. But the longer-lastondd cloud was seen at nighttime in
the central area, where it could be visible for entbran 10 hours. Most potential warm
clouds (at temperature 10 to -10°C) were seenenafternoon but some can last all
night long. Hourly amount of the cloud cover attedéemperature range is shown in
Table 4.4. Also, amount of rain cloud (with tempera less than -30 or -40°C) is
considerably higher than in wintertime, especigty amount of huge cumulonimbus
cloud (e.g. at CTT < -60°C).

The rainfall was mostly observed in the central kovder northeastern
region due to strong influence of warm/moist airent as seen in the rainfall map for
19 April 2007 (Figure 4.13). This map representsuawulated rainfall being collected

within 24 hours during 7.00 am (£&pr) to 6.00 am (19 Apr).
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Figure4.12 Rainfall map for 19 April 2007 when strong cuttrefi warm/moist air
from the Thai Gulf and Andaman Sea to move intocirstral and lower northeastern
region that had resulted of widespread rainfalhimithat area. The rainfall data were

collected within 24 hours during 7.00 am {1&pr) to 6.00 am (10 Apr)
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Figure4.13 Hourly CTT maps (derived from MTSAT-1R imagesy fiB-19 April
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Table4.4 Variation of CTT area coverage during 18-19 ApflDZ (Figure 4.13)

Coverage area base on CTT class (km?)

Time Calro;;j L owest
order No cloud 10/0 0-10 -10/-20 -20/-30 -30/-40 -40/-50 -50/-60 <-60 (km?) temp (K)
18-H7 MOS10 26850 15870 8,040 3,900 2700  91B 3210 ,0pe0  pasgo 193975
18-H8 396,150 28,800 17,880 12,540 9,450 8280 19320 8490 33060 128820 187808
18-H9 341550 39,960 27,360 17,760 10,050 8430 1443 14700 50640 183420 189973
18-H10 302,400 43500 37,560 25560 14,490 10,260 14,370 14,820 62010 222570 192028
18-H11 201,330 49500 38,130 24120 11,190 9210 19050 14130 68310 233640 192028
18-H12 280410 45810 39,960 23310 12,990 11,100 24,330 19,350 58620 235560 192028
18-H13 277470 45090 38460 26700 14,040 11,100 21,810 22830 67,380 247500 1°/808
18-H14 242,490 51,030 38,790 28500 12,930 7980 55800 56460 63000 282480 192028
18-H15 260,100 58320 56490 33270 10,650 5490 31530 41,160 27,960 264870 199825
18-H16 266,460 60,060 66,810 37,020 16020 11,160 27,270 19,620 20550 258510 197600
18-H17 253,140 68,370 65670 49200 19,320 13200 13,650 25110 17,130 271830 200938
18-H18 263520 66,210 69,00 47,670 19,230 740 14160 20760 16920 261450 197600
18-H19 263,880 65910 58350 50,760 18,480 5700 50520 17550 23,820 261,000 192028
18-H20 263130 57,960 53400 55770 21,420 7140 47250 15870 33,030 261,840 192028
18-H21 245430 57,060 54,000 59,220 22,440 3390 51210 19500 42720 279540 199825
18-H22 241,350 63,090 50,670 48,600 18,030 4560 50370 36,840 41460 283620 190825
18-H23 227,010 60,630 58290 46860 15540 3690 26730 49230 36900 207060 187808
18-H24 221520 76,380 56,040 38130 15,720 7770 37140 33540 38,730 303450 193975
19-H1 238380 79,020 41,400 35310 19,080 15000 32,790 26,880 37,020 286590 190825
19-H2 253500 72150 36,210 36600 22,380 25440 30,390 27,780 20520 271470 202515
19-H3 273120 58,680 46,290 41580 27,510 10,050 23,670 29,340 5730 251850 204042
19-H4 287,520 60,300 50,820 43380 21,270 10,080 39,240 11,160 1,200 237450  20°510
19-H5 323610 48390 41,460 36810 23520 26310 21,150 3420 300 201360 210973
19-He 334770 48,840 39,390 37,770 27,060 21,600 11,340 2310 1800 100200 2025515

4.1.2.3 Cloud/rainfall in monsoon season

To represent cloud/rainfall distributing patternmmonsoon season, the
data maps taken on 16-17 August 2007 were chosetihdoanalysis. On that dates,
the weather was under the influence of strong mamdoough and the southwest
monsoon which induced widespread heavy rainfall #bdds in several areas,
especially in the upper part of the country. The whs cloudy all day long and many
cold clouds were huge and lasted for several hdwowever most clouds seen were

potential warm clouds (at temperature 10 to -1G€)lescribed in Table 4.5.
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Rainfall was mostly observed in the central, thestemn, and lower
northeastern regions due to the moon trough anddb#hwest monsoon as seen in the
rainfall map for 17 August 2007 (Figure 4.14). Timap represents accumulated
rainfall being collected within 24 hours during @.em (18 Aug) to 6.00 am (17

Aug).
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Figure 4.14 Rainfall map for 17 August 2007. The rainfall@atere collected within

24 hours during 7.00 am (£&ug) to 6.00 am (17 Aug).
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Figure4.15 Hourly CTT maps (derived from MTSAT-1R images) f6-17 August
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Table4.5 Variation of CTT area coverage during 16-17 Au@@97(Figure 4.15)

Coverage area base on CTT class (km?) Cloud
oul

Time L owest
order 10/~ ares temp (K)
No cloud 10/0 0-10 g -20/-30 -30/-40 -40/-50 -50/-60 <-60 (km?)
16-H7 61,950 45000 83580 87,090 68790 73020 76980 25470 3,000 463020 204042
16-H8 64,500 47,430 95250 85140 71790 69,690 58,650 24150 8370 460,470 99300
16-H9 73,890 49380 104,280 84990 65640 47,160 48360 33,660 17,610 451080 193978
16-H10 110,280 68,880 77,490 63,600 42,930 24270 39,000 49470 49,050 414,690 87808
16-H11 135360 51,330 69,420 54,390 23820 16770 47,460 46,590 79,830 389610 83050
16-H12 143160 42,060 76110 51,330 28380 23010 39,990 29,820 91110 381810 89505
16-H13 157,860 39,300 85050 52740 25110 11,040 26,310 33150 94410 367,110  8>505
16-H14 177,570 37,440 68,040 50430 22410 11430 24030 36510 96210 347,400 87808
16-H15 103650 25260 57,270 49560 23970 14940 25080 43260 91980 331,320 87808
16-H16 203,220 26,490 51,420 37,350 21,750 15210 34,950 45960 88,620 321,750  10/-808
16-H17 205080 19950 43,680 36120 25410 21,690 48,840 46,800 77,400 319890 102505
16-H18 215880 14130 34200 50,160 35220 27,240 51,480 47,610 49,050 309,000  10/-808
16-H19 199,800 11,880 29,790 63000 45000 26010 58530 33660 57210 325170 89973
16-H20 197,220 16,140 30,540 60,150 50790 26,490 550950 28,200 59490 327,750 89973
16-H21 160,560 21,360 38,010 74730 48870 30,390 60,000 36900 54,060 364,410 89505
16-H22 149520 20,070 38,880 84870 51210 39,600 61,920 41,130 37,770 375450 89973
16-H23 158,400 15120 35040 69450 69,150 54810 55680 37,620 28800 366570 92028
16-H24 148140 22,950 44,760 86,820 68910 40,020 62,490 30,630 20250 376,830 99300
1L 149040 30030 61,020 86220 67,440 42780 48390 32,340 7,710 375030 19930
17-H2 130,860 43,590 79,080 93570 65250 42,930 44,820 18060 5910 394,110 200938
13 112,620 55290 91650 89,670 73,620 42420 44,880 14,040 780 412350 200510
17-h4 111300 60540 107230 ‘987 56040 38640 39,930 5670 60 413580 209661
17-HS 107,610 73410 125490 89460 49,530 39,390 31,680 70 690 a173e0 200938
17-He 97,440 72,000 129510 89,730 61,080  SOAL6 26,640 12,840 1,080 427,530  204.042

4.2 Relationship between rainfall and cloud properties

In theory, the intensity of rainfall amount depemtisectly on type of cloud
where most heavy rainfall is from cumulonimbus dand light rain normally from
the stratiform cloud. As these clouds naturallyatecat different altitude, therefore,
their usual CTT tend to be distinguishable on &telTIR images where
cumulonimbus clouds have significantly lower CTTtlasir top surface situate much

higher compared to the stratiform cloud, or othatdie or low clouds.
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As a result, it is possible to identify the cumutohus cloud based on data of
CTT and this knowledge can be related to the piateamount of the observed
rainfall later on. Also, amount of potential raiftowds as a whole (not only
cumulonimbus) can be linked to rainfall observedheday which is also discussed in
detail in this section.

4.2.1 Rainfall intensityand CTT

The first study was conducted to examine generatadheristics of the lowest
hourly CTT on the used MTSAT-1R satellite images (be seasonal basis) and
amount of maximum daily rainfall observed in theuctry that was classified into 5
groups: 0-20, 20-40, 40-60, 60-80, 80-100 and >1h@f. The classes represent days
with light rainfall to very heavy rainfall respeatly. Also, data of the recorded “hail”
days are displayed as a comparison, as hail cgmnate from the cumulonimbus
cloud only, therefore, in the hail days, there mhave the cumulonimbus cloud
presented in the satellite images.

From Figure 4.16, it can be primarily concludedttbgn of the cold clod
appearance (e.g. clouds with temperature less 2B8nK) are more pronounced in
rainy season than in summer or winter. Also, fauer rain day, the less CCT values
were normally found especially in summer (where@id as low as 175 K could be

found). This means some clouds on that day growhrhigher than usual.



129

Seasonal events Hail events
. Cloud top temp. in raterate between0-20 mun. - Cluud Lop Lernp. in raterate belween 0-20 murL
E 275 f Cold -l II. LI I | o -E 275
%__, A1l -\E,,
2 =
8 225 g 225
= =
= =
= =
= 175 = 175
o 0 100 200 200 400 Z 0 100 200 300 400
Samples (day) Samples (hail day)
_ Cloud top temp. in raterate between 20 <40 mn. Cloud top temp. in raterate between 20-40 mm.
Q)_/::V 275 Cold ot Rain {\;,"
= =
5 225 5
= =
= =
£ a7s | | =
5 o] 100 200 200 400 '8 a 100 200 300 400
Samples (day) Samples (hail day)
Cloud top temp. in raterate betvween+40-60 mn. Cloud top temp. in raterate between 40-60 mm.
2 =
o 273 Cold o I Ramn é 275
= l =
g 225 s g 225
5 R =
= 175 | g 175
GD 0 100 200 300 400 5 ¢} 100 200 300 400
Samples (day) Samples (hail day)
. Cloud top temp. in raterate between £0-80 mm. Cluud tup teanp. in racerate betyweern 60-80 i
e =
< i 1 I z
g, 275 Cold T o é 275
= =9
g 2275 i g 725
= =
= <
£ 17s £ 17s !
5 o} 100 200 300 400 8 ¢} 100 200 300 400
Samples (day) Samples (hail day)
_ Cloud top temp. in raterate between 80- 100 min. Cloudtop temp. in raterate between 80-100 mm.
E 275 I -E 275
= [ Hot Rain 1= ooe 0
= =
g 235 g 225
= =
(=] =
g 17s E 175
'8‘ o 100 200 300 400 g 0 100 200 300 400
Samples (day) Samples (hail day)
_ Cloud top temp. in raterate between 100 nun. up Cloud top temp. in raterate between 100 mum. up
= =
= - =
| 273 ogd H Fra S 275 e o7 T
o o
g 275 g 225
= =
= =
= =
= 175 = 175
50 o] 100 200 300 400 TO) 6] 100 200 300 400
Samples (day) Sawuples (hail day)

Figure4.16 Data of the minimum hourly CCT on the used MTSEH-satellite

images on different season and also for the chthe®li days in 2006 and 2007.
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Table4.6 Statistics of the lowest CTT (in Kevin unit) foras®nal and hail event

Statistics Winter Summer Rainy Hail-06 Hail-07

Minimum 197.60 193.98 185.51 183.05 173.53
Maximum 274.39 281.16 282.09 279.27 282.09
Mean 218.79 222.61 219.73 224.50 217.53
SD 13.87 22.55 20.12 25.38 21.46

For the hail days (occurring in summer), the CT@s become spectacularly
low, e.g. < 200 K, in a very short period of tinfénis could indicate about the rapid
growing of cumulonimbus cloud (under the unstalite which is an original source
of the hail event found. This is quite contrastite forming of cumulonimbus cloud in
the winter which is rather taking more time tharsiitmmer or rainy season. And, as
seen in Table 4.6, the minimum CTT for hail in 200&s 183.05 K and 2007 was
173.53 K, this means that hail event might be foandlays that have CTT less than
about 183 K (about -90°C).

4.2.2 Rainfall estimation using lowest CTT

Amount of rain rate is long known to be relatedhsd CTT of the rain
clouds where the lower CTT indicate the higher amboof rainfall created (as
discussed in Chapter Il). However, based on seygealious studies, pattern of this
relationship is still subject to the time perioddaplaces of the study. In Thailand,
most studies on this issue focused mainly of tleidkainfall relationship base on
data at some selected stations (normally less2Bastations). Therefore, in principle,
their results still cannot explain the variety dfetcloud/rainfall relationship in
Thailand as a whole. To gain more knowledge of tklationship in wider scope,
more stations covering wider area and longer tipssof rain/cloud record are

needed, which is significantly fulfilled in thisusty.
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Here, the relationship between cloud/rainfall inaildnd (on seasonal
basis) was investigated based on data of minimum @Tthe specified period and
total rainfall amount observed during that perioahi a number of weather stations
across Thailand.

The assumption here is that, the lower the CTT higher amount of
rainfall observed. The overall results of the gtugtre shown in Figure 4.17.

It could be seen in Figure 4.17 that, the relatiguss between rainfall
amount and lowest CTT found in the analysis sidlbt exhibit a clear pattern where
the highest correlation of 0.6277 was seen in raggson but in summer and winter,
the correlation level was still rather low (lesanh0.5). This means the CTT value
alone cannot be used as sole indicator of theathiaount observed each day. Some
other factors, like type of cloud or period of lgerold cloud should also be taken into
consideration.

However, in rainy season, the CTT was found to dreetated best to
the observed rainfall amount and the relation vwgied to predict rainfall amount on
16 August 2007 to test its validity in rainfall pretion. Results of the study are
shown in Table 4.7 where most predicted values weter than the real observed

ones about 30%.
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Figure4.17 Relationship between rainfall amounts and lowestT Gii different

seasorbased on data from several stations across Thailand
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Table4.7 Application of the cloud/rainfall relationships(aescribed in Figure 4.17)

for rainfall prediction on 16 August 2007 (the teda is y = -1.4224x + 395.38)

Lowest CTT Rainfall amount (m.m) % Error YoAccuracy
(K) Actual Predicted
232.86 50.00 64.16 -35.84 64.16
231.98 26.00 65.41 -34.59 65.41
231.10 36.60 66.67 -33.33 66.67
230.20 50.00 67.94 - 32.06 67.94
229.29 44.50 69.25 -30.75 69.25
228.36 80.30 70.56 -29.44 70.56
227.43 92.30 71.89 -28.11 71.89
226.46 73.00 73.26 -26.74 73.26
225.49 72.30 74.64 -25.36 74.64
224.50 77.20 76.05 -23.95 76.05
223.50 57.80 77.48 -22.52 77.48
Average -29.34 70.66

4.2.3 Rainfall intensity and cloud cover area

As mentioned earlier, not only the CTT which is ngeicrucial
indication of rainfall amount observed each dag #&mount of cloud cover is also
another main factors. Here, the relationship betwtbe observed daily rainfall and
average amount of cloud cover in each day takem ftbe satellite images is
investigated. To achieve this objective, severaksavere examined based on level of
the rainfall intensity and the recorded hail d&8mssults are shown in Figure 4.18.

From the obtain results, it is clearly seen that @imount of observed
daily rainfall has high correlation with the amowrftcloud cover seen each day, with
r> > 0.8 in all cases especially on the days withvfieainfall (e.g. > 80 mm). High

correlation was also found for the hail days (witk 0.8915). As the cloud cover here
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includes all types of cloud seen on the satellitage, this high correlation might

indicate that most types of clouds, should haverdnrtion to the rainfall observed

each day.
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Figure4.18 The relationship between average daily cloud cewer the total amount

of observed rainfall for different levels of raitifentensity and the hail days.




CHAPTER V

CONCLUSION AND RECOMMENDATION

5.1 Conclusonsand recommendation

The main objective of this study is to analyze riéationship between rainfall
intensity and the associated cloud properties (Ckop temperature and cloud cover
area) in Thailand based on the selected case stadairring during years 2006 and
2007. In addition, the classified cloud data wa® alpplied for the study of seasonal
cloud and rainfall distribution during those spiafyears.

To achieve the required tasks, the automatic cldadsification model was
developed first based on the observed clod top ¢eatypre (CTT) seen on the TIR
image (IR-1 band) of MTSAT-1R satellite. And to veé the confusion between cold
high clouds, like cirrus, and the rain-bearing clonimbus cloud, the potential high
clouds were filtered off at the beginning of thasdifying process using split-window
technique in which the threshold temperaturgs<r250 K (-23°C) and\T > 1.5 K
(T11- T12) were employed in according to values being arayzom cloud samples.
The CTT maps were then generated and all clouds @/tT greater than 10°C were
identified on maps and used to describe pattercicafd distribution and to find the
relationship with the rainfall amount observedhet $ame geographical locations.

From the analysis of seasonal cloud and rainfalrithution and knowledge of
weather information provided from the responsilereies, it can be concluded that

patterns of seasonal cloud and rainfall distributio Thailand are product of the
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combined effects among several main driving factbrsummer, these are the local
convective system, the cold airmass, the monsanmtr, the westerly wind, and the
low pressure area from the ocean. In rainy seabese are the monsoon trough, the
southwest monsoon, the tropical cyclone and the gosgsure area from the ocean.
And in winter, these are the cold air mass (wedttogrt), northeast monsoon (for the
south), and local convection. Most observed floocksurred in rainy season as results
of the strong monsoon trough, the southwest monsihentropical cyclone. But all
reported hails were observed in March and Aprigath year.

In general, less cloud cover was seen in wintertilone to the more stable air,
especially the rain cloud. In summer, most obseraad clouds were developed and
dissipated in short time period (within few houes)d cloud top temperature can
decrease as low as 175 K. These very cold clowwls@mally associated to the great
cumulonimbus cloud which is source of the hail éfeand in summer. During rainy
season, clouds are more visible all day long, esalhethe cold cloud that can last for
a considerable period of time (up to 8-10 hours).

The analysis on proper relationship between da#asared rainfall across the
country and the corresponding cloud top temperandieated that the relationships
between rainfall amount and observed CTT found ditl not exhibit a clear pattern
where the highest correlation of 0.6277 was seemimy season but in summer and
winter, the correlation level was still rather I¢less than 0.5). This means the CTT
value alone cannot be used as sole indicator afiihéall amount observed each day.

In addition, it is clearly seen from the study tha amount of the total daily
rainfall has high correlation with the amount abwll cover area seen each day, with

r*> 0.8 in all cases especially on the days withviiainfall (e.g. > 80 mm) or on the
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hail days (with ¥ = 0.8915). As the cloud cover here includes alesyof cloud seen
on the satellite image, this high correlation migidicate that most types of clouds,
should have contribution to the rainfall observadreday.

Though, some satisfied outcome have been achievéus study, especially
the automatic cloud classification model for th&® Weather satellite images and the
high correlation between cloud cover area and tatigfall amount, however, there

are still many interesting issues that need tabestigated more. For examples:

(1) The relationship between cloud top temperatureramdall accumulated
in shorter time period; for examples, within 3h6tir, and at more specific locations;

(2) The applicability of free data from some other \heat satellites,
especially TRMM, in the study of rain and cloudatednship in the country;

(3) The developing pattern of rain clouds in differeadson and the relations
between their properties, e.g. size, area cover, Gifthe period of being cold clouds.

(4) Take some other factors, like type or thicknesslafid body or period of
being cold clouds into the consideration for thalgsis of cloud and rain relationship.

(5) The relationship between cloud top temperatureraimdall accumulated

in other weather satellites or on MTSAT-1R on otinénared bands.
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APPENDIX A

USER MANUAL OF CLOUD MODEL

I ntroduction

The ERDAS MTSAT-1R Cloud model is designed to supploud analysis. It
is developed by using Spatial Modeler Language (SMhd ERDAS Macro

Language (EML). They run within ERDAS environment.

Copyright Notice
Copyright © 2009 by Suranaree University of Tecloggl
Developer
e Miss. Pornthip Bumrungklang
e Email : paragon09@hotmail.com; tui.pornthip@gmail.com
e Cell Phone: 6686-2512999

e Home Phone: 6644-211524
System Requirement

e Operating System: any windows versions that sugpRDAS 9.x up
Data For mat

o IMG
o TIF

e Any raster formats that able to run on ERDAS sofeva
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I nstallation step

1. Run or Double clickinstall.bat in windows command session or window

explorer session, see example as Figure A.1

AWINDOWSAsystem 3 2\cmd. exe

G=“A_THESIS_WRITING:\B_dev_PROGRAM“cloudclassification_finalXxcopy tempcnnuert[ﬂill
.mdl "C:x\Program FilessLeica Geosystems™Geospatial Imaging ?.1%etc™models" .
Ouverwrite C:\Program Files:Leica Geosystems\Geospatial Imaging ?.1%etc™models\te
mpconvertI Bl .mdl (Yes~NosAll)? y

G:tempconvertIRl.mdl

1 File{s> copied

G=~A_THESIS_WRITING~B_dev_PROGRAM~cloudclassification_final>xcopy tempconvertIR2
.mdl "C:“Program Files-Leica Geosystems>Geospatial Imaging ?.1vetc™models"
Overwrite C:“\Program FilesxLeica Geosystems\Geospatial Imaging ?.isetc™models>te
mpconvertI B2 .mdl (Yes~NosAllx? y

G:tempconvertIR2 mdl

1 File(s> copied

G=~A_THESIS_WRITING~B_dev_PROGRAM~cloudclassification_final>xcopy tempconvertIR4
.mdl "C:»Program FilessLeica Geosystems>Geospatial Imaging ?.1setcmodels"
Ouverwrite C:“\Program Files»Leica GeosystemssGeospatial Imaging ?.isetcmodels>te
mpconuvertI R4 mdl (YesrNo-Allr? _

Figure A.1 Show the installation step

2. Type “Y” or “A” to replace if there are existingdis.
3. Then SML and EML MTSAT-1R cloud models will be iakéd into your

ERDAS software under Interpreter main menu, sdd@ge A.2
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e Utilities

Change Detection ...

Functions ...

Operators ...

RGE Clustering ...

Advy. BGE Clustering ...

Random Clasz Colors ..

Topographic Analysis ..

|
|
|
|
|
|
|
|
N |
x| .|
|
|
|
|
|
|
|
|

Layer Stack ...
Subszet .
Create File ...
s Image Interpreter |
Spatial Enhancement ... | Maszk. ...
R adiometric Enhancement ... | Degade ..
Spectral Enhancement ... | Feplace Bad Lines ...
Basic HyperSpectral Taoals. . | Wector To Raster ...
Advanced HyperSpectral Tools... | Reproject ..
Faourier &nalyziz ... | Aggie ...
|
|

Thematic to RGE ... !
GIS Analysiz ... tarphological ...
[tilities .. Thunderstarm cloud algarithnm ... ||

In%r N | Cloze I Help I9 Cloze I Help |

FigureA.2 Show the Interpreter main menu, the Utilities meand the

Thunderstorm cloud algorithm menu.

4. Then click at “Thunderstorm cloud algorithm” to ass any MTSAT-1R

cloud model, see as Figure A.3
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s’ TUl:: Thunderstorm cloud algorithm E|

Corvvert raster IR to temperature ...

Corvert raster IRZ to temperature ...

Corrveert raster IR 4 ta temperature

Thunderstarm cloud algarithm : 2 bands differentiate..

Thunderstarm cloud algarithm : 2 bands compozite.....

Split Windows [zingle mode].....

Split Windows [batch mode].....

| Lloze | Help |

Figure A.3 Show the TUI::Thunderstorm cloud algorithm

Converting raster |R1 to Temperature step

1. Click at “Convert raster IR1 to Temperature” wheywant to convert IR1

satellite image from grey scale to temperature {iKev

Lz
2. Click at J button when you want to select the raster imagelitsctly
into each directory. Input IR1 satellite image ifiboput” box and typing output file

name (.img) into “Output” box, as Figure A.4

s Raster IR1 to temperature convert... E|
Input B aster: Dutput File... [*.ima)

N

|| =||
I_I Catizle | |

Figure A.4 Show raster IR1 to temperature converting window
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Converting raster |R2 to Temper ature step

1. Click at “Convert raster IR2 to Temperature” wheru want to convert IR2

satellite image from grey scale to temperature {iKev

a?
2. Click at J button when you want to select the raster imagelitsctly
into each directory. Input IR2 satellite image iritoput” box and type output file

name (.img) into “Output” box, as Figure A.5

Figure A.5 Show raster IR2 to temperature converting window

Converting raster |R4 to Temperature step

1. Click at “Convert raster IR4 to Temperature” whemu ywvant to convert IR4

satellite image from grey scale to temperature {iKev

L
2. Click at J button when you want to select the raster indigectly into
each directory. Input IR4 satellite image into ‘Uipbox and typing output file name

(.img) into “Output” box, as Figure A.6

Figure A.6 Show raster IR4 to temperature converting window
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Thunderstorm cloud 2 band composition step

1. Click at “Thunderstorm cloud 2 band composition” emhyou want to

composite 2 raster satellite images (after convgitio temperature).

2. Click at @ button when you want to select the raster rastagedirectly
into each directory. Input IR1 satellite image ifftgput IR1” box, Input IR4 satellite
image into “Input IR4” box and typeutput file name (.img) into “Output” box, as
Figure A.7

e ||

[mput IR [.ima] [rpuk IR 4 [%.img] Output File... [*.imag)

| =|| =|| =]
Filter kemperature: 0.0000 EI:
I_I Cahizle | |

Figure A.7 Show thunderstorm cloud 2 band composition window

3. Enter temperature no. (Kevin) at “Filter temperatuwhen you want to
filter grid value. After doing raster compositiothe result will get all grid values
which there are value less than filter temperatwraber.

4. Leave filter temperature no. as default, if no neefilter

Thunderstorm cloud 2 band differentiate step

1. Click at “Thunderstorm cloud 2 band differentiatefien you want to get 2

different raster satellite images (after convertmgemperature).

L
2. Click at J button when you want to select the raster imagectly into

each directory. Input IR1 satellite image into ‘ldR1” box, Input IR4 satellite
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image into “Input IR4” box and type output file nantimg) into “Output” box, as

Figure A.8
#i. Thunderstorm cloud 2 bands differentiate g|
[mput IR [.ima] [rpuk IR 4 [%.img] Output File... [*.imag)

I' =] =] =]
IR 1 Filter temperature: 0.0000 3: IR 4 Filter temperature: 0.0000 3:
I_I Cancle | |

Figure A.8 Show thunderstorm cloud 2 band differentiate wimd

3. Enter temperature no. (Kevin) at “IR1 Filter tengtare” when you want to
filter IR1 grid value. The result will filer IR1 lbere doing differentiation (by getting
all grid values that there is value less than liR&rftemperature number)

4. Enter temperature no. (Kevin) at “IR4 Filter tengtare” when you want to
filter IR4 grid value. The result will filer IR4 lbere doing differentiation (by getting
all grid values that there is value less than liRdrftemperature number)

5. Leave filter temperature no. as default, if no neefiter

GMS, MTSAT satdlite: Split windows (single mode) step

1. Click at “Split windows (single mode)” when you wato run split
windows from 2 raster satellite images (after coting to temperature).
Notes: Split windows technique will get different ofigl (11 um) and Tre (12 um)

and Tr: for detecting cirrus cloud.

L .
2. Click at J button when you want to select the raster imagectly into
each directory, see as Figure A.9 and detail asnbel

¢ Input IR1 satellite image into “Input Raster 1” box



e Input IR2 satellite image into “Input Raster 2” box

e Type output file name (.img) into three output bmxe

o0 Type no cirrus cloud output name at “Output noG&trooxX.

0 Type cirrus cloud output name at “Output cirruskbo

0 Type rain cloud output name at “Output warmcloudXb

i

[nput B asterl: [imig]

[nput B asters: [*.img]

Cutput nocirmuz... [*img]

e

Clatput cirug... [%.img)

&

Cutput warmeloud... [.ima)

|
[0 _cance|

ez

| =|

x
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Figure A.9 Show GMS, MTSAT satellite: Split Windows (singteode) window

GMS, MTSAT satdlite: Split windows (batch mode) step

1. Click at “Split windows (batch mode)” when you wadatrun split windows

from 2 raster satellite images (after convertingeimperature) in batch mode. The

batch mode allows you to run several files in bgiadtessing.

Notes: Split windows technique will get differentgl (11 um), Tire (12 um), and Try

for detecting cirrus cloud.

=
2. Click at J button when you want to select the raster imagectly into

each directory, see as Figure A.10 and detail ks\be

¢ Input IR1 satellite image into “Input Raster 1” box

e Input IR2 satellite image into “Input Raster 2” box

e Type rain cloud output name at “Output warmcloudX b
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Input Raster: [~.img] [nput Rasterz: [*.img] Cutput warmeloud... [.ima)

| =|| =] =]
I_I Cancle | |

Figure A.10 Show GMS, MTSAT satellite: Split Windows (batclode) window

Sample of how to run ERDAS batch script

Step 1. Select input 2 raster files as needed and typeulmut name. See Figure A.11

as below.

s GMS, MTSAT satellites: Split Windows (batch mode)...

[nput B azter]: [F.ima) [nput Baster?: [F.ima) Output warmclaund... [*.img]

@ |ir2_gcp_ﬂ?ian_[ld_k.img E |nu:u:irrus_u:|u:uuu:|.img @
Cancle _Batch]

Figure A.11 Show batch process step#1

gop O7jan 04 k.img

Step 2. Select “Modified commands automatically” optiohgh click “Next”. See

Figure A.12 as below.

s’ Batch Commands k Z Elgl

Tou may uze the "se commands az they are' optioh ta run the batch

commands now or schedule thern to run later. Use the "Modify commands

manually' or "Madify commands automatically'' options to make further
= chanages to the commands or run the commands an multiple files, Automatic
3 {In modification makes intelligent chaoices in substituting wariables for inputs.

" Usze commands as they are

" Modify commands manually

% Modify commands autarnaticalle

[ Cloge | < Back ‘ Mest » Finizh Help

Figure A.12 Show batch process step#2
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Step 3: At “Variables” tab, select temp1l variable, andrttgo to change type from
“Auto” mode to “User” mode. Then click “Next” to gim next step. See Figure A.13

as below.

s Batch Commands |:||§|

Uze the "Inzert’" and "Replace’ buttons on the "Commands" tab to place
variables at the current curzor pozition in commands. % ariables are defined on
the " anables" tab. Click "Mext: "' to select files once wanables are defined.

= Commands: W anables
[ran ] |
b\ [rput ame: | Temp1

ElutEut

Tupe:

Mew | Delete | Undo |

] Close | < Back | MHest » | | Help

Figure A.13 Show batch process step#3

Step 4: At arrow “1” select each variable, and then ¢ ® to select multi-files. Do
the same direction for “Input” variable and “Tempidriable. See Figure A.14 as

below.

s, Batch Commands El@”zl

Lise the popup list to sedect the column to modify. Use the “Select”’ buttan to
add files to the list. The Delete button can be used to remove selected rows

from the list_Thera must he Al least ane name in the list below to proceed,
|| | Inpat | 1l Temol
@ 151 ir_gcp_0fjan_D4_k.img | | [r2_ocp_0Fjan_D4_k.mg
? in_acp_07an_05_k.img | ir2_gcp_07jan_05_k.img
_:_.3 irl_gep_0fan_08_E.img ir2_gep_07jan_D6_k.img
| AN _gep_0Fan_07_K.img ir?_gep_07jan_07_k.img
| 5| [ir_gcp_07an_08_k img ir2_gep_07jan_08_kimg

|iemp1 - | @1_[9'.{“‘ Show Full Path e ™|
=D [ Close | <Back | MNew> Fish | Hep |
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Figure A.14 Show batch process step#4
Step 5: Select “Starting Processing Now” if you want tarstimmediately. Select

“Start Processing Later At.” when you need to sbedule. See Figure A.15 as below.

i’ Batch Commands El@lgl

On syztems which support offline processing (UM AW indowsMT] these
cammands may be scheduled to be run at a later time. When run at a later
% time the resultz will be zaved in the batch log file.

(" Start Processing Later At

nn
=n|

S— = =
= 22 = veur [2003 o
|
B Obse |  <Back | Finish Help

Figure A.15 Show batch process step#5

Step 6: All will be done and finished. Good luck when rimg



APPENDIX B

SAMPLE OF MATLAB CROP PROGRAMMING

Filename: pgm_crop_workIR1.m

Coding: See box below (Box B.1).

%*********************************************

%o****** Author : Ms. Pornthip Bumrungklang ********
Yo****** Programname : pgm_crop_WOrkIRL.m*****x
Yr***** Modify date : 8 April 2007 ******

%****** Description : Use for cropping IR1 from MTSAT-1R satellite image by directory **
%*********************************************
clear all;

close all;

clc;

outputDir = ".JoutputIR1c";

%delete output folder

[status,message,messageid] = rmdir(outputDir,'s");
disp(message);

%create output folder

[status,message,messageid] = mkdir(outputDir);
disp(message);

%read pgm file from folder

pgmDir = input('Input your pgm directory: ','s");
calFile = input('Input your cal file: ','s");

x=500;

y=960;

w=221,;

h=341;

isFilter = 0;

tempkFilter = -40;

if(stremp(input('Do you want to filter [yes|no]s'),'yes"))

isFilter = 1;
tempkFilter = input(Input filter temperaturg;:
end

%cal lon and lat

startLon = (x/20)+70;
startLat = abs((y/20)-70);
endLon = ((x+w)/20)+70;
endLat = abs(((y+h)/20)-70);
%check cal file

calFID = fopen(calFile, 'r");
tline = fgetl(calFID);

Box B.1 Show the pgm_crop_workIR1.m code
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irlTemp = zeros(256,2);
ir2Temp = zeros(256,2);
ir3Temp = zeros(256,2);
irdTemp = zeros(256,2);
i=1
while ischar(tline)
line = textscan(tline, '%s','delimiter’, ' );
keys = line{:};
if strcmp(keys{2}, Temperature")
len = length(keys);
pix = str2double(strtrim(keys{len-2}));
val = str2double(strtrim(keys{len}));
if strcmp(keys{1},'IR1")
irlTemp(j,1) = pix;
irlTemp(j,2) = val,
end
if stremp(keys{1},'IR2")
ir2Temp(j,1) = pix;
ir2Temp(j,2) = val,
end
if strcmp(keys{1},'IR3")
ir3Temp(j,1) = pix;
ir3Temp(j,2) = val,
end
if stremp(keys{1},'IR4")
irdTemp(j,1) = pix;
irdTemp(j,2) = val,
end
j=i+ L
end
tline = fgetl(calFID);
end
fclose(calFID);
pgmFiles = dir(fullfile(pgmDir,*.pgm"));
for i=1:length(pgmFiles)
pgmName = pgmFiles(i).name;
disp(strcat('==>',pgmName));

ir=1ir{1,1};

%save pgmCrop to file

[cropH,cropW] = size(pgmCrop);
xyGrey = zeros(cropW=*cropH,3);
latRef = zeros(cropH,cropW);
lonRef = zeros(cropH,cropW);
idx = 1;
lat = startLat;
for yP=1:cropH

lon = startLon;

for xP=1:cropW

ir = regexp(pgmName, 'IR[0-9]', 'match’);

pgmCrop = imcrop(imread(fullfile(pgmDir,pgmNajngx y w h]);

imwrite(pgmCrop,fullfile(outputDir,strrep(pgmMNee, ".pgm', '_crop.pgm’)));

Box B.1 (Continued)
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latRef(yP,xP) = lat;
lonRef(yP,xP) = lon;

xyGrey(idx,1) = lat;
xyGrey(idx,2) = lon;
xyGrey(idx,3) = pgmCrop(yP,xP);

idx =idx + 1;
lon =lon + 0.05;
end
lat = lat - 0.05;

end

%pgmDouble = im2double(pgmCrop);
pgmDouble = double(pgmCrop);

%replace temperature
if stremp(ir,'IR1")
pixTemp = irlTemp;
end
if stremp(ir,'IR2")
pixTemp = ir2Temp;
end
if stremp(ir,'IR3")
pixTemp = ir3Temp;
end
if stremp(ir,'IR4")
pixTemp = irdTemp;
end
for xP=1:cropW
for yP=1:cropH
val = pgmDouble(yP,xP);
for k=1:length(pixTemp)
if val == pixTemp(k,1)
%disp(pgmDouble(yP,xP));
%disp(pixTemp(k,2));
%disp(pixTemp(k,2)-273);
¢ = pixTemp(k,2) - 273;
if(isFilter && c > tempFilter)
c=0;
end
pgmDouble(yP,xP) = c;
%disp(pgmDouble(yP,xP));
end
end
end
end
%save pgmDouble to file
[doubleH,doubleW] = size(pgmDouble);
end
clear all;
close all;
disp('Done");

Box B.1 (Continued)



Filename: pgm_crop_workIR2.m

Coding: See box below (Box B.2).
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qﬁ*********************************************

%****** Author : Ms. Pornthip Bumrungklang ********

%****** Programname : pgm_crop_worklR2.m**x**x

%****** Modify date: 8 April 2007 ******

%****** Description : Use for cropping IR2 from MTSAT-1R satellite image by directory **
g@*********************************************

clear all;

close all;

clc;

outputDir = ".JoutputIR2c";

%delete output folder
[status,message,messageid] = rmdir(outputDir,'s");
disp(message);

%create output folder
[status,message,messageid] = mkdir(outputDir);
disp(message);

%read pgm file from folder

pgmDir = input('Input your pgm directory: ','s");
calFile = input('Input your cal file: ','s");

x=500;

y=960;

w=221,;

h=341,;

isFilter = 0;
tempkFilter = -40;
if(stremp(input('Do you want to filter [yes|no]s'),'yes"))

isFilter = 1;
tempkFilter = input(Input filter temperaturg;:
end

%cal lon and lat

startLon = (x/20)+70;
startLat = abs((y/20)-70);
endLon = ((x+w)/20)+70;
endLat = abs(((y+h)/20)-70);
%check cal file

calFID = fopen(calFile, 'r");
tline = fgetl(calFID);
irlTemp = zeros(256,2);
ir2Temp = zeros(256,2);
ir3Temp = zeros(256,2);
irdTemp = zeros(256,2);
i=1

while ischar(tline)

Box B.2 Show the pgm_crop_workIR2.m code
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line = textscan(tline, '%s','delimiter’, ' *);
keys = line{:};
if strcmp(keys{2}, Temperature’)
len = length(keys);
pix = str2double(strtrim(keys{len-2}));
val = str2double(strtrim(keys{len}));
if stremp(keys{1},'IR1")
irlTemp(j,1) = pix;
irlTemp(j,2) = val,
end
if strcmp(keys{1},'IR2")
ir2Temp(j,1) = pix;
ir2Temp(j,2) = val,
end
if stremp(keys{1},'IR3")
ir3Temp(j,1) = pix;
ir3Temp(j,2) = val,
end
if stremp(keys{1},'IR4")
irdTemp(j,1) = pix;
irdTemp(j,2) = val,
end
j=i+ 1
end
tline = fgetl(calFID);
end
fclose(calFID);

pgmFiles = dir(fullfile(pgmDir,*.pgm"));
for i=1:length(pgmFiles)
pgmName = pgmFiles(i).name;
disp(strcat('==>",pgmName));

ir = regexp(pgmName, 'IR[0-9]', 'match’);
ir=1ir{1,1};

pgmCrop = imcrop(imread(fullfile(pgmDir,pgmNajnéx y w h]);

%save pgmCrop to file
imwrite(pgmCrop,fullfile(outputDir,strrep(pgmMNee, '.pgm’, '_crop.pgm’)));
[cropH,cropW] = size(pgmCrop);
xyGrey = zeros(cropW=*cropH,3);
latRef = zeros(cropH,cropW);
lonRef = zeros(cropH,cropW);
idx = 1;
lat = startLat;
#for loop

for yP=1:cropH
lon = startLon;
for xP=1:cropW
latRef(yP,xP) = lat;
lonRef(yP,xP) = lon;

Box B.2 (Continued)
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xyGrey(idx,1) = lat;
xyGrey(idx,2) = lon;
xyGrey(idx,3) = pgmCrop(yP,xP);

idx = idx + 1;
lon = lon + 0.05;
end
lat = lat - 0.05;

end

%pgmDouble = im2double(pgmCrop);
pgmDouble = double(pgmCrop);

%replace temperature
if stremp(ir,'IR1")
pixTemp = irlTemp;
end
if stremp(ir,'IR2")
pixTemp = ir2Temp;
end
if stremp(ir,'IR3")
pixTemp = ir3Temp;
end
if stremp(ir,'IR4")
pixTemp = irdTemp;
end
for xP=1:cropW
for yP=1:cropH
val = pgmDouble(yP,xP);
for k=1:length(pixTemp)
if val == pixTemp(k,1)
%disp(pgmDouble(yP,xP));
%disp(pixTemp(k,2));
%disp(pixTemp(k,2)-273);
¢ = pixTemp(k,2) - 273;
if(isFilter && ¢ > tempkFilter)
c=0;
end
pgmDouble(yP,xP) = c;
%disp(pgmDouble(yP,xP));
end
end
end
end

%save pgmDouble to file
[doubleH,doubleW] = size(pgmDouble);

end

clear all;
close all;
disp('Done");

Box B.2 (Continued)



Table C.1 Rainfall re-formatting datain year 2006

APPENDIX C

DATA PREPARATION AND MANIPULATION

St_code X Y ST_NAME_E JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC SUM
583201 101.816667  6.416667 NaraThiwas 210.20 5450 15870 4910 24590 163.00 110.70 5950 15950 24150 247.10 19040 1,890.10
581301 101.283333  6.516667 Yaal Agro 89.80 236.70 149.40 218.80 147.80 76.00  157.00 168.70 239.70 24550 15460 26520 2,149.20
580201 101.150000  6.783333 Pattani 11490 10840 8830 4590 14020 15330 113.30 11160 23190 19920 13010 14190 1,579.00
570201 100.083333  6.650000 Satun 9.70 17460 24470 220.80 144.70 188.90 208.80 69.70 25650 33150 19110 3840 2,079.40
568502 100.433333 6916667 Hatyai 20.70 9690 164.70 16420 17010 4860 75.30 49.10 27860 108.20 7040 15740 1,413.20
568501 100.604722  7.203889  Songkla 69.50 119.30 106.70 126.60 14330 197.70 41.70 3650 9140 171.00 303.80 189.10 1,596.60
568401 100.394167  6.795556 Sadao 2440 17480 11340 22440 138.30 87.60 57.10 4300 17890 8520 79.70  77.00 1,283.80
568301 100.500000  7.016667 Kho Hong Agro 5320 14580 147.80 192.60 165.50 71.60 53.40 87.40 30140 14690 15550 261.70 1,782.80
567201  99.616667  7.516667 Trang 4480  20.70 65.20 17730 36530 279.40 341.80 30350 185.70 100.80 7820 3010 1,992.80
566201  99.050000  7.533333 Ko lLanta 2650 1880 11780 7100 33330 44560 33540 365.70 28290 169.70 95.00 3870 2,300.40
564202 98.3167 8.1167  Phuket Airport* 15.90 3.00 12830 90.80 286.60 38190 186.70 25240 44840 32950 14040 88.00 2,351.90
564201 98400000  7.883333  Phuket 20.50 910 18580 9340 242.00 297.00 213.70 168.80 353.80 354.60 82.60 13230 2,153.60
560301 100.166667  7.583333 Pattalung Agro 14070 9730 14040 191.80 45550 118.40  409.80 664.80 593.60 547.00 70.60 37.80 3,467.70
552401  99.511944  8.431944 Chawang 80.80 13920 3110 16420 13350 317.70 18.10 4460 15750 26860 31340 24420 1,912.90
552301 100.083333  8.333333 Egl:gon Sithamarat 151.80 21890 4250 15610 21520 310.70 211.70 24570 29790 141.80 8230 30.60 2,105.20
552201  99.966667  8.416667 Nakhon Sithamarat 19430 31950 4820 9520 18650 277.60 33.10 64.60 18510 36550 284.10 15550 2,209.20
551401  99.255000 8565833 Prasaeng 78.00 4870 12870 11610 17730 262.20 38.90 211.00 22430 34030 41780 42250 2,465.80
551301  99.663056  9.138889  Surat Thani Agro 9150  90.60 7740 12650 216.80 187.70 197.20 23130 22690 260.90 120.60 80.60 1,908.00
551203 100.050000  9.466667 Ko Samui 67.80 219.60 3870 13150 26840 4340 89.90 188.30 216,60 25510 21510 8210 1,816.50




Table C.1 (Continued)

St_code X Y ST_NAME_E JAN FEB MAR  APR MAY JUN JUL AUG SEP OCT NOV DEC SUM
551203 100.050000  9.466667 Ko Samui 67.80 219.60 3870 13150 268.40  43.40 89.90 18830 21660 25510 21510 8210 1,816.50
551202  99.151944  9.135556  Surat Thani 58.70 10790 5250 109.90 15250 137.40 120.70 8760 19550 66.60 35330 166.40 1,609.00
532201  98.616667  9.983333 Ranong 1630 2960 3990 14830 141.00 429.90 78.80 111.30 16520 16580 79.60 2120 1,426.90
517301  99.100000 10.333333  Sawi Agro 2760 18850 4290 7010 654.00 9240 763.20 999.30 68510 720.60 3950 53.20 4,336.40
517201  99.183333 10.483333 Chumporn 18.60 121.60 51.60 111.80 24390 176.10 340.00 35750 17590 212,00 103.40 257.10 2,169.50
501201 102.881500 11.778306 Khlong Yai 4540 20620 129.80 27750 19850 633.80 313.30 366.00 206.00 271.90 6240 18580 2,896.60
500301  99.733333 12.583333 Nong Phlap 4.90 1.00 13580 70.90 460.20 17150 206190 1,16340 739.80 69350 5170 0.00 5,554.60
500202  99.960000 12586111 HuaHin 22.90 130 247.00 128,90 17140 129.80 137.40 53.00 63330 84.00 2.90 9.90 1,621.80
500201  99.833333 11.833333 Prachap Khirikhan 000 1070 91.30 6640 7250 9350 95.60 106.10 11530  75.00 0.10  35.00 761.50
480301 102.173167 12.508639 Phlew Agro 200 12450 2490 14300 187.30 734.60 230.10 21480 19230 9810 1280 3650 2,000.90
480201 102.107444 12.608139  Chantaburi 000 5940 6010 101.70 58340 509.00 705.90 41460 559.10 501.10  40.30 0.00 3,534.60
478301 101.133333 12.733333 Huai Pong Agro 010 7150 7150 5840 46620 171.80 585.10 626.30 581.00 829.70  90.70 130 3,553.60
478201 101.345833 12.634722 Rayong 12.00 14290 78.60 13210 283.80 102.50 120.50 65.00 256.70 9290 61.20 1630 1,364.50
465201 100.066667 13.150000 Petchaburi 0.00 960 1720 8240 26550 218.30 115.30 116.90 268.70 172.30 230 11.80 1,280.30
459205 100.875833 13.076944 Laem Chabong 0.00 880 3890 3260 98.00 185.30 85.50 6450 14830 197.70 240  20.80 882.80
459204 100.983333 12.683333  Sattahip 000 3610 2490 10240 201.90 209.00 119.90 102.80 34570 137.80  38.60 020 1,319.30
459203 100.869444 12.920000 Pattaya 0.00 4540 101.00 1790 24260 155.40 90.70 10460 21750  83.00 9.00 1790 1,085.00
459202 100.806139 13.161083 Ko Sichang 0.00 340 5320 1200 17440 189.20 54.90 137.30 37490 12230 7440 0.60 1,196.60
459201 100.985667 13.353917  Chonburi 0.00 8150 3440 12660 15580 87.30 76.70 12140 29130 9690 3110 0.00 1,103.00
455601 100.605000 13.919167 Don Muang 5.80 930 103.00 141.40 205.60 203.70 106.30 136,50 21720 30160  20.90 0.40 145170
455301 100.616670 13.666670 Bang NaAgro 070 1710 4700 5560 31010 22350 120.60 59.60 228.60 19030 60.20 480 1,318.10
455203 100.568056 13.706944 Bangkok Port 250 3870 9020 4180 13710 293.90 168.50 15460 45180 14440 14.90 0.40 1,538.80
455201 100.560000 13.726389 Bangkok 090 3890 7450 3750 239.70 278.10 150.60 96.90 29430 306.60 26.40 090 1,545.30
451301  99.966667 14.016667 Kampaeng Saen 260 1780 2260 3860 250.10 162.50 149.70 7110 31730 336.80 4290 720 1,419.20
450201  99.533333 14.016667 Kanchana Buri 140 5070 5420 108.40 399.10 36.30 491.60 47240 23500 138.00 44.20 310 2,034.40
440401 102.035972 13.790389  Sakaew 000 3770 12540 2630 169.60 197.20 83.50 29.20 31850 17460  16.30 020 1,178.50
440201 102.507639 13.687333  Aranyaprathet 200 3190 8600 11420 18570 133.70 240.70 27580 36130 166.80 33.90 040 163240
436401 102.717866 14.633033 Nang Rong 000 2290 9350 4280 10520 4220 361.30 250.90 287.00 87.80 3.40 6.10 1,303.10
432401 103.679167 15.319444 ThaTum 0.00 0.00 4200 20390 27420 193.20 190.40 16450 17030 15050 13.30 0.00 1,402.30
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Table C.1 (Continued)

St_code X Y ST_NAME_E JAN FEB MAR APR MAY JUN JUL AUG SEP  OCT NOV DEC  SUM
432301 103449175 14.892429  Surin Agro 000 050 7140 8550 10100 224.80 25860 27170 11080 24500 930 000 1,378.60
432201 103495894 14.875478 Surin 000 010 9L50 10510 179.80 22560 27650 43200 97.90 15890 1450 000 1,581.90
431401 102.164842 14.739511 Chok Chai 000 3470 4120 10110 16970 13020 29000 34660 14540 16390 760 030 1,430.70
431301 101.318144 14.643880 Pak Chong 070 2250 5050 121.70 12710 24810  104.80 7320 16080 27150 1020 000 1,191.10
431201 102.076667 14.962778 Nakhon Ratchasma 000 430 4200 14560 20680 6060 14540 11580 14040 14780 750 140 1,017.60
430401 101.707972 13.984500 Kabin buri 000 000 9500 12050 109.90 9820 66.40 6140 24130 25540 350 580 1,057.40
430201 101.372889 14.049361 Prachin Buri 000 930 8590 10080 26660 10200 47050 15000 337.80 23520 1240 000 1,779.50
429201 100599444 13.377222 Bangkok Pilot 190 1930 6720 4170 18200 11830  311.80 15820 33400 20490 020 230 144180
426401 101190861 15264944 Bau Chum 000 1140 14470 2390 12880 247.20 5520 14680 20300 14120 1440 000 1,116.60
426201 100.616667 14.800000  Lopburi 000 880 6850 15460 16650 17930 11110 16910 15680 18920 2840  0.00 1,232.30
425301  99.866667 14.300000 U Thong Agro 000 2510 9450 1540 18440 113.00 86.80 9320 33480 11650 000 1800 108170
425201 100.133333 14.466667 Suphanburi 000 3170 1780 7850 13180 78.10 60.70 6020 19840 16390 1680 150  839.40
424301  99.797500 13.487222 Ratchaburi Agro 000 1790 1320 6160 12250 18170 42.20 7810 33550 151.90 250 940 1,016.50
423301 101457833 13565806 Chacoeng Sao Agro 000 3050 10120 8570 20260 137.90 82.90 2430 15090 21470 000 000 1,030.70
419301 100.633333 14.116667 Prathumtani Agro 130 260 13480 4960 22050 219.60 19360 19520 40400 16410 900 2210 1,616.40
415301 100727778 14533333 Ayutthaya Agro 000 420 8460 5390 15310 18460 17180 11740 37760 16750 1450 000 1,329.20
409301 104.284313 15108578  Sri Saket Agro 000 460 4170 9120 14410 7210 21640 7280 30900 21960 1510 000 1,186.60
407501 104.871347 15245708 Ubon Ratcha Thani 000 680 170 18710 20470 157.80 22740 45730 16190 33810 430 000 1,747.10
407301 105019593 15240489 Ubon Agro 000 1400 210 8700 8500 21590 32550 34480 19840 17720 4240 090 1,493.20
405301 103616667 16.066667 Roi Et Agro 000 2260 8720 5890 8710 11570 39750 48640 23510 22890 3560 010 1,755.10
405201 103683333 16.050000 Roi Et 000 2300 5640 7040 189.40 19470 31840 28210 21600 21120 5620 000 1,617.80
403201 102.024263 15.807336 Chaiyaphum 000 960 5710 4400 17850 6600 33340 21420 10560 29520 11.80 000 1,315.40
402301 100.183333 15150000 Chai Nat Agro 000 370 1310 7320 8000 14450 7360 18500 28420 15100 090 000 1,009.20
400301 100530514 15349714 Tak PhaAgro 000 310 3840 6770 4960 27570 13890 10400 46230 17870 000 000 1,31840
400201 100.135500 15.669972 Nakhon Sawan 000 6590 580 11220 16450 21490 17930 19540 27290 17630 340 000 1,390.30
383401 103588333 16.332500 Kamalasai 000 1540 10270 10670 7460 19010 10500 15800 25800 21830 850 000 1,237.30
387401 103.068056 16.247222 Kosum Phisai 000 3170 9920 14200 12160 20110 21600 23710 18330 31480 1120 000 155800
386301 100.285504 16.437768  Pichit 000 700 4120 3420 9450 15060 15670 15140 22610 19480 720 000 1,063.70
383201 104725054 16543050 Mukdahan 000 3380 37.80 7360 20280 12380 14820 17620 33590 13560 160 000 1,269.30
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Table C.1 (Continued)

S_code X Y ST NAMEEE  JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC  SUM
381301 102823212 16337759 TaphraAgro 000 3820 1630 8880 18630 21640 31580 26710 14770 17850 1420 000  1469.30
381201 102.785677 16462551 Khon Kaen 000 3410 700 8110 16330 20900 30560 23860 21410 13330 080 000 138690
380201 99526038 16.486638 Kampaeng Phet 000 1420 680 7330 17480 19530 17640 18940 15060 17330 580 000  1,159.90
379402 101108333 15.656944 Wichian Buri 000 2370 15330 9420 27330 16220 13570 18030 26450 10890 530 000 140140
379401 101246667 16773611 Lom Sak 000 2640 6900 7250 14340 11990 24950 24030 17890 23890 070 000  1,339.50
379201 101150000 16433333 Phetchabun 000 2190 4320 17610 15000 21980 15670 19520 35090 18350 3260 000 153890
378201 100275881 16796395 Phitsanulok 000 1970 4690 7900 21930 19810 20570 25120 42320 11950 250 000 156510
376401  98.865556 16015833 Umphang 000 760 13690 21630 19180 16140 20330 18230 28030 25660 5540 000  1,691.90
376301 98933333 16750000 Doi Musor Agro 000 630 2150 13670 32250 20720 30940 28810 31610 7080 1390 000 169250
376203 99053056 17.233333 Phumibol Dam 000 240 140 12800 27870 27610 35720 24200 28510 17630 1070 000  1757.90
376202 98550833 16.650167 MaeSot 000 010 3030 6470 35560 21390 4680 16220 437.90 24070 000 000 155220
376201  99.009833 16877972 Tak 000 850 4110 7850 23760 15010 61220 26780 26090 11040 000 000  1767.10
373301  99.866667 17166667 SiSamrongAgio 000 2620 760 13690 31270 26230 10820  87.30 34240 18890 1680 000  1489.30
373201  99.800000 17100000 Sukhothai 000 1430 990 9670 30400 28620 22630 20470 27480 16080 000 000  1577.70
357301 104.769772 17.277857 NKP-Agro 000 5860 14710 8990 27480 20220 24610 21100 37960 25130 120 000 186180
357201 104.778596 17412086 Nakpon Phanom 000 2400 18540 16100 14280 26040 53370 58880 9190 21510 910 000 221220
356301 104.050000 17.116667 Sakol Nakhon 000 510 6450 12560 14340 26510 84620 71420 5280 24400 5330 000 251420
356201 104133246 17.156535 Sakol Nakhon 000 1200 3340 10730 16090 16550 29750 39190 8510 15290 13000 000 153650
354201 102805853 17.378622 Udon Thani 000 400 7280 4580 21090 14940 35850 27400 9150 21880 13030 000  1556.00
353301 101729767 17.409350 Los Agro 000 4320 7190 26640 13390 8880 22580 40900 13830 13910 590 000 152230
353201 101730646 17452893 Loei 000 1610 5690 18280 17030 7130 8250 17610 22110 31150 130 000  1,289.90
350001 102747349 17.865132 Nong Khai 000 500 7640 26360 16330 12350 7050 17190 14190 27560 010 000 129180
351201 100095658 17.624801 Uttaradit 000 2210 1930 10940 12580 31330 30910 19540 10340 17290 000 000  1370.70
331402 100886111 19408056 Thung Chang 000 1050 8010 12050 53820 7230 29410 38770 34140 21550 000 000  2060.30
331401 100802500 19110556 ThaWang Pha 000 940 9400 15510 18990 10660 34830 88510 15870 6140 000 000 200850
331301 100750000 18.866667 Nan Agro 000 3330 6030 18570 16390 O7.60 14220 47750 18820 6860 000 000  1417.30
331201 100.777778 18779722 Nan 000 2170 1560 18240 23520 4690 16700 43120 4500 57.60 000 040 120300
330201 100166667 18.166667 Phrae 000 060 1990 11870 27870 11020 10740 34320 13200 6630 000 000  1,177.00
320201 99033333 18566667 Lamphun 000 000 600 20920 32070 12240 24420 25480 14680 18240 000 230 148880

0LT



Table C.1 (Continued)

St_code X Y ST_NAME_E JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC SUM
328301  99.283333 18.316667 Lampang Agro 000 1720 5160 149.70 17750 23510 15550 240.10 157.40 73.30 0.90 0.00 1,258.30
328201  99.506623 18.278337 Lampang 0.00 16.80 43.00 17440 268.90 17570 209.00 266.60 223.00 69.80 0.00 0.00 1,447.20
327501 98972552 18771273 Chiang Mai 0.00 0.00 1800 206.70 31360 18040 179.80 29340 17050 100.60 0.00 0.00 1,463.00
327301  99.000000 18.916667 Mae Jo Agro 0.00 090 23.60 11210 21950 176.00 269.30 34140 194.80 69.90 0.00 0.00 1,407.50
310201 99.920000 19.156111 Phayao 0.00 270 3830 130.50 246.90 63.20 228.30 202.40 53.00 0.00 0.00 965.30
303301 99.782778 19.870833 Chaing Rai Agro 0.00 3440 4440 60.90 163.70 144.30 306.20 221.80 176.80 0.70 2.00 1,155.20
303201  99.881389 19.961389 Chaing Rai 000 1790 27.30 12990 187.20 218.00 53590 323.00 127.10 0.00 7.90 1,574.20
300202 97.933333 18.166667 Mae Sariang 0.00 0.00 53.60 75.70 207.40 94.90 483.40 329.20 129.20 0.00 0.00 1,373.40
300201 97.833333 19.300000 MaeHong Son 0.00 0.90 13.00 113.00 76.10 158.80 259.70 148.80 109.90 13.70 893.90

Table C.2 Rainfall re-formatting datain year 2007

St_code X Y ST_NAME_E JAN FEB MAR APR MAY JUN JUL AUG SEP OoCT NOV DEC SUM
583201 101.816667 6.416667 NaraThiwas 13050 55.10 14290 109.80 112.80 67.30 13800 18320 173.80 351.80 200.70 268.10 1,934.00
581301 101.283333 6.516667 Yaa Agro 203.50 120 117.40 98.00 384.10 197.00 21620 106.60 11860 327.40 109.40 539.60 2,419.00
580201 101.150000 6.783333  Pattani 179.80 0.00 7810 166.90 17050 109.20 222.90 9810 13830 31610 139.60 229.20 1,848.70
570201 100.083333 6.650000 Satun 8240 3930 108.10 191.20 84.00 200.60 30390 321.20 146.10 29490 237.00 148.40 2,157.10
568502 100.433333 6.916667 Hatyai 176.30 0.00 65.50 93.00 131.70 309.80 194.00 26.50 18490 351.70 223.60 276.40 2,033.40
568501 100.604722 7.203889  Songkla 316.00 7.30 70.60 90.00 203.00 113.60 146.60 38.00 169.00 363.80 217.10 169.80 1,904.80
568401 100.394167 6.795556  Sadao 186.90 0.00 85.70 134.40 97.10 15650 212.70 65.40 7420 261.10 143.30 186.70 1,604.00
568301 100.500000 7.016667 Kho Hong Agro 217.00 9.10 91.80 67.40 25710 249.20 225.80 52.90 68.70 351.60 251.20 263.40 2,105.20
567201 99.616667 7.516667 Trang 73.30 310 16400 212,70 18750 27510 272.00 285.00 17290 41250 157.00 79.60 2,294.70
566201 99.050000 7.533333 Ko lLanta 28.70 4.40 26.30 155.30 166.70 265.60 266.50 215.50 325.70 37520 175.60 68.80 2,074.30
564202 98.3167 8.1167  Phuket Airport* 28.40 4.80 3460 19390 359.10 39140 20570 54880 284.80 317.00 141.10 43.30 2,552.90
564201 98.400000 7.883333  Phuket 27.80 0.10 9740 379.20 328.00 14230 273.80 44430 53390 37450 250.40 28.70 2,880.40
561201 98.252222 8.684167 Takuapa 3010 61.80 137.60 269.60 387.20 365.10 12210 403.00 46140 29150 129.70 85.50 2,744.60
560301  99.511944 8431944 Chawang 26300 350 8390 15140 17570 11680 36270 706.60 60500 37590 19390 4060  3,079.00
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Table C.2 (Continued)

St_code X Y ST_NAME_E JAN FEB MAR APR MAY JUN JuL AUG SEP OCT NOV DEC SUM
Nakhon Sithamarat
552401 100.083333  8.333333 Agro 2580 2470 12950 11140 287.10 160.50 83.60 60.00 79820 32830 31250 28390 2,610.50
552301  99.966667  8.416667 Nakhon Sithamarat 182.30 2.70 7570 161.10 32040 174.00 25040 23220 163.80 28130 168.80 87.50 2,100.20
552201  99.255000  8.565833 Prasaeng 211.40 570 13360 17340 261.90 188.00 176,30 108.10 255.80 420.10 47550 21510 2,624.90
551401  99.663056  9.138889  Surat Thani Agro 51.80 3110 107.00 47.70 137.80 135.10 126.80 10420 9260 31590 61950 297.90 2,067.40
551301 100.050000  9.466667 Ko Samui 109.30 0.00 4020 10940 33520 183.10 197.70 117.60 19690 187.60 10530 4940 1,631.70
551203  99.151944  9.135556  Surat Thani 89.50 7.00 7560 141.80 33020 149.50 144.60 40.00 240.70 44740 37360 56.60 2,096.50
551202  98.616667  9.983333 Ranong 41.30 0.00 37.80 69.60 185.10 108.60 75.10 20.00 201.80 72560 52060 141.60 2,127.10
532201  99.100000 10.333333  Sawi Agro 0.20 4.00 91.00 80.20 55550 598.30 235.90 6210 77.70 28040 21650 76.70 2,278.50
517301  99.183333 10.483333 Chumporn 16.50 0.00 7560 13460 24460 120.40 698.30 697.30 52560 66530 117.10 550 3,300.80
517201 102.881500 11.778306 Khlong Yai 44.00 1.50 20.80 21220 426.70 182.80 236.30 17740 34350 57020 137.00 59.30 2,411.70
501201  99.733333 12.583333 Nong Phlap 65.30 150.90 4250 25330 46210 411.10 366.80 127.60 150.00 602.80 160.90 32.80 2,826.10
500301  99.960000 12.586111 HuaHin 15.80 0.00 3.30 7400 400.70 12430 1,067.60 759.00 61390 67420 97.70 0.10 3,830.60
500202 99.833333 11.833333  Prachap Khirikhan 0.60 0.00 1960 17080 37570 84.00 140.80 109.30 380.40 12840 119.70 170 1,531.00
500201 102.173167 12.508639 Phlew Agro 030 10.60 5.80 9620 581.10  40.50 98.30 66.80 103.80 186.40 142.60 030 1,332.70
480301 102.107444 12.608139 Chantaburi 1560  27.90 56.30 29320 648.70 437.70 188.60 76.30 11580 142.60 149.10 020 2,152.00
480201 101.133333 12.733333 Huai Pong Agro 1910 2640 16190 27210 57840 548.20 853.30 460.30 291.20 279.10 7.30 0.00 3,497.30
478301 101.345833 12.634722 Rayong 9.50 2.90 720 13910 33490 176.90 851.90 299.80 42450 14410 1310 0.00 2,403.90
478201 100.066667 13.150000 Petchaburi 9.40 0.00 1.60 8590 416.30 227.80 209.50 75.00 42810 91.70 61.60 0.00 1,606.90
465201 100.875833 13.076944 Laem Chabong 0.00 0.00 0.30 46.10 27430 52.70 192,70 12800 22020 7690  15.60 0.00 1,006.80
459205 100.983333 12.683333  Sattahip 380 10.20 66.00 98.60 181.10 124.50 16450 119.00 129.10 19530  63.90 0.00 1,156.00
459204 100.869444 12.920000 Pattaya 20.00 720 13550 9370 35360 13210 95.30 79.00 24030 96.70 4.10 0.00 1,257.50
459203 100.806139 13.161083 Ko Sichang 4.20 5.60 69.20 64.10 22450  93.40 105.20 55.10 159.30 14820 74.10 0.00 1,002.90
459202 100.985667 13.353917  Chonburi 0.00 0.00 000 11160 175.80 170.50 135.50 80.20 12570 3920 28.90 0.80 868.20
459201 100.605000 13.919167 Don Muang 2.80 0.30 1480 23410 23860 216.10 122.10 9250 156.20 49.50 8.30 0.00 1,135.30
455601 100.616670 13.666670 Bang NaAgro 0.40 1.50 4580 159.00 294.90 258.90 220.70 51.90 309.10 81.10 4.90 0.00 1,428.20
455301 100.568056 13.706944 Bangkok Port 1.80 0.00 3430 180.30 24190 360.00 25520 106.80 217.30 132.00 2.30 0.00 1,531.90
455203 100.560000 13.726389 Bangkok 19.00 0.10 960 150.30 25530 206.10 33350 14430 20290 30140 @ 35.00 000 1657.50
455201  99.966667 14.016667 Kampaeng Saen 29.90 0.00 1270 14310 309.50 268.20 27730 12010 24650 12880  13.90 0.00 1,550.00
451301 98.6364 15.7422  Thong Pha Phum* 7.00 0.00 1690 15130 260.00 149.20 26790 147.00 24440 22590 17.60 0.00 1,487.20
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Table C.2 (Continued)

St_code X Y ST_NAME_E JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC  SUM
450401 99533333 14.016667 KanchanaBuri 000 040 5480 11630 29210 24170 14620 18310 20650 16460 1440 000  1,420.10
450201 102035072 13.790389 Sakaew 1400 000 180 17070 30660 9550 32880 366.80 197.00 22550 080 000  1,707.50
440401 102507639 13.687333 Aranyaprathet 940 410 3020 12050 26870 13030 13980 7630 13370 14730 3280 000  1,093.10
440201 102717866 14.633033 Nang Rong 400 480 1590 18900 32610 20690 14630 9760 19960 14680 2680 000  1,363.80
436401 103679167 15319444 ThaTum 000 070 1250 11160 28630 15820 16970 9870 16350 11020 7770 000  1,189.10
432401 103449175 14.892429  Surin Agro 000 2440 3480 9820 12140 8010 19620 15730 23680 20520 1910 000  1,17350
432301 103495804 14.875478  Surin 020 440 1280 10990 41080 7850 21500 267.80 25370 18290 150 000  1,537.50
432201 102164842 14.739511 Chok Chai 000 2110 3830 10000 31360 9410 16340 31200 22410 20900 270 000 147830
431401 101318144 14.643830 Pak Chong 000 1160 10030 14460 23250 87.30 20960 27580 26250 22150 110 000  1,546.80
431301 102076667 14.962778 Nakhon Ratchasima 000 9410 5630 8770 16300 10160 5970 18370 23320 16510 1410 000 1,15850
431201 101707972 13.984500 Kabin buri 000 000 9430 5330 25430 10630 15080 22920 10510 12560 1840 000  1,137.30
430401 101372889 14.049361 Prachin Buri 000 1430 2950 12910 26040 11580 13220 15700 14920 23120 130 000  1,220.00
430201 100509444 13377222 Bangkok Pilot 520 1490 200 22800 40240 18220 13220 10480 20120 10500 1690 000  1,484.80
429201 101190861 15.264944 Bau Chum 070 000 600 6870 15480 18640 21880 21580 26410 21740 170 000  1,334.40
426401 100.616667 14.800000  Lopburi 000 000 1800 8560 25260 6330 7560 12600 27410 6080 230 000 95830
426201  99.866667 14.300000 U Thong Agro 000 000 010 10200 259060 15190 12960 11020 19440 14410 490 000  1,096.80
425301 100133333 14.466667 Suphanburi 1030 000 000 8700 17480 9930 7430 7090 36740 10870 040 000  993.10
425201 99797500 13.487222 Ratchaburi Agro 000 000 000 4170 23260 10160 15110 14070 5950 10110 1390 000 84220
424301 101457833 13565806 Chacoeng Sao Agro 110 000 090 9060 33520 10740 57.80 5810 12110 19260 600 1450  985.30
423301 100633333 14.116667 Prathumtani Agro 040 2350 15500 24830 25090 11520 13300 21830 8340 11760 7760 000  1,432.20
419301 100727778 14533333  Ayutthaya Agro 040 000 010 22410 23960 16810 19570 5830 22150 7680 2280 000  1,207.40
415301 104284313 15108578 Sri Saket Agro 000 000 2110 13030 21330 9360 14360 11670 18570 11870 600 000  1,029.00
400301 104.871347 15245708 Ubon Ratcha Thani 000 050 1620 3730 25640 11070 5100 12650 30340 6340 1720 000  982.60
407501 105019503 15.240489 Ubon Agro 000 270 8540 2000 31910 15210 15360 29660 22420 27860 120 000  1,53350
407301 103.616667 16.066667 Roi Et Agro 050 020 4180 3350 48580 19540 38860 49810 31480 23150 1260 000  2,202.80
405301 103.683333 16.050000 Roi Et 050 2210 6060 2530 24430 15130 31430 43720 27810 18500 1080 000  1,729.50
405201 102.024263 15.807336  Chaiyaphum 520 2820 6110 7850 287.00 19030 10880 391.30 33370 17360 3300 000 169070
403201 100183333 15.150000 Chai Nat Agro 000 1660 5230 5070 10770 19270 14550 31830 17370 19300 720 000 1,257.70
402301 100530514 15349714 Tak PhaAgro 000 090 710 4080 159030 12480 9430 28430 29830 15480 030 000 1,164.90
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Table C.2 (Continued)

St_code X Y ST_NAME_E JAN FEB MAR APR MAY JUN JUL AUG SEP OoCT NOV  DEC SUM
400301 100.135500 15.669972 Nakhon Sawan 6.90 040 0.10 5890 161.60 159.90 50.70 3550 346.00 196.20 290 0.00 1,019.10
400201 103.588333 16.332500 Kamalasai 0.00  0.00 640 11080 256.90 141.00 170.70 60.20  93.40 157.40 0.50 0.00 997.30
388401 103.068056 16.247222 Kosum Phisai 010 6.60 47.00 8490 161.30 6240 188.40 63.80 178.00 18400 17.20 0.00 993.70
387401 100.285504 16.437768  Pichit 000 810 4650 1720 32310 8260 24320 41090 274.60 292.70 700 000 1,705.90
386301 104.725054 16.543050 Mukdahan 0.00 3150 060 77.00 35820 231.00 17760 27590 354.90 179.80 400 000 1,690.50
383201 102.823212 16.337759 TaphraAgro 000 690 4310 1070 160.20 19040 14120 296.70 242.30 9110 2530 0.00 1,207.90
381301 102.785677 16.462551 Khon Kaen 0.00 780 59.70 9.80 23130 12920 167.00 297.80 211.60 270.90 0.90 0.00 1,386.00
381201  99.526938 16.486638 Kampaeng Phet 0.00 59.10 9.60 2280 22810 120.60 8540 22550 212.60 19340 1410 000 1,171.20
380201 101.108333 15.656944  Wichian Buri 020 2.00 410 8560 30040 22350 199.10 313.30 186.40 17210 1490 000 1,501.60
379402 101.246667 16.773611 Lom Sak 000 1640 1800 21380 18720 50.30 148.70 89.40 334.40 259.30 410 000 1,321.60
379401 101.150000 16.433333 Phetchabun 000 200 310 4630 20400 109.20 68.90 11440 254.60 134.00 180 0.00 938.30
379201 100.275881 16.796395  Phitsanulok 000 3810 2000 10940 23310 89.40 4010 225.70 296.80 287.20 090 0.00 1,340.70
378201  98.865556 16.015833 Umphang 000 2380 3870 11890 343.00 117.70 69.00 21210 248.10 213.90 110 0.00 1,386.30
376401 98933333 16.750000 Doi Musor Agro 000 000 3980 6170 22140 13410 29650 150.40 183.30 208.30 300 320 130170
376301  99.053056 17.233333  Phumibol Dam 0.00  0.00 060 18.60 309.00 118.70 18470 15590 33240 254.10 1.80 0.00 1,375.80
376203  98.550833 16.659167 Mae Sot 0.00  0.00 0.00 2420 47590 11540 138.30 24810 272.30 44780 1050 0.00 1,732.50
376202  99.009833 16.877972 Tak 0.00 000 15.80 0.70 35260 185.60 21.30 83.60 302.60 21000 2390 0.00 1,196.10
376201  99.866667 17.166667  Sri Samrong Agro 0.00 0.00 000 2230 42200 11590 264.70 31510 204.00 219.60 000 0.00 1,563.60
373301  99.800000 17.100000  Sukhothai 000 1460 2750 9950 364.00 129.50 29.10 58.90 249.80 290.90 050 0.00 1,264.30
373201 104.769772 17.277857 NKP Agro 000 010 2280 11910 32250 205.50 7580 19320 207.10 60.30 180 0.00 1,208.20
357301 104.778596 17.412086 Nakpon Phanom 000 2640 5380 104.60 16240 268.10 7160 17240 224.10 89.40 810 0.00 1,180.90
357201 104.050000 17.116667 Sakol Nakhon 0.00 20.70 6940 18610 21640 42460 22720 44840 138.20 274.40 320 480 201340
356301 104.133246 17.156535 Sakol Nakhon 0.00 2790 101.70 16.00 24830 173.80 355.00 497.30 222.50 278.30 090 0.00 1,921.70
356201 102.805853 17.378622 Udon Thani 0.00 39.00 6710 3880 21910 246,50 150.20 332.80 329.70 228.20 570 000 1,657.10
354201 101.729767 17.409350 Loe Agro 0.00 11.90 700 3140 17120 15950 17230 498.00 369.30 228.10 710 0.00 1,655.80
353301 101.730646 17.452893 Loei 000 4010 1010 12580 188.90 249.80 7400 22370 351.50 285.40 320 0.00 155250
353201 102.747349 17.865132 Nong Khai 0.00 13.60 6.90 138.60 15220 236.00 130.20 24490 207.30 228.30 1.30 0.00 1,35930
352201 100.095658 17.624801 Uttaradit 0.00 200 1620 4640 23790 232.00 89.10 190.80 299.20 159.70 0.00 000 1,273.30
351201 100.886111 19.408056 Thung Chang 0.00  0.00 1.00 2500 363.90 24480 164.10 30540 209.40 155.00 370 000 147230
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Table C.2 (Continued)

St_code X Y ST_NAME_E JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV  DEC SUM
331402 100.802500 19.110556 ThaWang Pha 0.00 0.00 950 15310 175.00 157.00 8230 136.60  249.50 87.70 1.80 0.00 1,052.50
331401 100.750000 18.866667 Nan Agro 0.00 000 1820 9690 21400 160.10 21890 27710 21450 22750 4.80 0.00 1,432.00
331301 100.777778 18.779722 Nan 0.00 000 2490 6490 17150 21690 18270 17760 25470 14960 1170 0.00 1,254.50
331201 100.166667 18.166667 Phrae 0.00 460 2130 11490 208.00 131.20 88.10 20000 22780 169.80 2.00 0.00 1,167.70
330201  99.033333 18566667 Lamphun 010 1000 1470 7890 24050 122.00 163.80 196.10 13860 118.30 0.40 0.00 1,083.40
320201  99.283333 18.316667 Lampang Agro 0.00 0.00 490 2700 289.70 139.90 8790 191.80  205.10 81.10 0.10 0.00 1,027.50
328301  99.506623 18.278337 Lampang 0.00 0.00 000 3150 29870 151.40 55.70 7480  268.60 8690 22.30 0.00 989.90
328201  98.972552 18771273  Chiang Mai 0.00 1.30 540 8520 33270 8040 137.10 137.60 147.50 63.40 1250 0.00 1,003.10
327501  99.000000 18.916667 MaeJo Agro 0.00 0.00 000 56.00 39350 13010 100.10 200.30 189.90 8490 13.70 0.00 1,168.50
327301  99.920000 19.156111 Phayao 0.00 000 1240 8290 27520 112.80 7460 15320  213.70 64.60 7350 0.00 1,062.90
310201  99.782778 19.870833 Chaing Rai Agro 0.00 0.10 110 19540 21510 12840 13340 13850 146.50 58.10 65.40 0.00 1,082.00
303301  99.881389 19.961389 Chaing Rai 0.00 080 4680 13150 24640 18930 13510 166.00 13640 13870 2210 0.00 1,213.10
303201  97.933333 18.166667 Mae Sariang 0.00 140 2890 21380 34200 28080 17400 13910 363.80 221.00 43.30 0.00 1,808.10
300202  97.933333 18.166667 Mae Sariang 0.00 0.00 000 3190 27510 18640 201.00 30850 41930 19490 51.10 0.00 1,668.20
300201  97.833333  19.300000 Mae Hong Son 0.00 0.00 1.00 49.00 23610 28040 217.30 19620 21610 11490 49.60 0.00  1,360.60
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Table C.3 TMD rain-stations

ST_CODE LONGITUDE LATITUDE ST_NAME_ENG TYPE_ST2 TYPE_ST1
300201 97.83333333 19.30000000 Mae Hong Son Observmet 1
300202 97.93333333 18.16666667 Mae Sariang Observmet 1
303201 99.88138889 19.96138889 Chaing Rai Observmet 1
303301 99.78277778 19.87083333 Chaing Rai Agro Agromet 2
310201 99.92000000 19.15611111 Phayao Observmet 1
327301 99.00000000 18.91666667 Mae Jo Agro Agromet 2
327501 98.97255242 18.77127349 Chiang Mai Observmet 1
328201 99.50662315 18.27833712 Lampang Observmet 1
328202 99.24471617 17.63632357 Thern Observmet 1
328301 99.28333333 18.31666667 Lampang Agro Agromet 2
329201 99.03333333 18.56666667 Lamphun Observmet 1
330201 100.16666667 18.16666667 Phrae Observmet 1
331201  100.77777778 18.77972222 Nan Observmet 1
331301 100.75000000 18.86666667 Nan Agro Agromet 2
331401  100.80250000 19.11055556 ThaWang Pha Hydromet 3
331402 100.88611111 19.40805556 Thung Chang Hydromet 3
351201  100.09565771 17.62480080 Uttaradit Observmet 1
352201  102.74734855 17.86513209 Nong Khai Observmet 1
353201  101.73064649 17.45289266 Loei Observmet 1
353301 101.72976673 17.40934968 Loei Agro Agromet 2
354201  102.80585289 17.37862229 Udon Thani Observmet 1
356201  104.13324594 17.15653539 Sakol Nakhon Observmet 1
356301  104.05000000 17.11666667 Sakol Nakhon Agromet 2
357201  104.77859616 17.41208553 Nakpon Phanom Observmet 1
357301  104.76977170 17.27785707 Nakpon Phanom Agro Agromet 2
373201 99.80000000 17.10000000  Sukhothai Observmet 1
373301 99.86666667 17.16666667 Sri Samrong Agro Agromet 2
376201 99.00983333 16.87797222 Tak Observmet 1
376202 98.55083333 16.65916667 Mae Sot Observmet 1
376203 99.05305556 17.23333333  Phumibol Dam Observmet 1
376301 98.93333333 16.75000000 Doi Musor Agro Agromet 2
376401 98.86555556 16.01583333 Umphang Hydromet 3
378201  100.27588069 16.79639518 Phitsanulok Observmet 1
379201  101.15000000 16.43333330 Phetchabun Observmet 1
379401  101.24666667 16.77361111 Lom Sak Hydromet 3
379402  101.10833333 15.65694444 Wichian Buri Hydromet 3
380201 99.52693820 16.48663759 Kampaeng Phet Observmet 1
381201  102.78567731 16.46255136 Khon Kaen Observmet 1
381301 102.82321215 16.33775890 TaphraAgro Agromet 2
383201  104.72505391 16.54304981 Mukdahan Observmet 1
386301  100.28550446 16.43776774 Pichit Agromet 2
387401  103.06805556 16.24722222 Kosum Phisai Hydromet 3
388401 10358833333 16.33250000 Kamalasai Hydromet 3
400201 100.13550000 15.66997222 Nakhon Sawan Observmet 1
400301 100.53051353 15.34971356 Tak PhaAgro Agromet 2
402301 100.18333333 15.15000000 Chai Nat Agro Agromet 2
403201  102.02426255 15.80733597 Chaiyaphum Observmet 1
405201 103.68333333 16.05000000 Roi Et Observmet 1
405301 103.61666667 16.06666667 Roi Et Agro Agromet 2
407301  105.01959300 15.24048900 Ubon RatchaThani Agro  Agromet 2
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Table C.3 (Continued)

ST_CODE LONGITUDE LATITUDE ST_NAME_ENG TYPE_ST2 TYPE_ST1
407501 104.87134695 15.24570823 Ubon Ratcha Thani C_Met 5
409301 104.28431332 15.10857761 Sri Seket Agro Agromet 2
415301 100.72777778 14.53333333 Ayutthaya Agro Agromet 2
417201  101.38333333 14.21666667 Nakhonnayok Observmet 1
419301 100.63333333 14.11666667 Prathumtani Agro Agromet 2
423301 10145783333 13.56580556 Chacoeng Sao Agro Agromet 2
424301 99.79750000 13.48722222 Ratchaburi Agro Agromet 2
425201  100.13333333 14.46666667 Suphanburi Observmet 1
425301 99.86666667 14.30000000 U Thong Agro Agromet 2
426201  100.61666667 14.80000000 Lopburi Observmet 1
426401  101.19086111 15.26494444 Bau Chum Hydromet 3
429201  100.59944444  13.37722222 Bangkok Pilot Observmet 1
429601 100.76750000 13.68638889 Suwanphum 1
430201 101.37288889 14.04936111 Prachin Buri Observmet 1
430401 101.70797222 13.98450000 Kabin buri Hydromet 3
431201 102.07666667 14.96277778 Nakhon Ratchasima Observmet 1
431301 101.31814420 14.64387953 Pak Chong Agromet 2
431401  102.16484249 14.73951101 Chok Chai Hydromet 3
432201  103.49589407 14.87547755 Surin Observmet 1
432301 103.44917536 14.89242911 Surin Agro Agromet 2
432401  103.67916667 15.31944444 ThaTum Hydromet 3
436201 103.23333333 15.23333333 Burirum Observmet 1
436401 102.71786571 14.63303268 Nang Rong Hydromet 3
440201 102.50763889 13.68733333 Aranyaprathet Observmet 1
440401  102.03597222 13.79038889 Sakaew Hydromet 3
450201 99.53333333 14.01666667 Kanchana Buri Observmet 1
450202 98.63638889 14.74222222 Thongphaphum Observmet 1
451301 99.96666667 14.01666667 Kampaeng Saen Agromet 2
455201 100.56000000 13.72638889 Bangkok Observmet 1
455301 100.61667000 13.66667000 Bang NaAgro Agromet 2
455601  100.60500000 13.91916700 Don Muang Observmet 1
459201  100.98566667 13.35391667 Chonburi Observmet 1
459202  100.80613889 13.16108333 Ko Sichang Observmet 1
459203  100.86944444 12.92000000 Pettaya Observmet 1
459204  100.98333333 12.68333333  Sattahip Observmet 1
465201  100.06666667 13.15000000 Petchaburi Observmet 1
478201  101.34583333 12.63472222 Rayong Observmet 1
478301 101.13333333 12.73333333 Huai Pong Agro Agromet 2
480201  102.10744444 12.60813889 Chantaburi Observmet 1
480301 102.17316667 12.50863889 Phlew Agro Agromet 2
500201 99.83333333  11.83333333 Prachap Khirikhan Observmet 1
500202 99.96000000 1258611111 HuaHin Observmet 1
500301 99.73333333  12.58333333 Nong Phlap Agromet 2
501201  102.88150000 11.77830556 Khlong Yai Observmet 1
517201 99.18333333  10.48333333 Chumporn Observmet 1
517301 99.10000000 10.33333333  Sawi Agro Agromet 2
532201 98.61666667  9.98333333 Ranong Observmet 1
551202 99.15194444  9.13555556  Surat Thani Observmet 1
551203  100.05000000  9.46666667 Ko Samui Observmet 1
551301 99.66305556  9.13888889 Surat Thani Agro Agromet 2
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ST_CODE LONGITUDE LATITUDE ST_NAME_ENG TYPE_ST2 TYPE_ST1
551401 99.25500000  8.56583333 Prasaeng Hydromet 3
552201 99.96666667  8.41666667 Nakhon Sithamarat Observmet 1
552301  100.08333333  8.33333333 Nakhon Sithamarat Agro Agromet 2
552401 99.51194444  8.43194444 Chawang Hydromet 3
560301 100.16666667  7.58333333 Pattalung Agro Agromet 2
561201 98.25222222  8.68416667 Takuapa Observmet 1
564201 98.40000000  7.88333333 Phuket Observmet 1
564501 98.31444444  8.11666667 Phuket C_Met 5
566201 99.05000000  7.53333333 Ko Lanta Observmet 1
566202 98.90666667  8.06250000 Krabi Observmet 1
567201 99.61666667  7.51666667 Trang Observmet 1
568301  100.50000000  7.01666667 Kho Hong Agro Agromet 2
568401  100.39416667  6.79555556 Sadao Hydromet 3
568501  100.60472222  7.20388889 Songkla C_Met 5
568502  100.43333333  6.91666667 Hatyai Observmet 1
570201  100.08333333  6.65000000 Satun Observmet 1
580201  101.15000000  6.78333333 Pattani Observmet 1
581301 101.28333333  6.51666667 Yaa Agro Agromet 2
583201  101.81666667  6.41666667 NaraThiwas Observmet 1
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