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Abstract: Problem statement: This study mainly discusses the possibility of P\§&fived from GPS
data for monitoring of water vapor changes durimg severe flood due to heavy rainfall. There am@ tw
cases of heavy rainfall recorded during the wimtensoon in November 2009 at Kuala Krai, Kelantan.
Approach: The first and second cases were sustained for 8 fday 4-6 November and 7 days from 18
until 24 November with recorded maximum daily raihimore than 180 mm and 220 mm, respectively.
However from the Malaysia Meteorology DepartmentMD) report, only the second case was caused
the severe flood. PWV and the surface meteorolbdiat for both cases showed a significant response
to the heavy rainfallResults: During the severe flood, PWV was observed decreafafiout 3.52 mm.
Conclusion: We highlighted that the widespread and enormousutammbus cloud cluster sheltered
the area due to cold surge during the winter momsam cause the unnatural peak on PWV during the
heavy rainfall.

Key words. GPS, precipitable water vapor, unnatural peak, avimionsoon, meteorological elements,
severe floodradar images

INTRODUCTION Water vapor is one of an important parameter in

. . _the study of rainfall activity since the formatiaof
Nowadays, the accurate weather information iSlouds, fogs and precipitations depend on its

deme_lr_1d due t‘? the strong |n_fluen<_:e_ _Of the weatheg,nqensation. In this study, we proposed to mortiter
condition to_somal gnd economic activities (Laal., heavy rainfall occurrences associated with watqrova
2011). The information is not only used In weathiert changes through the Precipitable Water Vapor (PWV)
for safety reason, but the more important is fagkterm  yorjyeq from GPS data. Current GPS receiving system
planning such as Southwest Monsoon (SWM) from th%romise a cost-effective for monitoring the tropluspc

end of May to September and the Northeast Mons00Bhenomenon on a global basis with superior temporal
(NEM) from November to March. The NEM is o4 spatial resolution. Therefore, the purpose hid t

characterized as a major rainy season in Malaysigy gy js to utilize the GPS data to monitor seered.
Obviously, the monsoon brings vast rainfall thatyma reincigent of severe flood in Kuala Krai, Kelamta

cause severe floods, especially along the east stzdss during a NEM on November 2009 is selected to

of Peninsular Malaysia MMD, 2011. distinguish the response of GPS PWV changes on the
Malaysia is surrounded by the sea and most of thﬁeavy rainfall occurrence.

land areas are still inaccessible due to forest laltsl
Therefore, oceanic rainfall and the widespreadnila MATERIALSAND METHODS
rainfall data are impossible with rain gauge. Thus
comparison between forecast rainfall and obsematio
collected by randomly distributed rain gauges ma

‘Dataset and location: For GPS PWV computation, GPS
yand the surface meteorological data are required.
produce misleading results. Although many climagaib Efﬁ;{égem;f(;%gvzgtgn?oy ?hrisp Insgt]ul(\j/I; Ia.?./ﬁ? g?a?gr']vl )I
studies show that satellite sensors can providgycateq at Kuala Krai, Kelantan (KRAI) as shown in
information on hydrological cycle, verify the shéetrm Fig. 1. The GPS system used a Trimble NetR5 dual-
forecasts over marine and remote regions remaingequency and mounted at 31.77 m above mean sea
problematic (lkai and Nakamura, 2003; Imakoa andevel. The system was configured to log the GP& dat
Spencere, 2000). 15 sec interval.
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Fig. 1: Locatiorof the Case studgt Kuala Krai, Kelantan
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Fig. 2: The processing method and result interfioeta

The rain data were supported by the Malaysiandtiig
and Drainage Department (DIDM) with time resolution
intervals of 5-min. Then, the total daily rainfallas

The surface meteorological data was bought frontalculated to strengthen the rainfall pattern irvéaber

the Malaysia Meteorological Department (MMD). The
meteorology sensor is located at
“05°30'01"N latitude, 102°12'11" E longitude whicis

about 2 km away from the GPS station. The datas
consisted of surface pressure (mbar), air temperatu
(°C) and relative humidity (percent) with a one-ot

sampling

Detailed of GPS PWV determination for this study ca
be found in Supartet al. (2008).

Flood monitoring method: According to the Gong
Kedak MMD office report, the heavy rainfall has bee

geographic;

20009.

Finally, the GPS and meteorology data were
averaged into 3-h intervals. The analysis carrigidwas
then focused on GPS PWV changes that occur prior to

Ghe heavy rainfall. The intention of this study ts

monitor the PWV changes during the severe flood.
Therefore, more analysis for another parameter that

rate. Both GPS signals and the surfacessociated with PWV is plotted.
meteorological data were used to determine PWV.

RESULTS

Surface meteorology and GPS PWV response on
heavy rainfall: Figure 3 shows the response of GPS
PWV and the surface meteorological element durig t
heavy rainfall at Kuala Krai in November 2009. Tder
are two periods of heavy rainfall has been idesdifin

started from 18 until 24 November 2009 (GKFO, 2009 s figure. The first period was occurred from 4-6

However, the flood was continuously occurred betwee November 2009 (as Case 1) while the second pesiod i
23 and 27 November. To insight these events that maonger, which was occurred from 18-24 November
affect the water vapor distribution; the severeoflds 2009 (as Case 2). In addition, the total daily fain

monitored by an indirect way through the observedesponse for November 2009 is presented in Fig. 3d.
‘flat’ variation of PWV. This monitoring principlevas All the surface meteorological elements as shown in

d to detect the lightni drted Fi9- 3a-3c have been identifying a significant uomal
?Ssﬁpar?aetealeczoﬁ) ISS :Ag%vr??ﬁl::rgn;e as repcie peak during the heavy rainfall. Although the unmaku

) eak for surface pressure in Fig. 3a is indistitlkg
) To establish the G'_DS PWV changes due _to heaVgpparent to its unique variation was detected tjinou
rainfall occurrences, rain data from nearby raingm

! the statistical Table analysis presented in Tabléhk
station (05°31'41" N, 102°12'32"E and 3 km away other statistical analysis for temperature and liiyi
from GPS station) was compared. were compiled in Table 2 and 3.
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Fig. 3: The response of PWV and meteorological dating heavy rainfall

Table 1: The statistical data for pressure (mbar)

Category Min Mean Max STD A
Case 1 1007.8 1009.6  1011.6 1.13 3.83
Case 2 1009.9 1012.3 1014.7 1.09 4.79
Case 3 1004.2 1010.0 1014.3 2.16 10.14
1 month 1004.2 10105 1014.7 2.13 10.53
Table 2: The statistical data for temperatiife) (

Category Min Mean Max STD A
Case 1 22.48 23.43 26.83 1.06 4.35
Case 2 22.30 234 26.44 0.92 4.14
Case 3 22.46 25.79 32.09 2.77 9.62
1 month 22.30 24.99 32.09 2.58 9.79
Table 3: The statistical data for humidity (pereeye)

Category Min Mean Max STD A
Case 1 84.42 97.24 99.05 3.19 14.63
Case 2 89.92 97.23 99.18 2.41 12.26
Case 3 55.83 88.62 99.25 11.58 43.42
1 month 43.42 91.49 99.25 10.39 43.42
Table 4: The statistical data for GPS PWV (mm)

Category Min Mean Max STD A
Case 1 42.14 43.77 48.5 1.34 6.36
Case 2 41.43 43.72 47.58 1.39 6.15
Case 3 40.34 45.06 51.56 1.87 11.23
1 month 40.34 44.61 51.56 1.82 11.23

Table 5: Summarize of wind Speed during the firel aecond heavy
rainfall events

Wind class (%)

Light Light Gentle Moderate
Condition Calm _air breeze breeze breeze
Case 1 1.4 18.8 19.4 37.5 23.6
Case 2 7.7 34.5 36.3 20.2 1.2
Case 3 14.2 47.9 31.9 5.6 0.4

The minimum pressure for Case 1 and 2 was
observed higher of about 0.5% compared to the Gase
In contrast, the mean value for Case 1 is almassédme
with Case 3, while Case 2 was higher of about 0.2%
compared to the Case 3. The trend is slightly difie
for maximum value where for Case 1 is 0.3% lowanth
the Case 3 while for Case 2 is almost the same @atte
3. The low STD is represented a low variation of
pressure data during the heavy rainfall periods.aAs
result, the pressure variation was observed lowCiase
1 and 2 of about 48.6% compared to the Case 3. In
addition, the different between maximum and minimum
value and rangeA) can be used to prove the small
variation of observed parameters during the heavy
rainfall. For pressure data, tiefor Case 1 and 2 were
3.83 and 4.79 mbar respectively, which is lowenttie
Case 3 with 10.14 mbar.

From Table 2, the minimum temperatures for all
cases are between 22.30 and 22.48°C. However, the
mean temperature for Case 1 and 2 is lower than the
Case 3 of about 9.2%. The trend is same for maximum
value where the Case 1 and 2 is lower of about 17%
compared to the Case 3. The STD shows low variation
for Case 1 and 2 with values of 1.06 and 0.92°C,
respectively. In contrast, the variation in tempera
was higher for Case 3 of about 2.77°C. Thefor
Case 1 and 2 was lower than the Case 3 of about
5.38°C. However, the\ for both cases is still lower
than the Case 3.
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For humidity, the result is presented in Table 3.respectively than the Case 3. Thevalue was also
From the table, the minimum humidity for Case 1 @hd observed a similar trend to that of mean and masximu
is higher about 36% than the Case 3. However,rérelt

for mean value is lower of about 8.9% comparech®d t \ind activity: Figure 4 shows the wind speed and the
mean value for Case 3. Furthermore, the maximungjirection for Case 1 and 2 in (a) and for Case @)nlt
humidity is 100% for all cases. The variations wereyas about 94.2% of the observation period durirg th

observed low during Case 1 ?nd_ 2 at 3.19 and 2.41%556 1 and 2 is windy. The highest wind speed was
Lzsr%etggign Ianlzt)e%(ejz g;nlittrﬁr’e%ﬁ slir;gﬁze 3. This loWecorded at the range 5.5-8.0 SecOverall wind

. L .. activities during these two cases were summarized a
Figure 3e presents the GPS PWV variation with .
minimgm, maxliomum and mean values. The ﬁguremoderate bfeeze.”-g)' gentle breeze (25.4),h@ze
clearly shows that the GPS PWYV variation is lowar f (31.3) and light air (29.6%) Beaufort Wind Scale12.
Case 1 and 2 while for Case 3 tending to normae ThMost of the wind source blew from the northeasterly
GPS PWV results for all Cases are presented ingTab| direction as shown in Fig. 4a. ,
From the table, the minimum GPS PWV was observed N contrast, the wind direction in Case 3 is almos
40.34 mm for Case 3 which is lower than that ofeCas Tom the southwesterly direction. Although the fégh
and 2 with PWV content of 42.14 and 41.43 mm,Wind speed range is the same as Case 1 and Zebut t
respectively. However, the trend in the mean vawas ~ occurrence during the Case 3 is only 0.4%.
contrast compared to the Case 3, which is higher ofonclusively, the wind during this period was
about 2.9% than the Case 1 and Case 2. Similadneto t Categorized as light breeze (31.9) and light aif. 93
mean, the maximum and STD values for Case 1 anfbout 14.2% of wind activity during Case 3 is calm
Case 2 are observed lower of about 6.8 and 27%ondition (Fig. 4b).
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Fig. 4: Wind activity at Kuala Krai in November 2Z0@a) During Case 1 and Case 2, (b) During Cage)3uring
Case 1 and (d) during Case 2
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The wind activity for Case 1 and 2 is presented in
Fig. 4c and d. For the Case 1, more than 95% ofithd
source was blown from the Northeasterly directioeaf
to east). For Case 2, most of the wind source Wwasrb
from the North and Northeast direction. From Table
the wind activity during the Case 1 is categorizeda
gentle breeze. In contrast during the Case 2, timel w
activity was broken into light air and light breeze .
categories. The calm duration for Case 2 was higher
(7.7%) compared to the Case 1 (1.4%).

DISCUSSION

Radar and satellite images: To show theevidence on
occurrence of a huge rainfall event at the pawicarea,
both radar and satellite images have been useldoams

in Fig. 5. The studied location is marked as aaedw.
Radar images are to show the rainfall activitiehjlev
satellite images purposely to show the accumulated
cloud cluster at the area on 18, 19, 22 and 25 ibee
2009. For radar images, the dark blue indicating th
lowest rainfall rate while the light blue and lighteen

are as an indicator for the higherinfedl rate.

As well, blue and red color in the satellite images
representing of low recorded temperature. This low
temperature can be associated with the preserargé |
cumulonimbus cloud clusters, which can cause heavy
rainfall and thunderstorms over the area.

| Ed"'r; RS

{
As shown in Fig. 5a-c, the scattered and widesprea  +~ _:: X = IF A S S

of heavy rainfall has been occurred over Kelantad a e\ EC ¥ M}_ mg i

Terengganu on 18, 19 and 22 November 2009. On the ™ 1ot 102 104F 97 100 105 El06E

other hand, the distribution of cloud clusters thettas a Longitude (degree) Longitude (degree)

rain reservoir during the same days was monitored [ = N IR

through the Fig. 5e-5g. W e s D
From both radar and satellite images, a large of _ Bmnistorstu) Tempam (/R

cumulonimbus cloud was formed over the East part of &) 0410 o, Now. 10, 2005,

Peninsular Malaysia on 18, 19 and 22 November 2009 i e

which caused the heavy rainfall and thunderstorthatt (¢) 12:10 pm, Nov. 18, 2008,

area. According to the report prepared by Gong Keda D OL10 . N, 23, 2006,

MMD office, the rainfall activity was occurred () 01:30 am, Nov. 25, 2009
throughout the day for eight consecutive days which
begun on 17 November 2009 (GKFO, 2009). In additiorFig. 5: Selected radar (a-d) and satellite images)(in

to the clouds, Fig. 5d and 5h show the clear skgrov 18, 19, 22 and 25 November 2009. Figures are
Kelantan and Terengganu on 25 November 2009. From adapted from MMD

Fig. 5d, only a scattered light rainfall occurred a
Kelantan and was supported by satellite image@$  aq shown in the figure, all meteorology data welesardy

where no more cloud cluster can be observed ower thflattened during heavy rainfall, especially for €dsand 2.
area. The signature of unnatural peak of surface predsurg-h
average can only be observed using the statisticdysis.
Response from GPS PWV and surface meteorology: Pressure data varies widely on earth and shows a
The noticeable fluctuation at PWV and the surfacesemi-diurnal cycle caused by global atmospheriestid
meteorological in Fig. 3 is commonly associatechviite  This tidal effect is zonally dependent, which sgest in
exposure level of land surface by sunlight. equator and almost zero in polar. Therefore, the
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influence of local climate activity to contributen i However, the influence from other meteorological
pressure development is small compared to the othaslements such as wind activity and tidal circulatioust
meteorology element such as temperature an@le taking into account since no incident of flocas h
humidity. On the other hand, the relationship b&we been reported during the heavy rainfall for Case 1.
the surface temperature and PWV is directlyyndetected flood for Case 1 by MMD is possibly doe
proportional but both of them are inversely gyerall wind speed in Case 1 was higher than tree@a
proportional to the relative humidity. which is brought out the precipitation elsewhere.

There are two hypotheses can be made relate@to th  aq 5 conclusion, the case of heavy rainfall can
flattened on PWV variation during the heavy rainfal reqyce the PWV content in the troposphere. Thedbw
First, a vast condensation process may take partte  p\yy during the severe flood can be highlighted thue
area due to cold surged by strong winter monso®®. T he cold air from precipitation condensed the muoist
strong winter monsoon is established progressiesr | another note, cold air cannot hold much the wate
the South China Sea (SCS), first appearing over itganor in the atmosphere and as a result, the water
northern part in September, reeching its centr@dtober particles become condensed to dry air and light
and covering the entire SCS in November (Wangl.,  precipitation occurs. To strengthen the association
2005). Note that the Case 1 and 2 incidents wecrercmj between GPS PWV during the severe flood, a longer
on November where the monsoon completely influencegjsiorical data and various locations are needéds T
to local climate activity. Furthermore, the presehtold  \,ouid remain for a further research.
surge was characterized by a steep rise of susfassure,
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