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Abstract. Total rainfall accumulation, as well as convective 1 Introduction

and stratiform rainfall rate data from the Tropical Rainfall

Measuring Mission (TRMM) satellite sensors have been used

to derive the thunderstorm ratio and one-minute rainfall rates T here is the need for reliable rainfall rate data for planning
Ro.o1, for 57 stations in Malaysia for exceedance probabili- @nd designing of satellite communications systems, manage-
ties of 0.001-1 % for an average year, for the period 1998-ment of water resources, agricultural purpose, and flooding,
2010. The results of the rain accumulations from the TRMM as Well as to assess the impact of climate change. Rain gauge
satellite were validated with the data collected from differ- Measurement networks are not as dense or evenly spaced in
ent ground data sources from the National Oceanic and AtMalaysia as in other countries, such as the USA, Europe,
mospheric Administration (NOAA) global summary of the and Japan. Therefore, satellite observation of rainfall net-
day (1949-2010), Global Precipitation Climatology Centre works may be the best solution for adequate temporal and
(GPCC) (1986—2010), and NASA (1950-1999). The corre-Spatial coverage of rainfall. Satellite-based precipitation data
lation coefficient and the average bias error between TRMMCcan provide very high temporal (3-hourly) and spatial (0.25
and GPCC for Malaysia were found to be 0.79-0.89 andlatitude by 0.25 longitude grid size) resolutions. Neverthe-
+50 mm, respectively. The deduced one-minute rainfall rated€ss, the measurement approach will always lead to a bias in
correlated fairly well with those obtained from the previous the data (not necessarily large mean error) as well as a ran-
work carried out in Malaysia, with correlation coefficients of dom variation of the mean (the stochastic error), and needs to
0.7 in all the 57 locations. The inferred mean annual one-Pe adjusted to in situ observations (Barrett et al., 1994; Huff-
minute rainfall rates were found to be highest in the easterrifan, 1997; Rudolf et al., 1994; Tanvir et al., 2012; Ojo and
Malaysia, with values between 84.7 and 153.9 mh for Omotosho, 2013). In essence, ground-truth data are needed
0.01 % exceedance, and in western Malaysia with values bel® calibrate space-borne sensors. Satellites have biases and
tween 81.8 and 143.8mnth. The present results will be random errors that are caused by factors, such as the sam-
useful for satellite rain attenuation modeling in tropical and Pling frequency, diurnal cycle of rainfall, non-uniform field

subtropical stations around the world. of view of sensors, and uncertainties in the rain retrieval al-
L gorithms (Bell et al., 1990; Kousky, 1980; Kummerow, 1998;
Keywords. Hydrology (Precipitation) Anagnostou et al., 1999a, b; Chiu et al., 1990, 1999; Chang

and Chiu, 1999). In general, although rain gauge observa-
tions yield relatively accurate point measurements of precip-
itation, they also suffer from sampling error when represent-
ing areal means. They are not available over most oceanic
and undeveloped land areas (Xie and Arkin, 1995, 1996;
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Measuring Mission (TRMM), an American—Japanese earth .,
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satellite observation mission (launched in November 1997 .,
and placed at an altitude of 350 km), was established to pro-,,
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vide a better understanding of the precipitation structure and_
heating in the tropical regions of the earth (Simpson et al.,
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1996). Operating in a non-sun-synchronous orbit, it has an
orbital period of 91 min, making 16 orbits per day, to pro-

vide a good coverage of the tropics. TRMM’s onboard in- Fig. 1. Map of Malaysia showing some of the stations ($) used in
struments include the Precipitation Radar (PR), Microwavethe study.

Imager (TMI), Visible and Infrared Scanner (VIRS), Cloud
and Earth’s Radiant Energy System, and Lightning Imaging
Sensor. Of these, probably the most prominent is the PR. At
the launching stage, TRMM PR was the first space-borne
radar that was designed to capture a more comprehensive
structure of rainfall than any of the earlier space-borne sen-
sors. It has been producing 3-D rainfall data from space in a
manner unprecedented by any previous scientific spacecraft.
Today, the TRMM project has about 12 Ground Validation
(GV) sites around the world to support its satellite-derived
products. Validation sites include Darwin, Australia; Mel-
bourne, Florida; Houston, Texas; Kwajalein Atoll, Republic
of the Marshall Islands; Tel Aviv, Israel; Sao Paolo, Brazil;
Guam, Marianas Islands; Kaohsiung, Taiwan; Om Koi, Thai-
land; and two multi-radar sites in Florida and Texas (TRMM
Satellite Validation Office) (TRMM, 2011). The GV sites
for TRMM data in Asia are: Kaohsiung, Taiwan (38 N,
120*16 E) and Om Kaoi, Thailand (1°48 N, 98°22 E).

The main objective of this paper is to report one-minute
rainfall rates (for exceedance probabilities of 0.001-1 % of
an average year) derived from 13yr data from the TRMM
satellite, for use in predicting the impact of rain on radiowave
signals on earth—space paths in Malaysia, and to compare
these with in situ ground data, the one predicted by In-
ternational Telecommunication Union Radiowave propaga-
tion databases (ITU_RP) and other works done for western
Malaysia from 1993 to 2009. Two TRMM satellite data sets
(from 1998 to 2010) were used to retrieve convective and
stratiform rainfall accumulation to compute thunderstorm ra-
tio over some 57 locations in Malaysia (TRMM, 2013a).
These were validated with long-term (ground) rainfall data
retrieved from the National Oceanic and Atmospheric Ad-
ministration (NOAA) website.

2 Data source (rainfall archives)

Data for 10 stations out of the 57 locations were obtained
from 1949 to 2010. Figure 1 shows the map of Malaysia,
and Table 1 lists the names of the 57 locations and asterisks
show the 11 stations with long-term (60 yr) ground data. The
TRMM data from TRMM website (2013a) were used. They
included:

a. Monthly TMI rain product (3A12 V6) containing sur-
face, convective, and stratiform rain rates in mmh
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C.

at 0.8 latitude & 50 km) by 0.5 longitude & 50 km)

grid size. As it applies to TRMM satellite, stratiform
rain is a widespread continuous precipitation produced
by large-scale ascent due to frontal or topographic lift-
ing or large-scale horizontal air convergence caused
by other means, while convective rain is a localized,
rapidly changing, showery precipitation produced by
cumulus-scale convection in an unstable air. The third
type comprises all rains that are not included in these
two categories.

When bright bands do exist, the rain is classified strati-
form. When bright bands do not exist, but any value of
reflectivity Z along the range exceeds a predetermined
value, the rain is classified as convective. When the
bright bands do not exist and all the valuesZohlong

the range are less than the predetermined value, then
the rain is classified as others (Nirala and Cracknell,
2002).

b. Monthly TRMM and other satellite data sources. Rain-

fall estimate (3B43 V6) is one of the operational prod-
ucts of TRMM based on rain gauge measurements and
satellite estimates of rainfall. The algorithm was devel-
oped by the TRMM science team, and the data were
processed by the TRMM science data and information
system. The gridded estimates are on a temporal reso-
lution of 0.5 latitude by 0.5 longitude spacing. The
combined data set is based on the concepts developed
earlier (Huffman et al., 1995). The TRMM best esti-
mates method is a combination of data from the TMI,
PR, and VIRS with SSM/I, IR, and rain gauge data.

A number of other Level 3 climate rainfall products for
the period from December of 1997 through the present
are produced from data collected by the Tropical Rain-
fall Measuring Mission (TRMM) satellite. They are
3A25, 3A11, 3B31,3B42, 3G68 and 3G68 Land; for
more information about the use of these products see
the reference (TRMM website 2, 2013b).

www.ann-geophys.net/31/2013/2013/
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Table 1.List of the 57 Stations in Malaysia used for the study of one-minute rainfall rate.
STATION NAME LAT(°) LON(°) ELEV (M) BEGIN END Data Period

1 LANGKAWI 6.33 99.73 7.0 10Dec1990 13 Dec 2010 21yr
2  PENANG/BAYAN LEPAS* 5.30 100.27 4.0 1Jan 1949 13 Dec 2010 61yr
3  KUALA LUMPUR 3.10 101.70 34.0 28 Feb 2007 6 Mar 2007 7 Days
4  BUTTERWORTH* 5.47 100.38 4.0 1Jan 1949 13 Dec 2010 61lyr
5 MERSING* 2.45 103.83 45.0 2 Jan 1949 7 Dec 2008 60yr
6  SULTAN ABDULHALIM 6.18 100.40 5.0 6Jul 2004 13 Dec 2010 6.5yr
7  SULTAN AZLANSHAH 4.57 101.08 40.0 6Jul 2004 13 Dec 2010 6.5yr
8 SULTAN MAHMUD 5.38 103.10 7.0 6 Jul 2004 12 Jun 2005 lyr
9 ALOR STAR* 6.20 100.40 5.0 1 Jan 1949 7 Dec 2008 60yr
10 CHUPING 6.48 100.27 22.0 13 May 2004 13 May 2004 1 Day
11 KOTA BHARU* 6.17 102.28 5.0 5Jan 1949 13 Dec 2010 60yr
12 KUALA KRAI 5.563 102.20 65.0 21 Aug1986 29 Dec 1986 5 months
13 KUALA TRENGGANU 5.38 103.10 6.0 12 Oct 2001 13 Dec 2010 9yr
14 KUALA TRENGGANU/CLI 5.33 103.13 36.0 4Jan 1949 31 Dec 1965 16yr
15 SITIAWAN* 4.22 100.70 8.0 1Jan 1949 13 Dec 2010 61yr
16 LUBUK MERBAU 4.80 100.90 78.0 1Jan 1986 31 Dec 2010 24yr
17 IPOH* 4.57 101.10 40.0 1 Jan 1949 7 Dec 2008 60yr
18 CAMERON HIGHLANDS 4.47 101.38 1470.0 1Apr1964 31 Dec 1964 8 months
19 CAMERON HIGHLANDS 4.47 101.37 1545.0 31 Jul 2001 7 Dec 2008 7yr
20 KUALALIPIS 4.18 102.05 169.2 1 Jan 1949 30 Oct 1953 4yr
21 BATU EMBUN 3.97 102.35 61.0 1Jan 1986 31 Dec 2010 24yr
22 KUALA LUMPUR SUBAND* 3.12 101.55 22.0 1Jan 1949 13 Dec 2010 61yr
23 SULTAN ABDULAZIZS 3.13 101.55 28.0 21 Mar 1999 6 Jul 2006 Tyr
24 PANGKOR ISLAND 4.25 100.55 1.0 1Jan 1986 31 Dec 2010 24yr
25 PETALING JAYA 3.10 101.65 47.0 1 Nov 1988 15 Jul 2002 14yr
26 MUADZAM SHAH 3.05 103.08 34.0 28 Feb 2007 5 Mar 2007 6 Days
27 KUALA LUMPUR INTL 2.72 101.70 17.0 18 Sep 2000 13 Dec 2010 1lyr
28 TEMERLOH* 3.47 102.38 40.0 1 Jan 1949 6 Mar 2007 59yr
29 KUANTAN* 3.78 103.22 16.0 3Jan 1949 13 Dec 2010 61yr
30 PORT SWETTENHAM 3.00 101.42 3.0 1Jan 1949 31 Oct 1953 4yr
31 MALACCA* 2.27 102.25 9.0 1Jan 1949 13 Dec 2010 61yr
32 BATU PAHAT 1.87 102.98 7.0 1Jan 1986 31 Dec 2010 24yr
33 KLUANG 2.02 103.32 86.0 7 Apr1975 13 Apr 1975 7 Days
34 PULAU TIOMAN 2.82 104.17 5.0 1Jan 1986 31 Dec 2010 24yr
35 KERTEH 4.53 103.43 5.0 1Jan 1986 31 Dec 2010 24yr
36 JOHORE BHARU/SENAI 1.63 103.67 40.0 1Jan 1999 13 Dec 2010 11yr
37 WEST MALAYSIA 6.00 100.00 361.0 1Jan 1986 31 Dec 2010 24yr
38 WEST MALAYSIA 6.00 102.00 12.0 1Jan 1986 31 Dec 2010 24yr
39 WEST MALAYSIA 5.00 102.00 12.0 1Jan 1986 31 Dec 2010 24yr
40 WEST MALAYSIA 4.00 101.00 60.0 1Jan 1986 31 Dec 2010 24yr
41  WEST MALAYSIA 4.00 102.00 12.0 1Jan 1986 31 Dec 2010 24yr
42  WEST MALAYSIA 4.00 103.00 28.0 1Jan 1986 31 Dec 2010 24yr
43  WEST MALAYSIA 3.00 102.00 12.0 1Jan 1986 31 Dec 2010 24yr
44  WEST MALAYSIA 3.00 103.00 28.0 1Jan 1986 31 Dec 2010 24yr
45 EAST MALAYSIA 2.00 112.00 172.0 1Jan 1986 31 Dec 2010 24yr
46 EAST MALAYSIA 2.00 113.00 241.0 1Jan 1986 31 Dec 2010 24yr
47 EAST MALAYSIA 3.00 113.00 241.0 1Jan 1986 31 Dec 2010 24yr
48 EAST MALAYSIA 3.00 114.00 425.0 1Jan 1986 31 Dec 2010 24yr
49 EAST MALAYSIA 3.00 115.00 217.0 1Jan 1986 31 Dec 2010 24yr
50 EAST MALAYSIA 4.00 114.00 425.0 1Jan 1986 31 Dec 2010 24yr
51 EAST MALAYSIA 4.00 115.00 217.0 1Jan 1986 31 Dec 2010 24yr
52 EAST MALAYSIA 5.00 116.00 94.0 1Jan 1986 31 Dec 2010 24yr
53 EAST MALAYSIA 5.00 117.00 21.0 1Jan 1986 31 Dec 2010 24yr
54 EAST MALAYSIA 5.00 118.00 4.0 1Jan 1986 31 Dec 2010 24yr
55 EAST MALAYSIA 2.00 114.00 425.0 1Jan 1986 31 Dec 2010 24yr
56 EAST MALAYSIA 6.00 116.00 94.0 1Jan 1986 31 Dec 2010 24yr
57 EAST MALAYSIA 6.00 117.00 21.0 1Jan 1986 31 Dec 2010 24yr
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Fig. 2. Coloured areas: TRMM 3B43 V6 accumulated rain (mm);
contour: GPCC (mm) climatology for Malaysia (Jan—-Dec) 1998 to
2010.

3 Validation of TRMM data with the measured ground
data

tage error( [GPCC-TRMM3843]/GPCC)*100

Rain accumulation data from Global Summary of the Day, ~
NOAA (1949-2010) for 11 stations and GPCC data (1986—
2010) for 57 locations were collected for the validation of e T T e e e e
TRMM data. The TRMM satellite started its mission on Moty isses for Latitude 1.0 7 degrces: Btusean GRCC andTRMIM 3863 data for Mlaysi
27 November 1997, therefore NOAA and GPCC da_ta fromMeig 3. (a) Comparison between GPCC and TRMM monthly data
January 1998 to December 2010 were used to validate thgy malaysia (Lat: 2 Nto 7° N, Lon 99 E to 120 E): black TRMM
accuracy of the TRMM satellite data with the rain-gauge 3843 V6 accumulated rain (mm) compared with green: GPCC pre-
data in Malaysia; Table 1 shows the list of the stations. Fig-cipitation (mm).(b) Monthly biases error: between GPCC (mm)
ure 2 show the maps of GPCC rain accumulation compareind TRMM 3B43 V6 accumulated rain (mm), average (Jan—-Dec)
with the 3B43 data for Malaysia. Figure 3a shows the aver-1998 to 2010 for Malaysia.
age monthly rain accumulation (1998-2010) between ground
data GPCC and TRMM 3B43 satellite data. The two data ) )
agree well between June and October; Figure 3a was relylalaysgsl are north monsoon that blows from the South China
trieved from TRMM online Analysis and Visualization Sys- S€& during October to March, and southwest monsoon, blow-
tem (TOVAS) website of NASA, USA. Figure 3b shows N9 from the Straits of Malacca during the monf[hs of April to
the average monthly percentage error (1998-2010) betweeﬁeptember. Table 3_ presents the season_al ralnfalliaccumula-
ground data GPCC and TRMM 3B43 satellite data for lat 1 tion and seasonal biases of TRMM sgtelllte data_l Wlth GPCC
to 7° N. The formula used for the biases between the two datground data for each of the 57 locations used in this study.
setis given by Figure 4 presents the seasonal biases of the TRMM data with
increasing latitude (1-°MN) over the whole of Malaysia. The
GPCC'TRMM3B43) ) seasonal bias error is given by

GPCC
. _ . Seasonal bias errémm) = (Seasonal GPCC
According to this formula, negative percentage error means

are overestimated by TRMM 3B43, while positive percent- —Seasonal TRMM 3B4Baccumulation @)
age error means are underestimated by TRMM 3B43. TheBjases for all seasons was minimum for lat 1N4(—34 to
monthly GPCC ground data agree well with TRMM 3B43 4 mm). Seasonally TRMM biases were minimum for all the
data for lat 1-4N with bias errors between-3.9 and |atitudes in June, July, and August (JJA), with values from
+13.6 % from January to December. The monthly bias er-_10.8 to+12.1 mm.

ror was large for lat 57N, with values betweenr-14 and A previous work on TRMM 3B43 V6 rainfall accu-
+52.8 %, the highest percentage error (underestimation bynulation (Adeyewa and Nakamura, 2003; Omotosho and
TRMM 3B43) occurred between January and Mar¢R2to  Oluwafemi, 2009) have shown similar biases for some trop-
+52.8 %). The minimum monthly biases for all latitude was jcal locations between January and March. With this fact, it
between April and October14.0 to+16.1 %), during the  can be considered that the TRMM 3B43 rainfall accumula-
southwest monsoon season. The percentage errors betwegsn is suitable for the estimation of one-minute rainfall rate

ground data and satellite dataX4 to+52 %) are expected for the purpose of satellite communication in Malaysia.
because we are usirg50 km by 50 km TRMM satellite grid

average rainfall product compared with ground data, which
is just for a single point rain gauge. The two major seasons in

Percentage erroe= 100x (

Ann. Geophys., 31, 20132022 2013 www.ann-geophys.net/31/2013/2013/
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Table 2. Rainfall accumulation retrieval from TRMM 3B43 V6 for Malaysia. Italic states that the rainfall for the specified stations are above

3000 mm.

Maximum  Month with Annual
StationName Latitude Longitude Altitude Monthly ~ Maximum Mean
Accin Accand Acc for
(°E) (°N) (m) 13yr(mm) year 13yr (mm)
1 LANGKAWI 6.33 99.73 7.0 576.7 Oct 2003 2119.9
2 PENANG/BAYANLEPAS* 5.30 100.27 4.0 663.1 Oct 2003 2421.9
3 KUALALUMPUR 3.10 101.70 34.0 489.2 Nov 2004 2884.8
4 BUTTERWORTH* 5.47 100.38 4.0 663.1 Oct 2003 2431.9
5 MERSING* 245 103.83 45.0 705.9 Dec 1998 2364.5
6 SULTANABDULHALIM 6.18 100.40 5.0 547.5 Oct 2003 2316.0
7  SULTANAZLANSHAH 4.57 101.08 40.0 468.4 Oct 2003 2557.2
8 SULTANMAHMUD 5.38 103.10 7.0 831.5 Dec 2008 2698.6
9 ALORSTAR* 6.20 100.40 5.0 547.5 Oct 2003 2316.0
10 CHUPING 6.48 100.27 22.0 576.5 Nov 2000 2274.7
11 KOTABHARU* 6.17 102.28 5.0 1405.0 Nov 2008 2694.2
12 KUALAKRAI 5.53 102.20 65.0 1052.8 Nov 2008 3146.1
13 KUALATRENGGANU 5.38 103.10 6.0 1528.7 Nov 2008 3146.1
14 KUALATRENGGANU/CLI 5.33 103.13 36.0 1528.7 Nov 2008 3146.1
15 SITIAWAN* 4.22 100.70 8.0 508.7 Oct 2003 2084.5
16 LUBUKMERBAU 4.80 100.90 78.0 492.6 Nov 2010 2485.6
17 IPOH* 4.57 101.10 40.0 468.4 Nov 2003 2557.2
18 CAMERONHIGHLANDS 4.47 101.38 1470.0 420.4 Nov 2005 2693.4
19 CAMERONHIGHLANDS 4.47 101.37 1545.0 420.4 Nov 2005 2693.4
20 KUALALIPIS 4.18 102.05 169.2 790.1 Dec 1998 3041.6
21 BATUEMBUN 3.97 102.35 61.0 723.1 Dec 2007 3010.1
22 KUALALUMPURSUBAND* 3.12 101.55 22.0 489.2 Nov 2004 2901.5
23 SULTANABDULAZIZS 3.13 101.55 28.0 489.2 Nov 2004 2901.5
24 PANGKORISLAND 4.25 100.55 1.0 554.0 Oct 2003 2102.5
25 PETALINGJAYA 3.10 101.65 47.0 489.2 Nov 2004 2901.5
26 MUADZAMSHAH 3.05 103.08 34.0 1236.3 Dec 2007 3011.9
27 KUALALUMPURINTL 2.72 101.70 17.0 398.5 Nov 2003 2238.9
28 TEMERLOH* 3.47 102.38 40.0 508.6 Nov 2005 2866.3
29 KUANTAN* 3.78 103.22 16.0 1223.0 Dec 2001 3261.9
30 PORTSWETTENHAM 3.00 101.42 3.0 478.8 Nov 2004 2617.6
31 MALACCA* 2.27 102.25 9.0 325.6 Nov 2003 2329.0
32 BATUPAHAT 1.87 102.98 7.0 534.1 Dec 2006 2478.9
33 KLUANG 2.02 103.32 86.0 848.9 Dec 2006 2956.7
34 PULAUTIOMAN 2.82 104.17 5.0 628.7 Dec 1998 2102.3
35 KERTEH 453 103.43 5.0 803.7 Nov 2009 3001.2
36 JOHOREBHARU/SENAI 1.63 103.67 40.0 924.9 Dec 2006 2782.7
37 WESTMALAYSIA 6.00 100.00 361.0 409.2 Nov 1998 2222.9
38 WESTMALAYSIA 6.00 102.00 12.0 1195.3 Dec 1999 2813.1
39 WESTMALAYSIA 5.00 102.00 12.0 930.9 Dec 2007 3230.4
40 WESTMALAYSIA 4.00 101.00 60.0 514.9 Oct 2008 2754.6
41 WESTMALAYSIA 4.00 102.00 12.0 790.1 Dec 1998 3041.6
42 WESTMALAYSIA 4.00 103.00 28.0 749.9 Dec 2010 3313.6
43 WESTMALAYSIA 3.00 102.00 12.0 580.2 Dec 1998 2809.5
44 WESTMALAYSIA 3.00 103.00 28.0 888.6 Dec 1998 3011.9
45 EASTMALAYSIA 2.00 112.00 172.0 603.0 Dec 2004 3808.1
46 EASTMALAYSIA 2.00 113.00 241.0 985.9 Jan 2009 3902.5
47 EASTMALAYSIA 3.00 113.00 241.0 598.6 Dec 2004 3932.7
48 EASTMALAYSIA 3.00 114.00 425.0 725.1 Jan 2001 3640.0
49 EASTMALAYSIA 3.00 115.00 217.0 462.1 Jan 2001 2838.9
50 EASTMALAYSIA 4.00 114.00 425.0 865.9 Jan 2009 3480.8
51 EASTMALAYSIA 4.00 115.00 217.0 583.1 Jan 2009 2967.3
52 EASTMALAYSIA 5.00 116.00 94.0 451.9 Jan 2009 2846.3
53 EASTMALAYSIA 5.00 117.00 21.0 545.8 Oct 2006 3409.4
54 EASTMALAYSIA 5.00 118.00 4.0 468.5 Dec 2004 27275
55 EASTMALAYSIA 2.00 114.00 425.0 528.1 Jan 2009 3409.2
56 EASTMALAYSIA 6.00 116.00 94.0 628.1 Oct2001 2680.2
57 EASTMALAYSIA 6.00 117.00 21.0 980.5 Jan 2009 3606.3

www.ann-geophys.net/31/2013/2013/
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Table 3. Seasonal rainfall accumulation TRMM 3B43 V6, GPCC and mean bias for the 57 stations. Italic states that the rainfall for the

specified stations are above 3000 mm.

T. V. Omotosho et al.: Distribution of one-minute rain rate in Malaysia

Seasonal correlation coefficient between TRMM and GPCC data are:
0.89, 0.84, 0.79 and 0.85 for DJF, MAM, JJA and SON, respectively.

TRMM 3B43 accumulation (mm)

GPCC accumulation (mm)

GPCC — TRMM bias error in (mm)

STATION NAME LAT(°) LON(®) DJF MAM JJA SON DJF MAM JJA  SON DJF  MAM JJA SON
1 LANGKAWI 6.33 99.73 68.4 165.6 2144 2624 825 162.7 2262 2934 A41-2P 118  3LEF
2 PENANG/BAYANLEPAS* 530 10027 134.6 1945 191.4 290.1 1295 175.1 197.0 307.0-5.1° —19.4 56 169
3 KUALALUMPUR 310 101.70 247.7 2541 179.8 287.7 2093 217.3 158.1 2724384 -36.8 -21.8 -158
4 BUTTERWORTH* 547  100.38 134.6 1945 1914 290.1 1295 175.1 197.0 307.0-5.1° —19.4 56  16.9
5 MERSING* 245  103.83 266.3 159.6 156.8 2055 279.1 166.1 168.0 2329 A28 6.6 11.® 27.4
6 SULTANABDULHALIM 6.18  100.40 114.1 1825 187.0 288.4 127.8 140.6 166.0 279.6 37419 -209P -8.&
7 SULTANAZLANSHAH 457  101.08 187.3 2235 1748 266.8 2052 190.1 161.0 2761 47933 -13.¢ 9.3
8 SULTANMAHMUD 538  103.10 2405 1445 1488 3657 348.8 138.4 163.9 3331 f£083-62° 151 -—32.6
9 ALORSTAR* 6.20 10040 114.1 1825 187.0 288.4 127.8 140.6 166.0 279.6 37419 209 -8
10 CHUPING 6.48 10027 118.0 177.8 178.1 2843 127.8 140.6 166.0 279.6 298372 —_12°0 _48&
11 KOTABHARU* 6.17 10228 2457 1355 1539 363.0 280.6 113.1 1538 351.7 ®49224 010 -—11.P
12 KUALAKRAI 553  102.20 296.4 163.7 2058 3828 323.7 1297 168.3 3295 27334 -37.89 -53.F
13 KUALATRENGGANU 538  103.10 2405 1445 148.8 3657 348.8 1384 163.9 3331 £083-62° 15° 326
14 KUALATRENGGANU/CLI 533  103.13 2405 1445 1488 3657 348.8 138.4 163.9 3331 f£083-62° 151 -—32.6
15  SITIAWAN* 422  100.70 179.2 160.1 1222 2333 164.0 174.4 150.3 2583152 142 281 25Q
16 LUBUKMERBAU 480 10090 177.6 203.4 166.1 2814 164.0 174.4 150.3 2583138 -29. -159 —23.1P
17 IPOH* 457  101.10 187.3 2235 1748 266.8 2052 190.1 161.0 2761 47933 -13.¢ 9.3
18 CAMERONHIGHLANDS 447  101.38 1954 2396 1821 280.8 2052 190.1 161.0 2761 298498 211 4.6
19 CAMERONHIGHLANDS 447 10137 1954 2396 1821 280.8 2052 190.1 161.0 2761 298498 2110 _4¢
20 KUALALIPIS 418 10205 2730 2246 2131 303.1 297.6 168.1 175.4 2709 246565 -37.° -32.3
21 BATUEMBUN 397 10235 291.7 2140 2123 2853 259.2 181.0 1720 2398328 -33.00 -—40.2 -—458
22 KUALALUMPURSUBAND* 312 10155 2455 2541 179.8 287.7 209.3 217.3 158.1 272436.9 -36.8 -21.8 -158
23 SULTANABDULAZIZS 313 10155 2455 2541 179.8 287.7 209.3 217.3 158.1 2724362 -36.89 -—21.8@ —158
24 PANGKORISLAND 425 10055 1759 1643 1274 2332 1640 1744 150.3 258.3-11.9 10.8 22 251
25 PETALINGJAYA 310 10165 2455 2541 179.8 287.7 209.3 217.3 158.1 2724362 -36.89 -—21.8@ -—158
26 MUADZAMSHAH 3.05 103.08 3457 1915 1941 272.6 3694 168.6 1782 2528 237229 -159 -—19.8
27 KUALALUMPURINTL 272 10170 1709 181.2 1605 233.7 1853 2085 178.4 2518 A4.427.F 17.¢ 18R
28 TEMERLOH* 347 10238 2730 2131 2047 2646 259.2 181.0 1720 239813.8 -32.P -_327° 248
29  KUANTAN* 378 10322 3629 192.6 2244 3075 3694 168.6 178.2 2528 266-23.P -46.P -54.F
30 PORTSWETTENHAM 3.00 10142 2289 2234 1547 2655 209.3 217.3 158.1 2721198 —6.2° 3R 6.5
31 MALACCA* 227 10225 1850 1945 180.0 216.8 188.2 170.4 182.6 2147 232241 260 2.2
32 BATUPAHAT 1.87  102.98 2024 203.6 193.3 227.0 189.8 1935 188.0 2249126 -10 53 _2.1b
33  KLUANG 202 103.32 2782 242.0 2075 257.8 279.1 166.1 168.0 2329 209-75.F -39.8 -—24.9
34 PULAUTIOMAN 282 10417 2234 1355 1346 207.3 3035 162.9 167.3 2380 ®0.127.8 3272 307
35 KERTEH 453 10343 3106 168.0 191.0 3309 383.2 163.7 1805 289.0 726-4.F -—108 -—41.8
36 JOHOREBHARU/SENAI 1.63  103.67 2634 2314 1864 2464 2482 180.7 171.3 222515 -50.7 -151° —23.9
37 WESTMALAYSIA 6.00 100.00 97.8 173.4 1954 2744 1278 140.6 166.0 279.6 30.0-32. —20.3 5.2
38  WESTMALAYSIA 6.00 102.00 2565 139.9 179.9 3615 280.6 113.1 153.8 351.7 241268 -261° 99
39 WESTMALAYSIA 500 102.00 287.6 190.2 226.4 3726 323.7 1297 168.3 3295 ®6.L60.F -58.1° —43.1
40 WESTMALAYSIA 400 10100 2357 2394 163.2 279.9 2052 190.1 161.0 2761308 -492 23 38
41 WESTMALAYSIA 400 10200 2730 2246 2131 303.1 297.6 168.1 175.4 2709 246565 -37.7 -32.3
42  WESTMALAYSIA 400 103.00 343.3 2015 2326 327.1 3832 163.7 180.5 289.0 ®9.937. -521° -—38.1°
43  WESTMALAYSIA 300 102.00 241.6 230.8 1985 2656 259.2 181.0 172.0 2398 476498 -268 -—258
44 WESTMALAYSIA 3.00 103.00 3457 1915 1941 2726 3694 168.6 1782 2528 @37229 -159 -—19.8
45 EASTMALAYSIA 200 112.00 404.9 3065 231.0 327.0 4095 2654 2307 3299 246411 02 2.9
46 EASTMALAYSIA 200 113.00 390.2 3051 2559 349.6 3841 255.3 2486 3448610 _49@ 73 _48
47 EASTMALAYSIA 300 113.00 401.6 2729 2682 368.2 3540 231.9 2485 3437478 -—41.00 -19.P -—24%
48 EASTMALAYSIA 3.00 114.00 3347 2727 2613 3447 273.7 196.9 2189 284261 -75P° —4248 604
49 EASTMALAYSIA 3.00 11500 236.1 229.2 2168 2643 200.0 185.8 1925 2362361 -434 24P _281b
50 EASTMALAYSIA 400 11400 330.2 2389 267.2 3240 270.0 197.7 238.0 295060.F -—41.2 -202 —29.0°
51 EASTMALAYSIA 400 11500 256.1 2295 2265 2769 230.0 202.9 2425 2959262 -—268 15%  19.(R
52 EASTMALAYSIA 500 116.00 191.0 203.6 260.1 294.1 1943 1742 2482 3068 233204 -11.P 12
53 EASTMALAYSIA 500 117.00 2756 2304 2852 3453 3069 1712 217.0 2893 ®1.359.P -68.F -56.¢F
54 EASTMALAYSIA 500 118.00 272.4 1827 191.8 2624 318.1 1685 190.9 2754 #5714 09 130
55 EASTMALAYSIA 200 11400 316.0 284.8 230.8 304.8 3085 217.2 2229 297.1-78 -67.88 -7 7.6
56 EASTMALAYSIA 6.00 116.00 180.5 170.0 240.3 302.6 2262 162.8 2466 3133 #57-7.2 6.2 10.72
57 EASTMALAYSIA 6.00 117.00 347.9 2064 302.4 3455 3252 1635 2144 303522 -—429 -—88.0 -—42.0

a4 of underestimation by TRMM satellite 31.1 %;P % of overestimation bY TRMM satellite 68.8 %;C % of TRMM biases that is-+ 50 mm=0.1%.
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Fig. 5. A sensitivity analysis of the impact of the variation ®fon

the predictedrg o194 for the 57 stations in Malaysia.
3.1 Selection of a suitable rain rate prediction model

and data processing

M can be calculated as
Owing to lack of high-temporal-resolution data in eastern
Malaysia (EM) and western Malaysia (WM), the approach M = M1+ M2(mm). (3a)
selected to calculate one-minute point rain rate for the 57 ) ) . .
locations was to use complementary cumulative distributionThe ratio of thgnderstorm rain accumulation to the total rain-
function using prediction models. Long-term data, such ag@ll accumulation can be given as
monthly accumulation, average yearly accumulation, thun-
derstorm ratio, etc., accepted as input to various models,

have been proposed for the prediction of one-minute poinne chieko and Yoshio (2002) model for arbitrary percentage
rain rate cumulative distribution, based on long-term data,s¢ time p (%) and R, (mm h~1) can be estimated by using

such as those of Rice and Holmberg (1973), Tattelman angyn|y the average annual total rainfall and the thunderstorm
Mazzella (1995), Chieko and Yoshio (2002). In the modeling ;aiio. The model is given by Eqs4)-(7) using coefficients

for tropical regions, Moupfouma and Martin (1993) proposed ap, bp, cp With x = log(p). These equations were determined
a distribution function that has been tested by Ajayi (1996)y muyltiple regression analyses of a databank of rain atten-
in Nigeria as well as Chebil and Rahman (1999) and Man-aion on satellite links of 290 data sets from 84 locations
deep and Syed (2004) in Malaysia. More recently, Emiliani;, 30 countries, and a databank of different integration time

etal. (2009) found that the model developed by Chieko and.5j rates, which contains data sets from 54 locations in 23
Yoshio (2002) gives the best prediction accuracy among all,ontries.

the current models and is suitable for worldwide application,
especially for small percentage of time (0.001-1 %), which g, = aprpﬂcp 4)
is important for radio system design. This is because it incor-
porates the thunderstorm rati®, as a meteorological input.

Therefore, the Chieko and Yoshio (2002) model was used©9(ap) = 01574155+ 1.34817k° + 3.528175*
to estimate the one-minute point rain rate for Malaysia. For  +1.479566: — 2.302276 (5)
ease of data analyses in this work, the 57 stations in Fig. 1
were divided into two d.istinct regions, namely, WM and EM. bp = —4.583266x 10244 — 0.409816%3 — 1.16238%2
For each of the 57 stations, the thunderstorm ratweas cal-
culated using the TRMM satellite convective and stratiform —0.8261178& +0.911857 )
rain rate accumulation data (3A12) from TRMM Microwave
Imager sensor. The model divided the rainfall into two typescp = 2.574688x 10 2x* +0.154903%° + 0.174782%2
to permit the predictiqn of rainfall ra_te statistic from the to- —0.2846313 + 1.255081x 102 @)
tal rainfall accumulation measured in an average year. The
two types were termed as mode 1 raimlj and mode 2 rain  For the computation of the derived one-minute rainfall rates,
(M2). M1 contained the high rainfall rates associated with a program named Rain rate was developed in Matlab, which
strong convective activity and thunderstori2 was simply ~ can be considered as a function in Microsoft Excel, taking
everything else. Thus, the total average rainfall accumulatiorinto consideration the three major input parameters, namely,

=M1/M. (3b)
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tio B, and percentage of time unavailabilify in % (Omo-  The thunderstorm ratig increases linearly with rainfall rate
tosho, 2010). Table 2 presents the annual average rain aggy, 4, ), hence the linear fit can be use to evaluate rainfall
cumulation, month with maximum accumulation, and max- rate for any location in Malaysia if the thunderstorm ratio is
imum monthly accumulation in 13yr. October (11 stations), ayajlable for that location. Figure 7a—d shows the map of the
November (19 stations), December (19 stations) and Januaryredicted one-minute point rain rate unavailability for 1 to
(8 stations) are the months with maximum accumulation forg 001 9 in an average years.

all 57 locations in Malaysia. Months with maximum accumu-

lation are the worst months associated with the high rainfall

rate. Table 3 shows the seasonal accumulation and bias errar Results and discussion

between TRMM and GPCC for each of the 57 locations. The

seasonal bias errors are important and will provide extra in-The rainfall accumulation data (for 13yr) retrieved from
formation regarding the uncertainty of satellite-based estima TRMM satellite (Table 2) revealed that the annual rain-
tion for each station. Figure 5 also shows the sensitivity analfall accumulation in WM and EM was between 2102.3
ysis of the impact of the variation of the thunderstorm rgtio and 3932.7mm, with EM having the highest rainfall
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correlation coefficient of 0.01. In this work, for 0.01 % ex-
ceedanceRp o1 Was from 82 to 154 mmtt, lowest in WM
and highest in EM. Chebil and Rahman (1999) found that
Ro.01 Was from 119 to 144 mmtt in WM. For the ITU-RP
SG3 database, thy o1 was from 87 to 101 mmtt, lowest

in WM and highest in EM. This present work is the only work
that has covered both WM and EM using satellite data vali-
dated with ground data. Overall, the correlation coefficient of
this work with ITU-RP SG3 is very poor, while the present

Percentage Difference (%)
=
1%]

%diff ITU %
%d:ffC&R v ) . i
‘65 LUNLINLIN I N N O \.\ TTTrrrrri rESUItS agree We” Wlth the StUdy CarrIEd Out by ChEbII and

1 6 11 16 21 26 31 36 41 46 51 56 Rahman(lggg)_
Location Numbers: 1to 57 as shown in Table 1

Fig. 8. Comparison of the present work with ITU and Chebil and
Rahman (C&R) data; the correlation coefficient for C&R (0.7) and
for ITU (0.01).

5 Summary and conclusions

This work presents new point rain rate data derived from
TRMM satellite rainfall data for microwave system design
in WM and EM. This was validated with different ground

accgmulaﬂon of 3932.7 mm. Twenty Iocanops out of the 57 data sources from NOAA, GPCC, and NASA. Building on
stations were found to have an annual rainfall accumula-

tion of > 3000 mm, with the following distribution: 12 out previous studies in the region, a model has been used that
of 44 stations in V’VM and 8 out 13 locations in iEM were gives the best prediction accuracy of one-minute rainfall rate

found to have an accumulation sf3000 mm. Furthermore, cumulative distribution functions for any location for which

the satellite revealed that the maximum monthly accumu-the measured data are not available. Monthly accumulation,

i . annual rainfall accumulation, and thunderstorm ratio have
lation (and the year of occurrence) in 13yr was between

325.6 and 1528.7 mm. It was also revealed that they occurregeen retrieved from TRMM 3843 and 3A12 (1998-2010),

between October and December in WM, and between De?nd have been used to estimate one-minute rain rate statistics

1 I I I -10
cember and January in EM. Table 2 shows 7 locations infor57 locations in the Malaysian region for 0.001-1 % of the

. . time. The results show that the present work agrees well with
WM with monthly accumulatiorn= 1000 mm, namely, Kota . . .
. . the previous work carried out by Chebil and Rahman (1999),
Bharu, Kuala Krai, Kuala Trengganu, Kuala Trengganu/Cli, .~ - :
R . g while the ITU-R SG3 database (2009) prediction Rpros is
Muadzam Shah, and Kuantan; a high rainfall rate is likely to : L . : .
found to be valid for limited areas in Malaysia and underesti-
occur between November and December.

Figure 7a—d presents the results of the estimated rain ratrenates the remaining regions. Another interesting result is the

exceedance from 0.001 to 1% in an average year, which few set of thunderstorm ratio (for Malaysia) derived from

X . o . ?he TRMM satellite, which is one of the input parameters re-
of interest for satellite communication system design. It can

be observed from the ma X . @uired by most of the models converting the annual rainfall
p that a higher rainfall rate occurre ) . : . .

in EM than WM. In WM, for 44 stations, the rain rate was accumulation tp one-minute rain rate for use' in the desgn

found to be between 81.8 and 143.8 mnihwhile for 13 of both tgrrefstrlal and earth—space satellite microwave radio

stations in EM, the rain rate was observed to be between 84.90mmunlcat|on.

and 153.9 mmh! for 0.01 % exceedance. For exceedances

of 0.001, 0.1, and 1%, the values were 140.0-218.0, 33.6:ncknowledgementsThe authors would like to thank Universiti Ke-
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