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Abstract—Storm Event Analysis (SEA) provides a method to
define rainfalls events as storms where each storm has its own
amount and duration. By modelling daily probability of different
types of storms, the onset, offset and cycle of rainfall seasons can be
determined and investigated. Furthermore, researchers from the field
of meteorology will be able to study the dynamical characteristics of
rainfalls and make predictions for future reference. In this study, four
categories of storms; short, intermediate, long and very long storms;
are introduced based on the length of storm duration. Daily
probability models of storms are built for these four categories of
storms in Peninsular Malaysia. The models are constructed by using
Bernoulli distribution and by applying linear regression on the first
Fourier harmonic equation. From the models obtained, it is found that
daily probability of storms at the Eastern part of Peninsular Malaysia
shows a unimodal pattern with high probability of rain beginning at
the end of the year and lasting until early the next year. This is very
likely due to the Northeast monsoon season which occurs from
November to March every year. Meanwhile, short and intermediate
storms at other regions of Peninsular Malaysia experience a bimodal
cycle due to the two inter-monsoon seasons. Overall, these models
indicate that Peninsular Malaysia can be divided into four distinct
regions based on the daily pattern for the probability of various storm
events.

Keywords—Daily probability model, monsoon seasons, regions,
storm events.

[. INTRODUCTION

AINFALL analysis is important, especially for countries

which experiences rain all year round like Malaysia. By
analyzing rainfall characteristics, researchers could model
rainfall dynamics, build rainfall’s spatial and temporal profile
as well as predict future rainfall events. All this will
subsequently help in the development and management of
various sectors such as agriculture and economics.

There are various methods used in processing and
extracting useful information from rainfall data. Two common
methods are the moving windows approach and SEA. The
moving windows approach uses accumulated rainfalls within
predetermined time intervals and hence is usually referred to
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as a univariate analysis [1]. Meanwhile, the SEA approach
uses the definition of storms to analyze rainfalls in terms of
storm events. The definition of storms relies on the inter-event
storm definition (IETD) which is the minimum time between
two consecutive events. The IETD is chosen such that the
serial correlation between two events is minimized [2].

Researches regarding the value of IETD are mostly done on
rainfall data from Canada and the United States of America.
These researches indicate that, for small urban catchments like
most rainfall stations in Peninsular Malaysia, the IETD is six
hours [3]-[5]. Meanwhile, based on rainfalls data in Korea and
Australia, the value of IETD is determined to be between one
and twelve hours with the interval of one to six hours is
suggested for most urban catchments [6], [7]. In this study, the
IETD value chosen is six hours due to the insignificance
difference between the mean annual total storms produced
between taking IETD values of six and seven hours.

For hourly rainfalls data, if two consecutive wet hours
(hours with rainfall values more than 0 mm) are separated by a
dry period which is longer than the IETD value, then the two
wet hours are considered to be from two different storm event.
Meanwhile, if the opposite is true, then both wet hours are part
of the same storm event. The accumulated rainfalls within a
storm event is called the storm amount while the length of the
storm event is known as the storm duration [8].

Spatial and temporal analysis of rainfalls characteristics are
frequently done over the years in Peninsular Malaysia.
However, most of the analyses are based on the moving
windows approach. Among studies that have been done on
rainfalls in Peninsular Malaysia are trend analyses of daily
rainfalls during monsoon seasons [9]-[11] and pattern
analyses on the difference between daily rainfall distribution
at different regions [12], [13]. There are also studies that
investigate the various rainfalls characteristics in Peninsular
Malaysia [14]-[16], and their dependence towards space and
time [17].

The study of seasonality is important since climate cycles is
a source of variation in many natural world processes [18] and
it can be linked to other processes in the ecosystem such as
wildfire [19]. Due to the importance of seasonality, it has been
incorporated into various rainfall models [20]-[22]. This study
aims to model the daily probability of storm events in
Peninsular Malaysia. By modelling the probability of daily
storm occurrence, researchers as well as experts in various
fields could investigate the interannual variability, the onset
and end of season, and the factors and the types of storms
affecting the regional hydrologic cycle of different areas of a
country.
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II. STORM EVENTS IN PENINSULAR MALAYSIA

Hourly rainfalls data for rainfall stations which are obtained
from the Department of Irrigation and Drainage Malaysia are
used in this study. The rainfall stations chosen are scattered
across Peninsular Malaysia and are shown in Fig. 1. In the
figure, four regions are roughly determined based on the
location of states and the geographical characteristics of
Peninsular Malaysia given by Tourism Malaysia and previous
studies [23], [24].
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Fig. 1 Rainfall stations in Peninsular Malaysia

On average, Peninsular Malaysia experiences 168 storms
annually at each rainfall station. The western region of
Peninsular Malaysia received the most storms with an average
of 178 storms annually for each station while rainfall stations
at the northern and eastern regions have an average of 164 and
169 storms per year respectively. Meanwhile, the rainfall
stations at the southern region recorded the least number of
storms with an average of 152 storms each year.

Majority of the storms lasted less than 12 hours long. For
example, Fig. 2 shows the histograms for storm duration at
four rainfall stations; one from each region; for the length of
39 years. The shaded blocks show the frequency of storms
with storm duration less than or equal to 12 hours.

The mean storm duration for storms in Peninsular Malaysia
is 6.23 hours per storm and 937 hours a year. Regions at the
east and south of Peninsular Malaysia experiences longer
period of rain compared to other regions since both regions
have longer annual total storm durations. East Peninsular
Malaysia recorded 1054.92 hours of storm duration a year

while west Peninsular Malaysia recorded the shortest time
with 845.92 hours of storm duration annually. Individually,
storms in the east of Peninsular Malaysia also have longest
storm duration with a mean of 6.41 hours per storm event. The
western region of Peninsular Malaysia also has the shortest
mean of storm duration with 4.99 hours per storm event.
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Fig. 2 Histograms of storm durations for four rainfall stations
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TABLEI
GENERAL CHARACTERISTICS OF STORM EVENTS FOR 45 RAINFALL STATIONS

Station Frequency Annual total Mean storm Annual total Mean storm

storm duration,  duration, storm amount, amount,

hour hour mm mm
Kh1 159.94 866.59 6.26 2184.07 14.34
Kh2  173.10 955.59 5.57 2325.86 13.46
Kh3 15046 819.97 5.56 2005.88 13.42
Kh4  153.17 919.84 6.38 1805.54 11.90
PP2 158.75 860.06 5.47 2617.33 16.70
PP3 186.56 897.76 4.82 2742.45 14.80
Pkl 192.52 1012.50 591 2546.17 13.63
Pk2 165.76 848.82 5.73 2183.26 13.39
Pk3 183.73 991.52 6.04 2643.82 14.78
Pk4 142.29 666.94 4.73 1528.88 10.81
Pk5  205.53 927.11 4.67 3150.04 15.42
S1 154.06 734.27 4.89 1738.97 11.35
S2 156.51 729.85 4.79 1864.69 11.95
S3 178.99 931.83 527 2468.10 13.86
S4 207.59 1115.54 5.53 2683.01 13.00
S5 185.36 939.71 537 2544.85 13.89
Wi 194.72 791.35 4.10 2574.23 13.20
W2 191.80 832.98 4.40 2569.31 13.60
W3 207.79 850.68 4.08 2418.92 11.61
w4 195.00 819.85 4.25 2428.23 12.50
W5 198.98 841.59 4.27 2415.17 12.19
N3 163.46 803.32 5.15 2008.27 12.38
N4 139.17 704.01 5.62 1442.90 10.51
N5 141.60 684.63 5.03 1388.99 9.92
N1 69.04 2251.36 36.74 1681.60 26.31
N2 149.44 833.58 6.51 1685.21 11.61
J1 168.23 1009.87 6.74 2409.75 14.66
12 169.35 830.81 5.01 2052.04 12.25
J4 187.59 1056.04 5.64 2800.27 14.94
J5 152.47 756.56 4.98 1791.35 11.74
J6 161.98 1041.61 6.52 2838.89 17.70
M4 150.42 678.57 4.58 1691.12 11.36
Pgl 149.82 706.35 4.73 1846.14 12.38
Pg2 160.43 707.74 433 1841.54 11.20
Pg3 149.29 817.87 5.57 2348.11 15.92
Pg4 157.57 72491 4.96 1769.25 11.37
T1 152.60 1095.06 7.23 2712.64 17.88
T2 147.90 1027.76 7.09 2419.91 16.29
T3 180.87 1384.74 7.89 3365.83 18.74
T5 177.87 1412.15 8.10 3483.23 19.57
T6 176.04 1260.97 7.20 3337.81 18.80
Knl 184.57 939.38 5.16 2381.01 12.91
Kn2  181.93 1030.26 5.93 2585.35 14.51
Kn3  172.34 872.86 5.05 2131.73 12.21
Knd4 17941 1038.16 6.30 2497.50 14.16

Based on the percentages of storm durations for all storms
at the 45 rainfall stations being considered, the storm events in
Peninsular Malaysia can be divided into four categories; short,
intermediate, long and very long storms. Short storms are
storm events with storm duration less than or equal to one
hour. Intermediate storms are storms which lasted for two to
four hours while long storms are those with storm duration
between five and twelve hours. Each category comprises of
about 30% of storms while the other 10% is made of very long

storms which lasted for more than twelve hours each.

Peninsular Malaysia experiences, on average, about
2309.98 mm of storm amount annually with an average of
13.98 mm for each storm event. The average annual total
storm amount for the east of Peninsular Malaysia is larger than
other regions with a yearly amount of about 2639.31 mm.
Meanwhile, the average annual total storm amount for the
north, west and south of Peninsular Malaysia are 2280.19 mm,
225543 mm and 2063.79 mm respectively. Similarly, the
eastern region recorded the highest mean amount of rain for
each storm event with 15.67 mm per storm event. Hence,
rainfall stations in the east, not only receive more rain in a
year but also experience more rain during each storm event.
Although the rainfall stations at the south of Peninsular
Malaysia recorded the smallest value for the average annual
total storm amount but the mean storm amount is the smallest
for storms in the western region with an average of 12.67 mm
for each storm. This means that, in general, storms in the west
brings less amount of rain per storm event but since the
frequency of storm events is higher, hence the value of total
annual storm amount is bigger compared to the rainfall
stations in the south.

The frequency of storms, the mean and annual total of storm
duration as well as the mean and annual total of storm amount
are given in Table 1. Based on Table I, there exist an outlier
station which is station N1 where it is located near the
reserved forest of Johol. This outlier is not detected through
analysis using moving windows approach. The contour plots
for storm frequency, total and mean storm duration as well as
total and mean storm amount are shown in Fig. 3.

[II. DAILY PROBABILITY MODEL OF STORM EVENTS

In this study, a model is built as a basis to investigate the
temporal distribution and to represent the probability of a
certain type of storm to happen each day in a year. The model
is build based on the model used by [21]. The probability of a
storm event occurring for each single day in a year is a binary
data with a seasonal cycle. If we denote the occurrence of a
certain type of storm under consideration on the i day of the
t™ year as z(i), then z(i) follows a Bernoulli distribution with
the occurrence of such storm is equal to 1 (z(i) = 1 if such
storm occurs) and the non-occurrence of that particular storm
is equal to 0 (z(i) = 0 if no such storm occurs).

If z(i) is assumed to be a random variable that is
independent of time and space, then zy(i) can be modelled by
applying logistic regression, from the generalized linear
model, on the first Fourier harmonic series. The Fourier series
is used to represent the seasonality and annual cycle of storm
events being considered. Specifically, the first Fourier
harmonic is chosen to reduce the number of parameters that
needed to be estimated in the model. Hence this model can be
written as:

2(i) ~ Bernoulli(py(i)), (1)

pi(i) = logit™ (B1; + Ba sin(wi) + B cos(wi)) 2
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with logit! (x) = lixp(x) o= 2z rad/day and the angle of 366 while a bimodal cycle uses y = 183. In this model, i = 1 is
50° P () v the first day for year t which is the 1% of January for that year.
= —. The value of y depends on the annual cycle of the i i th i
Irad=— 7y dep Y Meanwhile, by taking account 29" of February during leap
type of storm being considered which is usually a unimodal or  year, i = 366 is the last day representing the 31% of December
a bimodal cycle [21]. For this study, a unimodal cycle uses y =  for year t.
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Fig. 3 Contour plots for (a) frequency of storm events, (b) annual total storm duration (hours), (c) mean storm duration (hours), (d) annual total
storm amount (mm), and (¢) mean storm amount (mm)
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For validation purposes, the coefficient of variation of root
mean squared error (CVyysg) is used. The value of CVyysk is
calculated to measure the difference between observed daily
probabilities of storm event being studied which are obtained
from the data and the predicted probabilities of that particular
type of storm event found from the model. The observed daily
probabilities are the ratios of the number of times such storm
event exist for the i" day against the number of years in the
data set. Thus, the value of CVyysk is calculated as:

1 366, . \2
,[—E-zl p(-p(i)
CVrumse = e - g ) 3)

with p(i) is the probability that the particular type of storm
event occuring on the i™ day of a year based on the model
while p(i) is the probability found from the observed storm
event in the data set. The average of p(i) which is denoted as p
is computed as

P= 7 2% p(i).

The value of CVyygg 1s also used to determine whether the
annual cycle for the storm event being studied is a unimodal or
a bimodal cycle. The annual cycle which gives the smaller
value of CVyysk is deemed to be able to represent the seasonal
cycle of the storm event better.

IV. APPLICATION OF MODEL ON STORM EVENTS IN
PENINSULAR MALAYSIA

The daily probability for four categories of storms; short,
intermediate, long and very long storms; are modelled and the
annual cycle are determined for all 45 rainfall stations in
Peninsular Malaysia. The average values of CVyysg for the
four categories of storms are 0.5621, 0.4704, 0.6061 and
1.7692 respectively. These show that the root mean squared
errors (RMSE) found from the model are small with the errors
for short, intermediate and long storms are smaller than the
mean observed probabilities found from the data. The values
of CVyrysk are larger for very long storms since the data for
this type of storm are small; comprises of about 10% of the
whole data set. Hence, longer data set are needed to model it
more accurately. However, based on the plots of the observed
daily probability from the data and the predicted daily
probability found from the model, it can be seen that the
model is able to capture the cyclic pattern of all four
categories of storms in Peninsular Malaysia. Examples of the
plots for selected rainfall stations are shown in Fig. 4.
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Fig. 4 Plots of daily probability of storm events observed from the
data and predicted from the model
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From the comparison of the unimodal and bimodal cycle at
each rainfall stations, it can be observed that there is a
difference between the annual cycles of storm events at
different regions in Peninsular Malaysia. These cycles also
differ between types of storms at each rainfall station. The
annual cycle for each category of storms at all 45 rainfall
stations are shown in Fig. 5. Fig. 5 shows that short and

intermediate storms at most rainfall stations located at the
north, west and south of Peninsular Malaysia have a bimodal
cycle. This may be due to the two inter-monsoon seasons
which occur around April and October each year. During these
inter-monsoon seasons, Peninsular Malaysia received a lot of
convective storms which are storms with small values of storm
duration like those of short and intermediate storms.

1 1 1 1 I 1 1 1

1
65+ u = unimodal ‘N) B 05- u=unimodal i") B
b - bimodal b - bimodal
& - & -
554 - 554 -
5 - 54 -
45+ L 454 -
44 - 44 -
354 - 354 L
24 = 34 L
254 - 254 L
2- - 2 -
154 = 154 L
1 L ! T T T I
(a) 105 101 1015 12 025 103 1035 104 (b) 1005 101 1015 1@ W25 03 1035 104
854 ) N | 654 N |
u-unimodal 0 F u - unimodal 0
b -bimodal b - bimodal
& - e+ -
554 - 551 L
5 - 5- -
454 - 45 -
4 - 4 -
354 = 354 L
24 o 24 L
254 - 254 L
24 - 2 L
154 - 154 -
T T T T T T ! T T T T T T T T T
(C) 1005 101 1015 102 1025 103 1035 104 (d) 1005 101 1015 12 1025 103 1035 104

Fig. 5 Annual cycles of (a) short, (b) intermediate, (c) long, and (d) very long storms
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Without the influence of convective storms during the inter-
monsoon seasons, storms at the northern part of Peninsular
Malaysia experiences a unimodal cycle such as those seen for
long and very long storms. Very long storms for the south
region also show a unimodal cycle. Storm events at most
rainfall stations in the western region have bimodal cycles for
all types of storm categories. This is because the west of
Peninsular Malaysia is shielded from any influence of the
Northwest and Southeast monsoon season by the Titiwangsa
Range and Sumatera Island respectively.

Mostly storms in the east of Peninsular Malaysia have
unimodal cycles. This is because the eastern region is very
much influenced by the Northwest monsoon season which
occurs from November to March each year. Hence, the
probability of storm occurring during this monsoon season is
higher compared to other times of the year. Consequently, this
results in the unimodal cycle of daily probability of storm
events with the cycle starting near the end of each year and
lasts until the beginning of the following year. This can be
clearly seen from the annual cycles of long and very long
storms. The influence of the two inter-monsoon seasons which
affect other regions could also be seen evident for short and
intermediate storms at the east of Peninsular Malaysia. For
short and intermediate storms, the unimodal cycle for daily
probability of such storm events starts earlier and ends later
compared to long and very long storms.

From the results obtained through applying this model on
all rainfall stations, it can be seen that there exist four distinct
regions of storms in Peninsular Malaysia due to the unique
geographical landscape and monsoon seasons. By performing
cluster analysis based on the annual cycles of all four
categories of storms, the four regions found is shown in Fig. 6.
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Fig. 6 Regions of storms based on the annual cycles of all the four
categories of storm events in Peninsular Malaysia

V.CONCLUSION

Rainfall analysis using SEA provides a method to analyze
rainfall characteristics as storms where storm duration and

storm amount can be taken as random variables. Specifically
modelling the seasonality or daily occurrence of storms helps
in understanding the interannual variability of rainfalls which
affects various other fields such as agriculture and hydrology.
This study models the daily probability of storms for four
different categories of storm events using the generalized
linear model on the first Fourier harmonic series.

The results obtained show that the annual cycle of storm
events in Peninsular Malaysia is very much dependent on the
location of rainfall stations where these locations are affected
by the unique geographical landscape of Peninsular Malaysia
and the monsoon seasons as well as the two inter-monsoon
seasons. Four distinct regions are seen based on the different
types of storms and their annual cycles.
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