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ABSTRACT

Typhoon Morakot lashed Taiwan and produced copious amounts of precipitation in 2009. From the point view of hy-
drological statistics, the impact of the precipitation from typhoon Morakot using a frequency analysis can be analyzed and
discussed. The frequency curve, which was fitted mathematically to historical observed data, can be used to estimate the prob-
ability of exceedance for runoff events of a certain magnitude. The study integrates frequency analysis and spatial analysis
to assess the effect of Typhoon Morakot event on rainfall frequency in the Gaoping River basin of southern Taiwan. First,
extreme rainfall data are collected at sixteen stations for durations of 1, 3, 6, 12, and 24 hours and then an appropriate prob-
ability distribution was selected to analyze the impact of the extreme hydrological event. Spatial rainfall patterns for a return
period of 200-yr with 24-hr duration with and without Typhoon Morakot are estimated. Results show that the rainfall amount
is significantly different with long duration with and without the event for frequency analysis. Furthermore, spatial analysis
shows that extreme rainfall for a return period of 200-yr is highly dependent on topography and is smaller in the southwest
than that in the east. The results not only demonstrate the distinct effect of Typhoon Morakot on frequency analysis, but also

could provide reference in future planning of hydrological engineering.
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1. INTRODUCTION

Typhoon Morakot struck Taiwan from 7 - 9 August
2009 and caused record?breaking rainfall in southern Tai-
wan. Typhoon Morakot wrought catastrophic damage in
Taiwan, leaving nearly 700 dead and roughly NT$110 bil-
lion in damages. The storm produced copious amounts of
rainfall, peaking at 2777 mm, surpassing the previous re-
cord of 1736 mm set by Typhoon Herb in 1996 (Ge et al.
2010; Hong et al. 2010). The extreme amount of rainfall
triggered enormous mudslides and severe flooding through-
out southern Taiwan. Consequently, Typhoon Morakot led
to the worst flooding in the last 50 years in Taiwan. After
the event, the hydrologists and engineers examined the ef-
fect of precipitation from typhoon Morakot based upon a
frequency analysis of monitoring and assessment.
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The relationship between rainfall depth, intensity and
duration to a return period based on historical observa-
tions is estimated by using precipitation frequency analysis.
Such information is important for the analysis and design
of flood control strategies in an urban environment (Young
and McEnroe 2006). This study was initiated amid concern
that the precipitation frequency estimates currently used
for hydrological engineering design considering Typhoon
Morakot may be outdated. Furthermore, several investiga-
tors have published evidence of upward trends in the fre-
quency of intense rainfall. For example, Huff and Angel
(1992) found that a 5-year, 24-hr rainfall depth increased
10% from the period 1907 - 1947 to the period 1948 - 1987
for western Missouri (Young and McEnroe 2006). Karl
and Knight (1998) demonstrated that annual precipitation
has increased on the order of 10% across the United States,
and they attributed most of this increase to a growth in the
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frequency and intensity of extreme events. In Europe, Fowl-
er and Kilsby (2003) prsented a worldwide increase in both
the frequency and intensity of heavy rainfall. Brunetti et al.
(2000) demonstrated a strong trend in precipitation inten-
sity during the last 60 - 80 years could be associated with
an increase in the flood risk over Northern Italy. Zhai et
al. (2005) analyzed the total precipitation and frequency of
daily precipitation extremes over China, and demonstrated
significant increases in extreme precipitation in the south
China coastal area. However, unique precipitation charac-
teristics of Taiwan is worthy of study because of extreme
precipitation brought about by typhoons. Thus, the change
of rainfall frequency curve will be highlighted after an ex-
treme event, i.e., typhoon Morakot happens.

The purposes of this study are (a) to evaluate the dif-
ferences of extreme precipitation for various return periods
based on observed data with and without Typhoon Morakot,
(b) to investigate the existence of trends in annual maxi-
mum precipitation for various durations in long-term plan-
ning, and (c) to detect spatial patterns in regional maximum
precipitation data sets.

2. METHOD

The study integrates frequency and spatial analyses to
qualify the impact of Typhoon Morakot, and the flowchart
is shown in Fig. 1. First, historical rainfall observations are
collected and then the appropriate probability distribution is
used to analyze the effect of the hydrological extreme event.
In addition, the patterns of extreme regional rainfall in the
Gaoping River basin are estimated by kriging methods.

2.1 Frequency Analysis

Frequency analysis is used to predict design floods or
precipitation for sites across a basin. The technique involves
using observed annual peak discharge or rainfall data to cal-
culate statistical information such as mean values, standard
deviations, skewness, and recurrence intervals. These sta-
tistical data are then used to construct frequency distribu-
tions, which are graphs and tables that tell the likelihood of
various discharges or rainfalls as a function of recurrence
interval or exceedence probability.

The study modeled an annual maximum rainfall series
by a log-Pearson Type 3 (LP3) distribution. The recom-
mended technique is to use the method of moments to fit a
Pearson Type 3 distribution to the base-10 logarithms of the
peaks, Z, at selected exceedance probability by the equa-
tion:

logwZ=Z+KxS (1

where Z and S are mean and standard deviation of the base-

10 logarithms of station data (z). K is a frequency factor that
is a function of the skewness coefficient. Readers are re-
ferred to USGS (1982) for more details about properties of
the frequency factor K and calculation process of frequency
analysis.

Estimators of the mean, standard deviation, and skew
coefficient of the logarithms of the sample data are com-
puted using traditional moment estimators (Adamowski
and Bougadis 2003; Griffis and Stedinger 2007; Norbiato
et al. 2007). The study follows Bulletin 17B guidelines of
the Interagency Advisory Committee on Water Data (USGS
1982). The probability density function of the LP3 distribu-
tion, which is always a positively skewed one, is (USGS
1982; Haktanir et al. 2010):

f(z)z[ln(zb)-c]““, exp{-[In(z)-c]/b}

T (a) )

where I is the gamma function. a, b and ¢ are shape, scale,
and location parameters, respectively. As a and b are posi-
tive real numbers, ¢ can be negative.

To establish a better understanding of the hydrologi-
cal characteristics of Typhoon Morakot, rainfall frequency
curves were derived in the study area.

2.2 Spatial Analysis

After determining the frequency curve at each sta-
tion, spatial patterns could be estimated using a geostatis-
tical approach. The study estimates the spatial patterns of
extreme rainfall using kriging and examines the effect of
Typhoon Morakot in the study area. Kriging is a linear re-

Extreme rainfall data
without considering
Typhoon Morakot

Extreme rainfall data
considering
Typhoon Morakot

Frequency analysis

e Depth-Duration-Frequency curve

Spatial analysis on rainfall pattern
at a 200-year return period

o Spatial rainfall estimation
o Rainfall pattern analysis

Fig. 1. The flowchart of the study.
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gression set of (Best Linear Unbiased Estimator) routines
which minimize estimation variance from a predefined co-
variance model. Kriging is estimated using weighted sums
of adjacent observed rainfalls. The weights depend on the
correlation structure exhibited and are determined by mini-
mizing estimated variance. Kriging provides a parametric
distribution of rainfall in fields estimated at an unsampled
location. The kriging models could be used to estimate the
spatial patterns of rainfall without measuring all data in an
entire area (Prudhomme and Reed 1999; Goovaerts 2000;
Cheng et al. 2003; Lloyd 2005; Griffis and Stedinger 2007;
Haberlandt 2007).

In this study, we applied ordinary kriging to interpola-
tion of design rainfall depths, and therefore the theory of
ordinary kriging is briefly described below. Let Z(x) be a
random variable defined at location x and be a second-or-
der stationary random field in a spatial domain. Under the
second-order stationarity assumption, the spatial variation
structure of Z(x) is independent of spatial locations and is
characterized by a semi-variogram defined as

Y(lx-x) =3 Var[Z) - Z(0)] = T E[Z(0) - Z)] - ©)

We now attempt to estimate an unknown value of Z at x,,
i.e.,z(xy), using observed values z(x;),i =1, 2,..., m, at neigh-
boring locations and the following linear equation.

m

2(x0) = D iz (x) “)

i=1

where A, represents weights assigned to measurements z(x;).
The ordinary kriging estimator is a best linear unbiased esti-
mator (BLUE) that satisfies the following conditions:

E[Z(x))] = E[Z(x)] Q)

min  Var[Z(x)] - [Z(x)] (6)

The unbiasedness condition of Eq. (4) is satisfied with unit-
sum weights:

illi: 1 (7)

Minimization of the variance of estimation error, under
m
the constraint on »_ A, =1, is achieved by introducing a

Lagrange multiplieir= 1(,u) and following the equation.

Var(Z(x) - (Z(x0) - 243 A1) ®)

with respect to A; and u. The kriging in this study is per-
formed by GSLIB (Deutsch and Journel 1992).

3.STUDY AREA

The Gaoping River is the largest river in Taiwan in
terms of its drainage area (3257 km?) with an estimated
mean annual runoff of 8.45 x 10° m?. Figure 2 shows the
location and topography of the Gaoping River basin. The
headwater of the river originates in the southern part of the
Central Mountain Range near Mt. Jade whose elevation is
3997 m above the sea level. Based on the elevation, 47.45%
of the drainage basin is above 1000 m; 32.38% is between
100 and 1000 m, and 20.17% is below 100 m. Due to the
northeast-southwest mountain ranges, the terrain slope lift-
ing of the warm and moist air associated with typhoons or
a converge of southwestern monsoon and typhoons, such as
Morakot, often caused continuous torrential rainfall on the
windward side leading to serious flooding (Lee et al. 2006).
Therefore, the annual discharge of the Gaoping River is
concentrated in the summer season and early fall (June to
October), culminating in August (Liu et al. 2009).

Taiwan

A Xingmaga
Pingtung
7z A Rain gauge
: I TN Vieters
0 11,250 22,500 45,000

Fig. 2. The location and topography of the Gaoping River basin in
southwestern Taiwan.
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In this study, 16 rain gauges in the Gaoping River basin
are selected. The locations of the rain gauges are shown in
Fig. 2. Table 1 lists the profile of the selected rain gauges.
The elevations of rain gauges in Table 1 show the enormous
variation from 25 m (Pingtung) to 2540 m (Xingaokou) of
the topography of the Gaoping River basin. Additionally,
the available observations of all rain gauges are over 25
years which satisfies the essential requirement of precipita-
tion frequency analysis. The precipitation frequency analy-
sis was performed based on the annual maximum rainfall
series with 1, 3, 6, 12 and 24 hr durations induced by ty-
phoon’s circulation.

4. RESULTS AND DISCUSSION
4.1 Data Analysis

The rainfall data used in this study represent the maxi-
mum 24-hr rainfall per year which is carried out through
moving window method. Figure 3 shows the maximum
rainfall estimation for a 24-hr duration during Typhoon
Morakot in 2009. The rainfall patterns reveal that hotspot
is near south-east part; and the area with high amounts of
rainfall is close to the mountain area in the east. Thus, obser-
vation Xingmaga was selected as the primary analysis fre-
quency. According to the top six annual maximum rainfalls
in Xingmaga for different durations as shown in Table 2, the

cumulative rainfalls of Typhoon Morakot are ranked 6th and
3rd in the durations of 1 and 3 hours, respectively. However,

« Observation

510 - 630
630 - 740
740 - 860
860 - 980

B 1210 - 1320
B 1320 - 1440
B 1440 - 1560

(mm)

Fig. 3. Rainfall depth with a 24-hr duration during Typhoon Morakot.

Table 1. The profile of rain gauges in the Gaoping River basin.

Rain gauge Location (TM97) Elevation Service life (year)

ID Name X Y (m) Range Total period
00P470 Qisan 195989 2531247 64 1961 - 2009 49
00Q070 Pingtung 194329 2506375 25 1956 - 2009 54
01M310 Xingaokou 233701 2596708 2540 1984 - 1990, 1992 - 2009 25
01P260 Duona 220083 2534593 458 1967 - 2009 43
01P660 Jiaxian 206926 2553841 355 1957 - 2009 53
01P770 Meinung 201997 2532716 61 1958 - 2009 52
01Q160 Xingfong 213346 2531343 166 1957 - 2009 53
01Q610 GuXia 212659 2518653 144 1980 - 2009 30
01Q910 Ali 224338 2514330 1320 1967 - 2009 43
01Q920 Xingmaga 216985 2508583 750 1975 - 2009 35
01V010 Gaozhong 220387 2558743 520 1982 - 2009 27
01V040 Liugui 211606 2544300 259 1982 - 2009 28
01V050 Tengzhi 224105 2551973 1640 1980 - 2009 30
01V060 Meisan 231253 2573907 850 1980 - 2009 30
01V070 Tianchi 240671 2575231 2230 1978 - 2009 32
01V080 Minchu 217959 2568582 530 1978 - 2010 32
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Table 2. The top six annual maximum rainfalls for 1, 3, 6, 12 and 24-hr durations in Xingmaga.

No. Year 1-hr rainfall Year 3-hr rainfall Year 6-hr rainfall Year 12-hr rainfall Year 24-hr rainfall
(mm) (mm) (mm) (mm) (mm)
1 1996 136.0 1996 384.0 2009 585.0 2009 1071.0 2009 1897.0
2 2007 134.0 2007 358.0 2007 578.0 2007 895.0 2005 1424.0
3 1994 133.0 2009 297.0 1996 571.0 2005 831.0 1989 1166.5
4 1989 126.5 1994 295.5 2005 470.0 1989 819.5 2007 1121.0
5 2006 120.0 1977 285.0 1989 4335 1996 778.0 1996 979.0
6 2009 118.0 2006 263.0 1977 4220 1992 606.5 1982 959.0

the cumulative rainfalls noted at 6, 12 and 24 hours in dura-
tion are the highest for the past 35 years. In addition, Fig. 4
shows the accumulated annual maximum rainfall for a 24-hr
duration from observations at Xingmaga from 1975 to 2009.
Result shows that the slope of the blue line is 540.6 mm
24-hr! before 2004 but that of the red line is 1184.2 mm
24-hr! after 2004. The slope rises rapidly after 2004 and
it indicates that the change point occurs in 2004. Recently,
the annual maximum rainfall for long durations may change
due to climate change. Several studies (e.g., Guttman et al.
1992; Karl and Knight 1998) have found increases in precip-
itation amounts across the USA and Canada in recent years,
which can be attributed to climate change (Adamowski and
Bougadis 2003). Global mean surface temperature rose by
about 0.6°C during the last century (IPCC 2001). An in-
crease in global temperature leads to the intensification of
a hydrologic cycle, which, in turn, affects characteristics of
extreme climatic events. However, climate change has vari-
ous effects on geographically diverse regions (Mishra and
Singh 2010).

4.2 Frequency Analysis of Extreme Precipitation

The rainfall frequency of various intensities and du-
rations is used extensively in the design and management
of water resources projects considering extreme rainfall

25000

events. The most common frequency analysis consists of
developing a relationship between rainfall intensity, depth,
duration and frequency (or return period) (Adamowski and
Bougadis 2003).

Figure 5 provides a graph with the Bulletin 17B guide-
line and systematic frequency curves, the systematic peaks,
and confidence limits for a duration of 24-hr considering
with and without Typhoon Morakot at observations from
Xingmaga. Results show that the rainfall at Xingmaga with
regard to Typhoon Morakot with return periods of 200, 100,
20, 10, 5 and 2 years are 2309.7, 2029.7, 1498.6, 1164.2,
914.6, and 569.7 mm. Absent Typhoon Morakot data, the
rainfall with return periods of 200, 100, 20, 10, 5 and 2
years are 1917.5,1717.1, 1318.7, 1053.0, 845.8, and 543.8
mm. Their changing ratios with various return periods are
20%, 18%, 14%, 11%, 8%, and 5%, respectively. Results
show that the rainfall intensity increases with the return
period from 2 to 200 years. The rainfall intensity is sig-
nificantly higher considering Typhoon Morakot than that
without Typhoon Morakot. When Typhoon Morakot lashed
Taiwan, Xingmaga measured a 24-hr maximum cumulative
rainfall of up to 1897 mm and the second one is 1424 mm
observed in 2005, since 1975. To compare the 24-hr maxi-
mum cumulative rainfall with the results of precipitation
frequency analysis of Xingmaga, the observation is close to
a 200-yr return period rainfall, 1917.5mm, based on 1975 -

20000

15000

10000

5000

y = 540.59x - 1E+06

y = 1184.2x - 2E+06,

Accumulated annual rainfall (mm)

0 Il Il
1970 1975 1980 1985 1990 1995 2000 2005 2010 2015

Year

Fig. 4. Accumulated annual extreme rainfall for a 24-hr duration from Observation at Xingmaga.
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2008 records (34 years). Moreover, the significant increase
of a 200-yr return period 24-hr rainfall associated with Ty-
phoon Morakot demonstrates the dominance of an extreme
rainfall event with regard to a precipitation frequency anal-
ysis of the rain gauges with short service life.

Figures 6a and b display the depth-duration-frequency
curves with and without Typhoon Morakot at the observa-
tion point of Xingmaga. Figure 6¢ is the difference ratio be-
tween the data with and without Typhoon Morakot. For the
duration between 6, 12 and 24 hours, the changing ratios are
8%, 12% and 20%, respectively, in a 200-yr return period,
and are 7%, 11% and 18%, respectively, in a 100-yr return
period. However, both changing ratios for 1 and 3 hr dura-
tions are less than 4%. The precipitation frequency analysis
associated with Typhoon Morakot shows that the changing

—+—T=5yr
—*—T=40yr

—=—T=10yr
——T=50yr

ratios are significant for the duration over 6 hours while
they are slight for the durations of 1 and 3 hours.

4.3 Spatial Analysis of Extreme Precipitation with and
Without Typhoon Morakot

Table 3 shows the effect of Typhoon Morakot on an-
nual maximum precipitation for a 24-hr duration with a re-
turn period of 200 years in sixteen observations in south
Taiwan. The annual extreme precipitation has increased at
most to about 29% across the study area considering Ty-
phoon Morakot, and they attributed most of those increases
to a growth in the frequency and intensity of extreme events.
Figure 7 shows the spatial maps based on a 24-hr extreme
event with a return period of 200 years with and without

T=20yr T=25yr
——T=100yr —— T=200yr
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Fig. 6. Depth, duration, and frequency curves from observations at Xingmaga (a) with Typhoon Morakot; (b) without Typhoon Morakot; (c) the

ratio difference between (a) and (b).
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Table 3. Annual maximum 24-hr rainfall at a return period of 200 years.

Maximum rainfall (mm)
Observation Difference (mm) | Difference Ratio
With Morakot ~ Without Morakot

Xingmaga 2295 1920 375 20%

Ali 1703 1590 113 7%
Xingaokou 1505 1358 147 11%
Liugui 1491 1227 264 22%
Tengzhi 1479 1192 287 24%
Minchu 1408 1091 317 29%
Duona 1333 1132 201 18%
Meisan 1285 1022 263 26%
Gaozhong 1253 1180 73 6%
Tianchi 1145 953 192 20%
Jiaxian 1098 937 161 17%
Xingfong 999 875 124 14%
GuXia 834 813 21 3%
Pingtung 780 715 65 9%
Qisan 710 679 31 5%
Meinung 680 680 0 0%

(b)

o Observation

1 360-610
| 610-850
] 850-1100
[] 1100 - 1340
I 1340 - 1580
I 1580 - 1830
I 1830 - 2070
Il 2070 - 2320
Il 2320 - 2560

(mm)

Fig. 7. Spatial maps of annual maximum rainfalls (a) with Typhoon Morakot; (b) without Typhoon Morakot.

Typhoon Morakot. Results indicate significant increases in
the expected rainfall amount in the study area when consid-
ering the extreme event of Typhoon Morakot. The rainfall
depth considering Typhoon Morakot is on average 164 mm
higher than that without Typhoon Morakot. Figure 8 demon-
strates the differences of spatial extreme rainfall maps ana-

lyzed with and without Typhoon Morakot. The figure shows
that the extreme rainfall difference is smaller in the south-
west than that in the north-east. There is spatial variability
in the mean annual rainfall, including a general increase in
precipitation with elevation (Figs. 7 and 8). Furthermore,
the increase of precipitation with elevation in the mountain
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® QObservation

m <0
| 0-80
] 80-130
I 130 - 190
B 190 - 240
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(mm)

Fig. 8. Differences of annual maximum rainfall with and without Ty-
phoon Morakot.

areas demonstrates the influence of landscape elevation on
the variability and heterogeneity of precipitation. Over most
of the southwest plain of the study area, the elevation ranges
from O to 470 m, and 24-hr extreme rainfall with a return
period of 200 years varies under 1000 mm. Consequently,
the estimated extreme rainfalls are 1000 to 2300 mm sur-
rounded by mountain ranges at high elevations over the
northeast and along the eastern border, where the elevations
range mostly near to 4000 m.

5. CONCLUSION

Precipitation characteristics of Typhoon Morakot plays
a crucial role in hydrological planning in southern Taiwan.
In this study, a case study of the Gaoping River basin was
presented. Based on the annual maximum data for the du-
rations of 1, 3, 6, 12 and 24 hours, a generalized extreme
value distribution was fitted to the extremes, and the spatial
precipitation estimations were compared with and without
Typhoon Morakot.

In short, the differences between the estimated precipi-
tation based on the data with and without Typhoon Morakot
are higher at long return periods with long durations (i.e., 12
and 24 hours) than that at short durations. Based upon fre-
quency analysis results, the increase in precipitation depth
causes a significant positive trend in considering precipita-
tion contributed by Typhoon Morakot. Precipitation depth
increases (e.g., 164 mm averagely in whole study area) for a

200-year event with 24-hr duration, especially in the moun-
tain area.
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