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ABSTRACT

Typhoon Morakot struck central and southern Taiwan on August 8, 2009. The high intensity and
accumulation of rainfall induced floods, landslides and debris flows. During Typhoon Morakot, the
flood level was beyond the design limit of many river embankments in southern Taiwan. It is, there-
fore, desirable to estimate the peak flow-discharge for similar extreme rainfall events in future. In this
study, the destructive flood in the Gao-ping river in southern Taiwan, caused by Typhoon Morakot,
was selected as an area for case analysis. First, hydrological and geomorphological data for historical
typhoons together with rainfall data were collected and analyzed. Next, the rational method, combined
with a number of equations, was proposed to estimate peak flow-discharges in the river produced by
extreme rainfall events. The estimated peak flow-discharges of historical events were then compared
with the observation data acquired from stream gauge stations and previous studies. The results showed
that the proposed method is able to estimate the flow-discharge in the Gao-ping river with reasonable
accuracy if the flow rate of interest is greater than 5000 cms or the return period of interest is more than
100 years. It could, therefore, be used to determine the peak flow-discharge for extreme rainfall events.
Keywords:extreme rainfall events, peak flow-discharge, rational method, Typhoon Morakot.

1 INTRODUCTION
The peak flow-discharge is an important variable when designing flood mitigation structures
such as culverts, flumes, bridges, revetments, and dams. The unit hydrograph and rational
methods are common ways to determine the peak discharge in hydrological analysis. Gener-
ally, the unit hydrograph method is used when long-term hydrological data for a river is
available. The rational method, an empirical equation proposed by Kuichling [1], was widely
used to estimate peak flows from urban and small rural un-gauged catchments [2]. The main
advantage of the rational method is that there is ample experience in its application over many
years of its use [3]. It also adopts a simple concept and can be computed without the use of
computers. However, much of the literature indicates that the rational method is appropriate
only for small catchments and the definition of a ‘small catchment’ is not consistent among
practitioners. For example, the catchment area (A) limit is 0.08 km? in New York [4, 5], 25 km?
in rural Australia [6], and 10 km? in Taiwan [7]. The accuracy of the peak discharge deter-
mined by the rational method could be uncertain when A exceeds its limit. Many streams or
rivers in mountainous areas usually lack stream gauge stations or have no flow-rate data record.
Even if stream gauge stations were installed, these stations have a high possibility of being
destroyed by massive floods during extreme events. The flooding induced by the extreme
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Figure 1: Map showing 18 rain gauge stations and 6 stream gauge stations in the study area
of the Gao-ping river catchment.

rainfall during Typhoon Morakot is an example of a huge flood that took place in southern
Taiwan in 2009. During this extreme rainfall event, most stream gauge stations were destroyed
or were unable to operate normally. Due to the fact that the peak flow discharge is an important
hydrologic parameter in hazard prevention and hydraulic engineering design, especially for
extreme rainfall events, the rational method was used to examine its reasonability in the
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analysis of peak flow discharge. The Gao-ping river, located in southern Taiwan, was selected
as the study area. The peak flow discharge in the river produced by historical rainfall events
were estimated by the rational method and they were compared with observation data. The
estimated peak flow-discharge was also compared with previous studies.

2 STUDY AREA

The study area is located in the Kao-ping river basin of southern Taiwan. The river has a
catchment area of 3342 km? and includes four streams: the Rao-non stream, Jou-ko stream,
I-liao stream, and Chi-sun stream. There are 18 rain gauge stations and 6 stream gauge sta-
tions in the basin. The six stream gauge stations are with names: Da-Jing bridge (DJB),
Shin-Fa bridge (SFB), Sun-Di-Men (SDM), Li-Lin bridge (LLB), Sun-Lin bridge (SLB), and
Wan-Da bridge (WDB), as shown in Fig. 1. The hourly rainfall and flow discharge data taken
from the rain and stream gauge stations during the Typhoon events that occurred from 2004
to 2009 were collected and used to analyze the rainfall intensity and peak flow discharge.

3 METHOD
3.1 Equations

3.1.1 Rational method

The rational method has been used for over 150 years and remains the most widely used
method for estimating peak flows from urban and small rural un-gauged catchments[2]. It
relates peak flow discharge, Q(m%/s), to the catchment area, A (ha), rainfall intensity, I
(mm/h), and runoff coefficient, C. The equation has the form:

Q =CIA/360 (1)

This equation is also generally used to determine the peak discharge for water flow in moun-
tainous gullies [7, 8] or the watershed where there is a lack of hydrological observation data.
This is because it is a simple equation and all the parameters involved can be easily obtained.
The method is based on the assumptions that the rainfall intensity and storm duration is uni-
form over the study area, that the storm duration must be equal to the time of concentration
of the catchment, and that the runoff coefficient must be constant during the storm [9].

The runoff coefficient C, is a dimensionless parameter that represents the percentage of
rainfall appearing as runoff. C includes interception, infiltration, evaporation, depression
storage, and groundwater flow in the hydrological cycle and it depends on soil type, land use,
degree of imperviousness, watershed slope, surface roughness, antecedent moisture condi-
tion, and so on. A suggested range of runoff coefficients are available in many papers and
handbooks. The average runoff coefficients for various surface types are commonly used.
The average runoff coefficient C for a catchment was determined in this paper by the follow-
ing equation:

M

c=—
m.

C 2)

in which, the catchment area was divided into m number of units, following the land use and
landform. The runoff coefficient for each unit C was determined by referring to the hand-
books of SWCB [7] for Taiwan.
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3.1.2 Average rainfall intensity

The rainfall intensity is the volume of rain that has fallen per unit of time. The rainfall inten-
sity varies with time during a given storm for different geographical regions and also for
different locations within these regions, resulting in different rainfall distributions [3, 10].
The reciprocal-distance-squared method [11] was used to determine the average rainfall for
a catchment. Since this method is simple and can directly reflect the distance weighting, it has
been widely used in determining un-gauged or regional average rainfalls [12]. The average
rainfall intensity I estimated by the reciprocal-distance-squared method can be expressed as
follows:

N
I= Zwi L 3)
il

k)

1 &1
a2 ;

where N is the number of gauge stations; I is the rainfall intensity at the ith gauge station; w;
is the weighting factor corresponding to the ith gauge station; d, is the distance from the ith
gauge station to the center of the chosen catchment.

in which

3.1.3 I-D curve and Horner formula

The analysis of L in this paper is divided into two parts. Part one focuses on rainfall events
and the value of I, is determined from the relationship between the maximum rainfall inten-
sity and its duration (the I-D curve). Part 2 focuses on the design rainfall and I, is determined
from the Horner formula [13]. The rainfall intensity can be read from the I-D curveand from
the Horner formula at the chosen catchment, for a duration equal to the time of concentration.
To obtain the design rainfall intensity at each rain gauge station, thedesign rainfall formula
for the study area was collected. The rainfall-duration-frequency curve at each rain gauge
station was collected to determine the design rainfall intensity and the rainfall intensity for a
return period. The design rainfall intensity in this paper was expressed by a form of the
Horner formula:

L=a/(D+b)-, (5)

where [, is the rainfall intensity (mm/h) at a gauge station; D is rainfall duration (min); a, b,
and c are empirical coefficients that depend on the rainfall characteristics of the area and vary
with the return period of rainfall. The rainfall intensity at various return periods, such as 2, 5,
10, 25, 50, 100, and 200 years, were determined by the above equation according to the coef-
ficients a, b, and c, developed by WRA[14].

3.1.4 Time of concentration

The time of concentration is defined as the travel time for the runoff to move from the most
hydraulically remote point of the contributing catchment area to the point where peak flow is
estimated. The time of concentration, tc, is equal to the sum of the overflow time, t1 (the
travel time from the most remote point to the channel inlet), and the channel flow time, t2 (the
travel time in channels to the catchment outlet). It can be determined using empirical formulas,
such as Kirpich’s equation, Kerby’s equation, or the kinematic wave equation, and also from
hydrographs [15] and technical handbooks [7]. The empirical equation for tc (in min) used in
Taiwan [7] can be expressed as:
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tc=1/(60v)+5L(L/H)%9/6, (6)
in which, 1 (m) is the overflow length, v is the overflow velocity (generally ranging from 0.3
to 0.6 m/s), L (km) is the stream length, and H (km) is the elevation difference across the
stream length.

3.2 Procedure

3.2.1 Select a catchment area form a point of interest and calculate

the concentration time
First, we have to select a catchment area from a point of interest and calculate the concentra-
tion time. The point is taken from a stream gauge station that has recorded flow-discharge
observation data. For example, the catchment area of the Jou-Ko stream at the DJB station is
374 km?. The catchment area covered 13 rain gauge stations. The concentration time, tc, at
the DJB station is 327 min, using eqn(6).

3.2.2 Determine the rainfallintensity for a rain gauge station

A relationship was developed between the maximum rainfall intensity and duration (the I-D
curve) at each rain gauge station for a rainfall event. For example, the I-D curve for one of the
rain gauge stations, the Mei-Long (ML) station in the Jou-Ko stream catchment, during
Typhoon Conson, is shown in Fig. 2. The maximum rainfall intensity I, is 5.27 mm/h, taken
from the I-D curve at tc = 327 min. Following the same procedure as above, the I, value for

10' -
<}
E i
E |
10° -
[ D(min) =327
-1 SN D | . [ [ NN ST O | | [ VO (O P T |
* 10° 10° 10°
D (min)

Figure 2: Relationship between the maximum rainfall intensity I and the duration D in the
case of the Mei-Long rain gauge station during Typhoon Conson.
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the other 12 rain gauge stations in the catchment of the Jou-Ko stream can be determined. In
order to obtain the design rainfall intensity at each rain gauge station, the Horner formula
eqn(5) for the study area was obtained to determine the rainfall intensity for a return period.

3.2.3 Determine the average rainfallintensity in a catchment

The weighting factor w; for an individual rain gauge station can be obtained using eqn(4)
when the central point of the watershed is determined. In the example of the Jou-Ko stream
catchment during Typhoon Conson, there are 13 gauge stations and the average rainfall inten-
sity I can be evaluated from eqn(3). The resulting I is 4.21 mm/h.

3.2.4 Calculate the peak discharge
Finally, the peak discharge can be obtained using the rational equation (eqnl). The resulting
Qs 299 cms, obtained with I =4.21 mm/h, C=0.68, and A= 37,600 ha for the Jou-Ko stream
watershed during Typhoon Conson.

4 RESULTS
4.1 Comparison with measured data

The measured flow discharges collected from six stream gauge stations [16], Da-Jing bridge
(DJB), Sin-Fa bridge (SFB), Sun-Di-Men (SDM), Sun-Lin bridge (SLB), Li-Lin bridge
(LLB), and Wan-Da bridge (WDB), during 15 typhoon events that occurred from 2004 to
2008 are shown in Fig. 3. These measured flow discharges are then used as a comparison with
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Figure 3:Measured flow discharge Q,, and the estimated flow discharge Q,
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the flow discharge estimated by the method proposed in this study. Figure 3 shows that most
of the estimated discharges, Qp, are greater than the measured discharge, Q,;, that is, Q,;<Qp,
when Q,;< 5000 cms. At higher discharge, Q,,>5000 cms, Q,, is close to Q.

4.2 Comparison with previous studies on discharge design

The design peak discharges at return periods of 2, 10, and 100 years were determined by the
method proposed in this study for the Kao-ping river basin. This result was then compared
with the official result determined using the dimensionless unit hydrograph [14, 17], as
shown in Table 1 and Fig. 4. For some data obtained for discharges smaller than 5000 cms or
with return periods T <100 years, the estimated discharge produced by this study (Qp) is
greater than the official WRA estimated discharge (Qc). For higher design discharges,
exceeding 5000 cms, or return periods T of more than 100 years, Qy is close to Q... Here, we
also find that the catchment areas in Table 1 are much greater than those from previous
researchers [4-7].

4.3 Estimation of peak flow discharge during Typhoon Morakot

Typhoon Morakot brought extreme rainfall and caused many hazards, such as landslides,
debris flows, and floods, in southern and central Taiwan [18]. For such extreme rainfall,
most flow discharge stations could not work and, as a result, there was no recorded data
for the Gao-ping river in southern Taiwan. Due to the fact that the actual flow discharge
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Note: Qu= measured flow discharge in historical typhoon events; Qp.= estimated flow discharge in
this study; Qc= estimated official flow discharge

Figure 4: Flow discharge estimated from the method proposed in this study (Qp) compared
with that measured at flow discharge stations during various typhoon events (Q,,),
and that determined from previous studies (Q..).
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is important in hazard prevention and hydraulic engineering design, especially for
extreme rainfall events, researchers evaluated the peak discharge using a hydrological
model. For example, the peak flow discharge at some flow discharge stations (SDM,
SFB, DJB) in the Gao-ping river were determined using the unit hydrograph method [16,
19]. The estimated peak flow discharge from previous studies [16, 19] are compared with
the peak flow discharge estimated by the method proposed in this study, as shown in Fig.
5. Figure 5 shows that the estimated flow discharge in this study (Qp) agrees with those
estimated in previous studies (Q). The methods used in previous studies differ from the
present study. The design discharges from previous studies were all determined by the
unit hydrograph method, with different periods of rainfall and discharge data. The
method proposed in this study can easily determine the discharge without a long-term
flow rate record. Many streams or rivers in mountainous areas generally have a lack of
stream gauging stations or have no flow-rate data record. This means that the method
proposed in this study maybe used to estimate the design discharge due to extreme rain-
fall for an area with a lack of historical rainfall or discharge data. However, this study
only focuses on the Gao-ping river area and on typhoon events; therefore, future studies
are needed for other areas and rainfall conditions.

5 CONCLUSIONS
The peak discharges for a rainfall event and various return periods were determined using the
rational method combined with some equations that were proposed in this paper. The esti-
mated peak discharge was compared with measured data and those from previous studies.
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Note: Qum. = measured flow discharge in historical typhoon events; Qp.= estimated flow discharge in
Typhoon Morakot in this study; Qc = estimated official flow discharge during Typhoon Morakot

Figure 5:Flow discharge estimated from the method proposed in this study (Q) compared
with those measured at flow discharge stations (Q,,) and from previous studies (Q)
during Typhoon Morakot.
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Results showed that the estimated peak discharge is greater than the measured data and those
of previous studies for low flow-discharges, Q<5000 cms, or for return periods of T<100
years. The estimated peak discharge is in agreement, however, with the measured data and
those of previous studies at high flow discharge, where Q>5000 cms, or with T>100 years.
The peak discharges in the Gao-ping river that were brought on by Typhoon Morakot, the
extreme rainfall event discussed in this study, were determined by the rational method, and
these were found to be close to the results of previous works using the unit hydrograph
method. The rational method could be used to determine the peak discharge brought on by
extreme rainfalls, or rainfall with T>100 years. The main advantage of the rational method is
that it is a simple concept, computed without the use of computers, and it is available for
streams without stream gauge stations. However, this study only focuses on the Gao-ping
river area and on typhoon events; therefore, future studies are needed for other areas and
rainfall conditions.
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