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Abstract:

 To understand the characteristics of severe floods under global climate change, we created a design hyetograph for a 100-year return period. This incorporates a modified ranking method using the top 10 extreme rainfall events for present, near-future, and far-future periods. The rainfall data sets were projected with a general circulation model with high spatial and temporal resolution and used with a flood model to simulate the higher discharge peaks for the top 10 events of each term in a local watershed. The conventional-like ranking method, in which only a dimensionless shape is considered for the creation of a design hyetograph for a temporal distribution of rainfall, likely results in overestimates of discharge peaks because, even with a lower peak of rainfall intensity and a smaller amount of cumulative rainfall, the distribution shape is the only the factor for the design hyetograph. However, the modified ranking method, which considers amounts of cumulative rainfalls, provides a discharge peak from the design hyetograph less affected by a smaller cumulative rainfall depth for extreme rainfall. Furthermore, the effects of global climate change indicate that future discharge peaks will increase by up to three times of those of Present-term peaks, which may result in difficult flood control for the downstream river reaches.
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1. Introduction

Climate change is likely to have caused numerous occurrences of extreme weather (e.g., severe tropical cyclones and monsoon rainfalls in East Asia) over the last decade and may continue to induce frequent occurrences of extreme weather until the end of the 21st century [1,2]. Owing to extreme weather, severe floods and debris flows have occurred often in Taiwan during the last decade [3]. Floods normally cause serious damage in downstream river regions [4], and therefore it is necessary to gain better information regarding the potential highest peak of discharge, in order both to build and maintain appropriate riverbank defenses and to operate reservoir flood controls. To simulate the highest discharge peak that may occur under global climate change in Taiwan, we focused on two improvements: a detailed data set with higher temporal and spatial resolutions and a better method of representing the artificial temporal distribution of rainfall (a design hyetograph).

When creating the design hyetograph for a return period of a specified number of years, the method used is crucial for high-flow flood simulation. The design hyetograph can be a representative rainfall event that has the fundamental characteristics of an actual storm-induced rainfall event. Normally, in Taiwan a 24-h temporal distribution has been employed with a conventional ranking method [5] with a dimensionless approach [6], which considers the shape of the rainfall distribution. Although there are up-to-date methods, such as the double-triangular method [7] and the stochastic approach [8], which were implemented in a watershed in Taiwan, the ranking method was used in this study because it is a simple and conventional method. The ranking method could be further improved by considering the amount of cumulative rainfall depth as well as the shape of the temporal distribution for an extreme rainfall event. In addition, extending the period of the design hyetograph was considered based on data from recent typhoons [9], which brought large amounts of rainfall beyond the 24-h period.

To achieve a feasible flood simulation, it is important to use a dataset with high resolution, both temporally and spatially, such as that projected by the atmospheric general circulation model (AGCM), which is capable of resolving detailed geographical features. The high-resolution climate change data projected by the AGCM (i.e., 1-h and 20-km intervals) for the entire globe [10,11,12] covers the East Asia region and is available for the entire island of Taiwan. Although a previous study produced a climate projection for Taiwan downscaled from the output of the AGCMs with relatively coarse resolution [13], high resolution data for future climate change has seldom applied to flood simulation models in Taiwan. In this study, we present a design hyetograph based on the high resolution AGCM data. Our results can provide a good reference for other subtropical and template regions where severe rainstorms may occur.

Our target is to estimate the highest potential peak of river discharge, in a local watershed of Taiwan, as a response to climate change data from a high-resolution AGCM, based on a design hyetograph created by the modified ranking method, which considers the cumulative-rainfall depths over 24-h or 72-h periods.



2. Study Site

The Tsengwen Reservoir watershed is located in southern Taiwan (23°20' N, 120°40' E) and covers parts of Chiayi County, Tainan County, and Kaohsiung County, which is the upper region of the Tsengwen River watershed. The Tsengwen Reservoir watershed is approximately 481 km2. It is surrounded partly by plateau, but primarily by high mountains ranging in height from 233 to 2609 m with a mean slope of approximately 0.54 [14] (Figure 1). There are two rainfall gauge stations within the watershed at locations (120.642° E, 23.423° N) and (120.603° E, 23.336° N) (Figure 1). The watershed impounds a part of the Tsengwen River (138,500-m long) and incorporates the Tsengwen Reservoir, which is the largest in Taiwan and is the major source of water supply for the downstream irrigation system in Chiayi County and Tainan County. The Tsengwen Reservoir has a large net capacity of water storage (approximately 0.5 billion m3), three flood control spillways (9470 m3 s−1 maximum capacity) and two outlet channels (150 m3 s−1). Mean annual inflow to the reservoir is approximately 1.1 billion m3 [15]. The mean annual air temperature and precipitation are approximately 19 °C and 2700 mm, respectively [14].

Figure 1. Map of the Tsengwen Reservoir watershed.
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3. Method


3.1. High Resolution Extreme Weather Data

In this study, the potential effects of long-term climate change on extreme rainfalls for three terms: Present (1979–2003), Near-future (2015–2039), and Future (2075–2099), were investigated to reveal the flood characteristics of the peak discharge and cumulative-rainfall depth. Global meteorological data for the three terms were projected by the AGCM of the Japan Meteorological Agency/Meteorological Research Institute (hereafter, MRI-AGCM). In this study, we used the MRI-AGCM3.2S model projected from the MRI-AGCM. The spatial and temporal resolutions of MRI-AGCM3.2S are 20 km horizontally with a 1-h time interval, which is sufficient for investigating the effects of global climate change on tropical cyclones and extreme indices [10,11,12,16]. As lower boundary conditions for the Present, Near-future, and Future terms, the MRI-AGCM incorporates the observed Sea Surface Temperature (SST) and ensemble SST projected from Phase 3 of the Coupled Model Inter-comparison Project dataset for the A1B scenario of the IPCC, which assumes a global economic and population growth peak in the mid-21st century and then decline [16]. Evaluation of the MRI-AGCM3.2 for the Present term as compared to the observed data has been discussed by Mizuta et al. [16]. Endo et al. [17] also evaluated the outcomes from the MRI-AGCM against many coupled climate models. The forcing for the future projection in the MRI-AGCM is the same as in Kitoh et al. [18]. Here, the data from the MRI-AGCM3.2S with 20-km mesh are called the MRI data.

To downscale the global climate projection to a regional scale, we ran the Weather Research and Forecasting (WRF) model version 3.1.1, driven by the MRI data as the initial and boundary conditions, to simulate a regional climate and to obtain rainfall data with higher spatial and temporal resolutions. No nested-grid treatment and 5-km horizontal resolution cells and 36 vertical layers were implemented in the WRF model in this study. The WRF model employed several appropriate modules and schemes, such as the Community Atmosphere Model, Kain-Fritsch cumulus parameterization, Monin-Obukhov surface layer scheme, Single-Moment 5-class Microphysics scheme, YonSei University boundary scheme, and the Noah land surface module (see [19]). In addition, the spectral nudging method was implemented to enforce the MRI-AGCM variables (i.e., wind velocity, temperature, and geopotential height) above the planetary boundary layer to those of the WRF model by minimizing the climate drift issue.

The rainfall data computed by the WRF model are supposed to capture topographical effects more accurately. The projected rainfall data with hourly intervals were bias-corrected by the statistical method that determines the tuning relations between the projected and observed data through the empirical cumulative distribution function (ECDF). The ECDF of the projected data is close to that of the observed data in descending order [20]. The observed rainfall data were measured at the two rain-gauge stations (Figure 1). For our analysis, the period of the observed data covered approximately 80 typhoon periods from 1979 to 2003 [21]. Here, the dynamical downscaled and biased-corrected data from the MRI data are called the MRI-WRF data.



3.2. Artificial Rainfall and Discharge Simulation

The temporal distribution of extreme rainfall, based on a design hyetograph, was used to estimate the potential higher peak of discharge for a certain return period (100 years in our study) during past or future extreme weather. For the creation of an extreme rainfall distribution, first an extreme rainfall amount for the 100-year return period was computed by frequency analysis of past or future extreme rainfalls during the Present, Near-future, and Future terms (25 years), projected by MRI-WRF data. Then, the temporal distribution of a dimensionless design hyetograph was generated during the three terms. Note that the period of the design hyetograph was set to 24 and 72 h because most past extreme rainfall events (approximately 51%) persisted beyond 24 h [22]. In particular, Typhoon Morakot (August 2009), which caused severe damages, brought approximately 3 days of continuous heavy rainfall to southern Taiwan. The extreme rainfall distribution was created by multiplying the 100-year-return-period extreme rainfall amount with the dimensionless design hyetograph. Finally, using the extreme rainfall distribution as input data, a flood model simulated the largest potential discharge peak. Those procedures are shown in Figure 2.

Figure 2. Process of rainfall creation and discharge simulation. Note that Integrated Flood Analysis System (IFAS) is a flood model.
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3.2.1. Frequency Analysis

The Log-Pearson Type III (LP3) distribution, proposed by statistician Pearson for a random-variable model [23] and used extensively in hydrologic applications in the United Sates [24] and other countries (e.g., Lu et al. [5]), is implemented for the frequency analysis as a probability distribution for fitting the hydrologic data, such as rainfall and discharge data. To estimate the rainfall amount for a target return period with a logarithmic dataset (Xi; = 1, 2, …, ), the LP3 distribution requires three parameters: sample mean (X), standard deviation (S) and Skewness coefficient (Cs). These parameters are computed respectively, as:
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According to Chow et al. [25], the logarithm magnitude of a hydrologic event corresponding to each exceedance value is computed by:
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where log PT is the logarithm of the hydrologic data corresponding to the value of exceedance events and KT is the frequency factor. The factor KT employs the approximated equation by Kite [26], given by:
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where k = CS/6, CS is the coefficient of skewness of the log-transformed data and z is the standard normal variable, corresponding to an exceedance probability of 1/T with T = return period, as defined in:
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with W = [ln(T2)]1/2. Note that PT is rainfall in our study and that the dimensionless equations are applied here.


3.2.2. Verification for 100-Year Return Period Data

The 100-year return period was established for the frequency analysis using the rainfall data for 25 years, projected by the MRI-AGCM. A 100-year return period was chosen to satisfy the requirements of flood prevention construction in Taiwan. Although using the 25-year data is possibly insufficient for the frequency analysis of the 100-year return period, we followed the advice from the Taiwan Handbook for Hydrological Design [27], which recommends that the data period should be equal to or more than 25 years for the 100-year return period. Nevertheless, considering the challenges in this type of research, this study could be viewed as a preliminary reference for future climate change. For data verification using frequency analysis, we employed the statistical method of bootstrap resampling [28] to measure uncertainty of the sample estimates in the frequency analysis. The method resamples 99 samples and one original value, corresponding to 100 samples, for the MRI-WRF data of the Present, Near-future, and Future terms. The 24-h and 72-h mean, standard deviation, and 5th and 95th quantiles computed in the method are shown in Table 1. These data are averaged over the Tsengwen Reservoir watershed. The MRI-WRF data for the Present term, adjusted by means of bias correction, involves the properties of the observed data. The indicators (the correlation coefficient and the standard least squares criterion [29]) that evaluate the 24-h goodness-of-fit between the Present MRI-WRF data and the data computed by frequency analysis are approximately 0.98 and 0.04, respectively. These values suggest both data are similar. The 72-h indicators for the goodness-of-fit are very similar to those for 24 h.


Table 1. Uncertainty of a 100-year return period depth. Unit is [mm].



	
Statistical variable

	
Present

	
Near-future

	
Future




	
24 h

	
72 h

	
24 h

	
72 h

	
24 h

	
72 h






	
Standard deviation

	
125.96

	
252.18

	
192.25

	
242.12

	
327.21

	
667.04




	
Mean depth

	
673.04

	
1312.31

	
1125.34

	
1653.58

	
1884.28

	
3511.55




	
5th quantile

	
459.15

	
915.17

	
799.06

	
1272.06

	
1342.95

	
2493.82




	
95th quantile

	
864.43

	
1751.74

	
1434.50

	
2053.11

	
2455.13

	
4669.44













3.2.3. Dimensionless Design Hyetograph

A ranking method, based on the mean dimensionless ratio calculated with the hourly rainfall intensities arranged in descending order and the percentages of the total rainfall quantity during 24 h including the peak of rainfall [6], is commonly used in Taiwan to create design hyetographs [5]. Hereafter, this method is called the conventional ranking method. The conventional ranking method takes a percentage of the total quantity for each past extreme rainfall event, arranges the hourly data in descending order as percentages of each rainfall, and then averages over the percentages of these rainfall events at each same ranking position. Finally, the method arranges the mean percentages as a single distribution from the center position (Figure 3a–e). However, being interested in estimates of the largest discharge that may cause severe flood-induced damage during extreme weather, we focused on the generation of a design hyetograph with high intensity, which can represent extreme rainfall events obtained from the MRI-WRF data. Unlike the conventional ranking method, the procedure to calculate the mean among the extreme rainfall events is not performed to avoid losing rainfall characteristics (e.g., temporal distribution shape and period) of individual events, which could potentially create a design hyetograph that may induce the largest discharge peak. This method is called the conventional-like ranking method in this study (Figure 3a–c,d’). In addition, to reduce the effects from a weaker rainfall with a lower rainfall intensity peak or smaller cumulative-rainfall depth among the extreme rainfall events, the ranking method was further modified extensively through consideration of a ranking weighted with cumulative-rainfall depth in descending order (hereinafter, modified ranking method). In contrast to the conventional ranking method, the modified method involves no averaging over the extreme rainfalls; instead, it uses the individual higher-intensity distribution. The modified ranking method was determined from the cumulative-rainfall depths of the projected rainfalls which are the 1st to 10th most extreme events (the top 10 events) by dividing the top 10 cumulative-rainfall depths by the largest cumulative-rainfall depth among the top 10 events (Figure 3f’). Note that the top 10 events were selected by the amount of cumulative rainfall for the entire period of each event in descending order. The modified ranking method coefficient for the top event is defined as 1. The peak of the design hyetograph was placed at the center of the rainfall period, because statistical analysis of the past typhoons (1971 to 1991) revealed that most peaks of typhoon-induced rainfall occur near the center (approximately 43%) in the southern region of Taiwan [22]. The method for generating the temporal distribution of the design hyetograph is to gain the projected rainfall data with hourly time steps for the top 10 events (Figure 3a), take the percentage of the total rainfall quantity for each event, in this study, expressing the hourly-step intensities by a dimensionless ratio (0 to 1) (Figure 3b), arrange the dimensionless hourly ratios in descending order and then pick up the ratios from the largest ratio till the end of the period(e.g., 24 h) for the design hyetograph (Figure 3c), place the peak value among the ratios at the center position of the distribution (peak at the center), locate the 2nd maximum value at the right side of the center, locate the next maximum ratio at the opposite side of the edge (i.e., the previous maximum position), repeat until the rest of the ratios are empty (Figure 3d’) and finally, multiply the ratios with the coefficient of the modified ranking method for each extreme rainfall (Figure 3e’). Note that the initial process (Figure 3a–c) is the same in both ranking methods and the procedures shown in Figure 3a–c,d’–f’ were applied to the creation of the 24-h and 72-h design hyetograph. To compare with the modified ranking method, we used the conventional-like ranking method, which is different from the conventional ranking method because of its no-mean approach among the rainfall events (Figure 3d’) or is equivalent to the modified ranking method when all the modified ranking method coefficients are one (Figure 3e’).

Figure 3. Procedure for creating the design hyetograph. Note that the ranking coefficient is the coefficient for the modified ranking method.
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3.2.4. Flood Model

To simulate the larger peak of river discharge caused by extreme rainfall, we used an integrated hydrological simulation system: the Integrated Flood Analysis System (IFAS), which was developed by the International Centre for Water Hazard and Risk Management [30,31]. The IFAS has been applied practically to past flood events in Asian countries, including Japan [31] and Pakistan [32]. A conceptual distributed rainfall-runoff analysis engine, the Public Works Research Institute (PWRI) distributed hydrological model [33], is employed in the IFAS. The PWRI distributed hydrological model divides a target watershed into small cells and computes the flow in each cell through three tanks (surface, groundwater, and river channel tanks) shown in Figure 4. The surface and groundwater tanks were combined as the upper and lower layers in the vertical, respectively, and water evapotranspiration was not applied over the watershed in the present study because the effect of soil moisture on peak discharge is limited. In Taiwan, substantial rainfall is the major factor that affects peak discharge, owing to the short response of discharge to rainfall with the steep terrain [14]. The surface tank simulates the surface flow on the ground, subsurface flow in the upper-layer in the ground, and the percolation to the groundwater tank. The groundwater tank simulates the unconfined groundwater flow from the upper level of the tank and the confined groundwater flow from the lower level of the tank. In the river channel tank, river flow is simulated. A detailed description of the model can be found in Sugiura et al. [31] and Aziz and Tanaka [32]. The IFAS has a convenient graphic user interface for the rainfall input of ground-based or satellite-based data and has an input function for GIS-based hydrological features, such as soil and geological types, land-use, climatological zone, and altitude. The numerous coefficients in the distributed hydrological model are set up efficiently through the graphical user interface. The visualization process is also convenient for the user to create the figures and animations related to the hydrological features, possible coupling with a virtual globe map and GIS software (e.g., Google Earth).

Figure 4. Schematic diagramof the tank models in the Public Works Research Institute (PWRI)-distributed hydrological model. Note that the flows Qsf, Qri, Qg1 and Qg2 eventually become Qrin.
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In this study, the IFAS required elevation, land-use, and soil-geology input data. The elevation data were presented by the digital elevation model from altitude information obtained by the shuttle radar topography mission with a 3 arc-second resolution, which is about 90 m (downloaded from HydroSHEDS) [34]. The land-use data with 30 arc-second (≈1 km) resolution were downloaded from Global Map data managed by the International Steering Committee for Global Mapping [35]. The data for the geology and soil type were obtained from the global distribution data for soil water holding capacity with 1° resolution at 0 to 0.3 m from the ground in the United Nations Environment Programme (UNEP) [36]. The projected data (MRI-WRF data) in the Present, Near-future and Future terms at the center of each grid of the WRF model were used for the rainfall input data as ground-based data. The rainfall input data were distributed into several sections of the watershed area using the Thiessen polygon method. This method is a weighted interpolation method that assigns the value of each rainfall input data to the polygon-shaped section, surrounding the point of the input data. The sections are determined by layout of the network stations that record the input data and the construction of perpendicular bisectors to each line between adjacent stations [37]. For the IFAS computational conditions in the Tsengwen Reservoir watershed, the number of cells was 91 × 96 in the horizontal over the entire watershed, i.e., a uniform cell size of 400 m × 400 m. For the determination of all the parameters in the Public Work Research Institute-distributed hydrological model, the default values were employed after manual tuning with a range accepted-value for each parameter. Note that the validation of the PWRI distributed hydrological model in the IFAS for this study site was performed earlier using, appropriate internal parameters associated with geographical and climatological characteristics [38]. It showed 74% reproducibility of the simulated flood discharge and 0.87 for the Nash-Sutcliffe coefficient [39] compared with the observed discharge at the dam inlet for the past typhoon-induced flood event.




3.3. Sharpness Evaluation for a Temporal Distribution

In our study, it is necessary to evaluate the shape of a temporal distribution of rainfall obtained from MRI-WRF data in order to understand how the distribution shape affects the peak of discharge. Generally, Kurtosis (Kurt) is introduced to measure the degree of sharpness of a probability distribution. In this study, the Kurt is used as a measure of whether a data profile of rainfall has a flat or sharp peak under the assumption that the profile shape is similar to the shape of the normal distribution with zero mean and unity variance, N(0,1). The Kurt is given by:
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where a negative Kurt and positive Kurt indicate that the peak is flatter and sharper than that of N(0,1), respectively.



4. Results and Discussion

In our study, we are interested only in the most extreme rainfall events selected from 1st to 10th place (hereinafter TP 1 to TP 10) during each term (Present, Near-future or Future). The TP 1 to TP 10 (top 10 events) were defined by ranking the cumulative-rainfall depths for the entire period. These rainfall events in each term were represented by artificial rainfall distributions (i.e., design hyetographs) computed by the 100-year-return-period rainfall amounts and the dimensionless ratios provided by the conventional and modified-ranking methods for 24- or 72-h periods.


4.1. Use of Design Hyetograph without Modified Ranking Method Coefficients

The dimensionless design hyetographs for TP 1 to TP 10 were created based upon the conventional ranking method without mean distribution among the top 10 rainfall events and without the modified ranking method coefficients. This conventional-like ranking method differs from the conventional method in that it does not calculate the mean. Figure 5 shows the temporal distribution of the dimensionless design hyetographs, generated by the conventional-like ranking method, and the normalized cumulative-rainfall depths for 24-h and 72-h periods from TP 1 to TP 10. Higher peak intensities (steeper shapes) of the distributions for both periods appear even for those extreme rainfalls with lower positions (e.g., TP 7 and TP 10). It is natural that these higher peaks appeared because only the distribution shape was considered in the generation of the dimensionless design hyetographs. In particular, the cumulative rainfall depths at the higher places (e.g., TP 1 to TP 3) for the 24-h period are likely to linearly increase compared with those for the 72-h period because the selected 24 intensities are likely to be similar.

Figure 5. Present-term temporal distribution of normalized rainfall, averaged over the upper stream area from the dam inlet, from TP 1 to TP 10 for (a) 24-h; and (b) 72-h periods without the modified ranking method coefficients.
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Using the design hyetographs computed by the dimensionless hyetographs and the 100-year-return-period rainfall amounts, the temporal distributions of discharge were simulated using the IFAS from TP 1 to TP 10. The distributions of discharge and design hyetograph at the dam inlet from TP 1 to TP 3 for each period (24 or 72 h) in the Present term are shown in Figure 6. Note that the dam inlet chosen for the comparison among the top 10 discharge peaks is able to eliminate the influence of spillway-based flood control operations at the outlet of the dam on the discharge peaks. For TP 1, both peaks of discharge for the 24- and 72-h periods are similar with only 2% difference, which is likely less affected by cumulative-rainfall depth and sharpness differences (Table 2). However, the peak for 72-h period (approximately 3503 m3 s−1) is 10% higher than that for the 24-h period for the TP 2 event (Figure 5b,e). If the cumulative-rainfall depth for the 24-h period is defined as 1, the rate of cumulative-rainfall depth for the 72-h period to the 24-h cumulative-rainfall depth is approximately 1.9. This peak of discharge is likely affected by the difference of cumulative-rainfall depths, dependent upon the period length. The Kurt for the rainfall distributions for the two periods (24 and 72 h) is −1.00 and −0.28, respectively (see Present-TP1 in Table 2), which indicates the 72-h distribution is sharper than the 24-h distribution. Furthermore, for TP 3 (Figure 5c and f), the longer period has a higher peak of discharge because the cumulative-rainfall depth for 72 h was increased by 1.9 times compared with the 24-h cumulative-rainfall depth and the sharpness for 72 h was increased by approximately 28% compared with the 24-h sharpness (Present-TP3 in Table 2). These results suggest that the height of the discharge peak can be determined by not only the sharpness of the rainfall distribution, but also by the cumulative-rainfall depth. Figure 7 shows the peaks of discharge for TP 1 to TP 10 for the two periods (24 and 72 h) during the Present term. Although the TP 1 and TP 2 cases were simulated with the design hyetographs from the top two extreme rainfalls, the peaks of TP 1 and TP 2 are smaller than the other peaks (below TP 3), whose volumes of discharge should be lower than those of TP 1 or TP 2. In addition, the peaks of discharge for TP 10 for 24 and 72 h are the highest among all the cases; this is likely caused by the sharpness of the design hyetograph distribution. In fact, the sharpness values of the TP 10 design hyetograph for 24 and 72 h are 0.52 and 1.18, respectively, which are the highest value among the top 10 design hyetographs for each period. This implies that a sharper distribution of the design hyetograph produces a higher peak of discharge, even with the same rainfall amount, computed by a 100-year return period in the Present term. Note that the cumulative-rainfall depths for 24 and 72 h are approximately the same from TP 1 to TP 10, because the return period rainfall amounts for these periods are the same and it is only the distribution shapes of their design hyetographs that are different.

Figure 6. TP 1 to TP 3 rainfalls and discharges, (a,b,c) for 24-h and (d,e,f) for 72-h periods without the modified ranking method coefficients. Note that the rainfalls were averaged over the upper stream area from the dam inlet and cms is the unit of [m3 s−1] in the figure boxes.
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Figure 7. Present-term peaks of discharge from TP 1 to TP 10 without the modified ranking method coefficients for each period (24 and 72 h) at the dam inlet.
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Table 2. Cumulative-rainfall depth and Kurtosis (Kurt) for the design hyetograph without the modified ranking method coefficients for the Present term. Note that the values associated with the design hyetograph were averaged over the upper stream area from the dam inlet and that slightly different rainfall depths among the top 10 events were caused by computational errors (maximum 0.05% for 24 h and 0.30% for 72 h against mean depths) from frequency analysis.



	
Top 10 events

	
24 h

	
72h




	
Cumulative-rainfall depth (mm)

	
Kurtosis (none-unit)

	
Cumulative-rainfall depth (mm)

	
Kurtosis (none-unit)






	
Present-TP 1

	
648.0

	
−0.97

	
1202.1

	
−0.70




	
TP 2

	
648.2

	
−1.00

	
1203.6

	
−0.28




	
TP 3

	
648.2

	
−0.72

	
1202.3

	
−0.03




	
TP 4

	
648.0

	
−0.88

	
1202.1

	
−0.24




	
TP 5

	
648.0

	
−0.46

	
1201.8

	
−0.01




	
TP 6

	
648.3

	
0.06

	
1200.3

	
0.40




	
TP 7

	
648.2

	
−0.24

	
1201.8

	
−0.14




	
TP 8

	
648.3

	
−0.81

	
1201.5

	
1.40




	
TP 9

	
648.2

	
−0.61

	
1199.8

	
0.35




	
TP 10

	
648.1

	
0.52

	
1201.1

	
1.18













4.2. Use of Design Hyetograph with the Modified Ranking Method Coefficients

To reduce excessive effects from weaker extreme rainfalls due to consideration only of the sharpness of the design hyetographs (the steep “mountain-type” distributions in the dimensionless expression), as seen in Figure 7, normalized modified ranking method coefficients were introduced for both periods. The normalized modified ranking method coefficients were computed by the cumulative-rainfall depths corresponding to the top 10 extreme rainfalls, divided by the largest cumulative-rainfall depth. The dimensionless design hyetographs of the modified ranking method were created by the multiplication of the modified ranking method coefficients in descending order from TP 1 to TP 10 as in Figure 3e’. The dimensionless design hyetographs and the normalized cumulative rainfall depths from TP 1 to TP 10 for 24-h and 72-h periods are shown in Figure 8. Because the modified ranking method coefficients for the top 10 events are in descending order, the dimensionless distributions for the design hyetograph and the normalized cumulative-rainfall depths are decreased for both the 24-h and 72-h periods. The peak intensities for the stronger extreme rainfalls, such as TP 1, TP 2 and TP 3 are higher than those of the weaker rainfalls (e.g., TP 9 and TP10), which indicate that the modified temporal distributions become feasible depending upon the strength of their rainfall intensities. Figure 9a shows the peaks of discharge from TP 1 to TP 10 for the two periods during the Present term under the consideration of the modified ranking method coefficients. The peak of discharge for the 72-h period is a higher than that for the 24-h peak at each extreme event because the 72-h cumulative-rainfall depth is larger. The TP 3 peaks are the highest among the peaks of the other events, even greater than TP 1 and TP 2 peaks with larger cumulative-rainfall depths, because the temporal distributions of the TP 3 design hyetograph are sharper than for TP 1 and TP 2. In fact, through the quantitative evaluation of sharpness (Kurt), the Kurt for TP 3 during the 24-h period is higher than that for both TP 1 and TP 2 by 37% and 41%, respectively (Table 3). For the Kurt during the 72-h period, the comparison between TP 3 and TP 1 or TP 2 is similar to the result for the 24-h. Figure 9a also shows that the peaks below TP 4 become lower than TP 1 to TP 3 as the design hyetographs were modified by the modified ranking method coefficients. Note that the cumulative-rainfall depth for TP 2 in the 24-h period was larger than that for TP 1 with an approximately 8% increase (Table 3). This is because the ranking for the top 10 extreme rainfall events was determined by the cumulative-rainfall depths for the entire period, which were mostly over 72 h. Therefore, the descending order for the cumulative-rainfall depths for 24 h was slightly different from that for the top 10 events, but the order for 72 h was consistent with that for the top 10 events.

Figure 8. Present-term temporal distribution of normalized rainfall, averaged over the upper stream area from the dam inlet, from TP 1 to TP 10 for (a) 24-h; and (b) 72-h periods with the modified ranking method coefficients.
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Figure 9. Peaks of discharge from TP 1 to TP 10 with the modified ranking method coefficients for each period (24 and 72 h) at the dam inlet for (a) Present; (b) Near-future; and (c) Future terms.
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Table 3. Cumulative-rainfall depth and Kurtosis (Kurt) for design hyetograph with the modified ranking method coefficients for the Present, Near-future, and Future terms. Note that the values associated with the design hyetograph were averaged over the upper stream area from the dam inlet.



	
Top 10 events

	
24 h

	
72h




	
Cumulative-rainfall depth (mm)

	
Kurtosis (none-unit)

	
Cumulative-rainfall depth (mm)

	
Kurtosis (none-unit)






	
Present-TP 1

	
595.5

	
−0.97

	
1256.1

	
−0.70




	
TP 2

	
642.7

	
−1.00

	
1193.6

	
−0.28




	
TP 3

	
566.7

	
−0.71

	
713.1

	
−0.05




	
TP 4

	
495.1

	
−0.87

	
662.5

	
−0.24




	
TP 5

	
359.7

	
−0.46

	
430.7

	
−0.02




	
TP 6

	
367.2

	
0.05

	
397.2

	
0.40




	
TP 7

	
343.8

	
−0.24

	
371.7

	
−0.14




	
TP 8

	
305.9

	
−0.81

	
367.4

	
1.41




	
TP 9

	
261.2

	
−0.60

	
315.2

	
0.53




	
TP 10

	
241.4

	
0.52

	
264.5

	
1.15




	
Near-future-TP 1

	
959.9

	
−0.84

	
1424.1

	
−0.20




	
TP 2

	
974.1

	
−0.91

	
1142.3

	
−0.78




	
TP 3

	
956.7

	
−0.96

	
1099.7

	
−0.70




	
TP 4

	
783.4

	
−0.94

	
915.6

	
−0.75




	
TP 5

	
485.8

	
−0.99

	
898.3

	
−0.41




	
TP 6

	
709.7

	
−0.43

	
818.4

	
0.48




	
TP 7

	
610.0

	
−0.85

	
759.4

	
−0.34




	
TP 8

	
414.6

	
−0.46

	
656.7

	
0.54




	
TP 9

	
446.0

	
−0.71

	
529.0

	
−0.01




	
TP 10

	
466.1

	
−0.27

	
497.7

	
−0.27




	
Future-TP 1

	
1466.5

	
−0.98

	
2675.4

	
−0.68




	
TP 2

	
1205.1

	
−0.90

	
2459.0

	
−0.52




	
TP 3

	
977.0

	
−0.92

	
2186.1

	
−0.28




	
TP 4

	
1225.5

	
−1.02

	
2083.8

	
−0.57




	
TP 5

	
1116.4

	
−1.03

	
1870.6

	
−0.45




	
TP 6

	
862.6

	
−0.85

	
1789.1

	
−0.49




	
TP 7

	
1042.4

	
−0.74

	
1474.7

	
−0.73




	
TP 8

	
844.5

	
−0.81

	
1271.1

	
−0.73




	
TP 9

	
732.7

	
−0.75

	
1232.8

	
0.21




	
TP 10

	
736.3

	
−0.60

	
1235.9

	
−0.10



















Under the impact of future climate change, the design hyetographs of the top 10 events for each term of the Near-future and Future were created for 24-h and 72-h periods using the modified raking method. For the Near-future, the cumulative rainfall depths from the design hyetographs were 1.4–1.9 times larger than for the 24-h period, and were 1.0–2.1 times equivalent and larger than for the 72-h period of the Present term. For the Future terms, the cumulative rainfall depths were 1.7–3.1 and 2.1–4.7 times larger than for the 24-h and 72-h periods of the Present term, respectively (Table 3). In addition, the peaks of the 24-h design hyetographs of the top 10 events for the Present term ranged from 19.1 to 40.6 mm. The 24-h peaks for the Near-future and Future terms increased by up to 2.4 and 2.9 times for the Present term, respectively. The Near-future and Future 72-h peaks were also larger than for the Present term by up to 2.4 and 3.9 times, respectively. These data suggest that the projected future extreme rainfall events will be more severe than those of for the Present term. The peaks of the discharge for the two periods for the Near-future term with the modified ranking method coefficients are shown in Figure 9b. The discharge peaks of the 72-h period for each extreme rainfall event (TP 1 to TP 10) are higher than the 24-h period because the 72-h cumulative-rainfall depth and sharpness are larger. The discharge peaks of TP 1 for 24 and 72 h are the highest among those of the other events. This result implies that the modified ranking method coefficients affect those peaks directly. However, the peaks for TP 3, TP 6 and TP 10 are relatively higher than those positioned in front. These results suggest that it is likely the distribution sharpness of the design hyetograph affects the peak of discharge. Furthermore, the peak of TP 5 for the 24-h period is much lower than those positioned behind, which could be affected by both cumulative-rainfall depth and sharpness. Figure 9c shows the peaks of discharge among the top 10 events of the Future term. The peak heights are dependent upon the period of each event primarily because of an amount of cumulative rainfall. In Particular, the peaks of TP 7 are relatively higher, except they are approximately equivalent to the TP 1 peaks. This is likely because of both the strong sharpness of the distribution and the large cumulative-rainfall depth for TP 7’s 24-h design hyetograph; however, the distributions of TP 7’s 72-h design hyetograph do not have higher Kurt than those positioned in front (TP 5 and TP 6). The reason for this is that the TP 7 distribution had strong sharpness around the peak (only within 3 to 4 h) with 30% increase, which suggests that Kurtosis cannot evaluate appropriately this kind of sharpness because of the assumption that the distribution shape should be similar to that of N(0,1).

As our study site contains the large reservoir in Taiwan (Tsengwen Reservoir), the discussion of future flood risk management under future climate change is meaningful through the higher peak of discharge for the top 10 events. The maximum peaks for all terms are approximately 3600 m3 s−1 for TP 3, 72-h period in the Present term, approximately 6300 m3 s−1 for TP 1, 72-h period in the Near-future term, and approximately 11,300 m3 s−1 for TP 1, 72-h period in the Future term (Figure 9), i.e., the peaks of discharge for the Near-future and Future terms are increased by 1.7 and 3.1 times that of the peak for the Present term, respectively. If an extreme rainfall event with a longer period were to occur, those maximum peaks of discharge could be generated, which may result in problems of flood control at the dam outlet of the Tsengwen Reservoir. The upstream watershed area for the discharge peaks simulated at the dam inlet was different from that at the dam outlet, because of the approximately 30% extended area from which the rainfall flowed directly to the reservoir. Therefore, the simulated peak discharge data were obtained from the dam outlet. The peaks of the discharge at the dam outlet for the 72-h, TP 1, the Near-future and Future terms were 7792 m3 s−1 and 13,881 m3 s−1, respectively. In fact, the maximum peak of discharge for the 72-h TP 1 in the Future term is above the maximum capacity of the dam spillway (9620 m3 s−1). In addition, the design peak of the discharge for a 100-year return period at Yufong Bridge on the downstream river reaches (about 10 km from the dam) is 6900 m3 s−1 [40]. Therefore, in order to prevent the worst extreme event possible, the dam spillway capacity should be limited to less than 6900 m3 s−1. Even if the spillway capacity can handle successfully the reduced highest peak, the excess water must remain in the reservoir. The estimates for the excessive water for the Near-future and Future terms was 0.01 billion m3 s−1 and 0.31 billion m3 s−1, corresponding to approximately 2% and 62% of the total reservoir capacity, respectively. However, those percentages are likely optimistic because we have ignored the effects of sediment and driftwoods on reservoir capacity [41] and the extensive watershed that exists between the dam outlet and the Yufong Bridge. The estimated excess water for the Future term suggests that dam flood control might have potential risks.

In this study, discharge simulations were conducted using only MRI-WRF data from the MRI-AGCM3.2S; however, there are many outcomes possible from using different types of global AGCM or from using the MRI-AGCM implemented with different types of initial and boundary conditions (e.g., Endo et al. [17]). Using these results, an uncertainty analysis can be conducted with the IFAS to understand the uncertainty characteristics, which may suggest the accuracy of the input/output data for the IFAS. Therefore, as future work, it is necessary to evaluate the uncertainty trend with statistical analysis for different kind of inputs and outputs in the IFAS simulation.




5. Conclusions

Using the design hyetographs, which were created using the ranking method for two periods (24 and 72 h) and 100-year return-period rainfall amounts provided by the high-resolution spatial and temporal MRI-WRF data with dynamic downscaling and bias-correction during long-term climate change (i.e., three terms: Present, Near-future, and Future), the IFAS simulated the peaks of discharge for extreme rainfall events (TP 1 to TP 10) in each term. When the design hyetographs were generated by the conventional-like ranking method with the dimensionless approach, the peaks of discharge simulated by the IFAS were overestimated for weaker extreme rainfall with lower peaks or smaller cumulative-rainfall depths, because only the sharpness of the dimensionless rainfall distribution was taken into account. To improve this problem of overestimation, the modified ranking method coefficients in descending order were introduced when the design hyetographs were created. With the modified ranking method coefficients, feasible peaks of discharge were obtained with the assumption that a design hyetograph with a larger cumulative rainfall depth normally provides a higher peak of discharge. The peaks of discharge under future climate change become higher than the peaks for the Present term. In Particular, the highest peak of discharge for the Future term implies that there is a potential risk for flood control based on the design peak of discharge with 100-year return period for the downstream river reaches in the study area.
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