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Abstract 15 

The analysis of the effects of storms on floods is essential for designing hydraulic structures 16 

and flood plains. Observations of the flow time series for the various catchment sizes are 17 

needed to understand the effects on floods, but it is not easy to obtain these datasets 18 

because most stream channels are ungauged. Hence, a reasonable method for generating 19 

the flow time series for the ungauged catchments is needed to secure the datasets. A 20 

quantitative analysis for investigating the relationship between the natural storm patterns, 21 

the peak flows, the volumes of floods, and their durations for the various catchment sizes is 22 

also needed. This study suggests a method to investigate quantitatively the relationship 23 

between storms and floods using datasets generated for the ungauged catchments. The 24 

relationship between the runoff coefficients and the rainfall-intensity-ratios with respect to 25 

catchment sizes for the dependent catchments showed that the events can be separated into 26 

four physically reasonable types using the pattern of storms and flood responses. This 27 

indicates that the relationship between the pattern of storms and flood responses for any 28 

event in terms of dependent catchments can be analyzed using plots of runoff coefficients 29 

and rainfall-intensity-ratios versus the catchment size. There are correlations between the 30 

runoff coefficients and the rainfall-intensity-ratios for the independent catchments, but 31 

these correlations have no relationship with the four types of events from the dependent 32 

catchments. 33 
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1 Introduction 38 

The analysis of the effect of rainfall on flow responses is an essential step in 39 

understanding natural hydrological phenomena. There are various studies that analyze the 40 

effect of rainfall (e.g., the rain gauge density, the spatial rainfall variability, the rainfall 41 

disaggregation, and the rainfall grid resolution) on flow responses, the relationship between 42 

storms and catchment scale, and the uncertainty analysis of rainfall error or temporal 43 

variability of rainfall on flow responses (Wood et al., 1988; Woolhiser and Goodrich, 1988; 44 

Kuczera and Williams, 1992; Duncan et al., 1993; Michaud and Sorooshian, 1994; Bronstert 45 

and Bárdossy, 2003; Smith et al., 2004; Chaplot et al., 2005; Schuurmans and Bierkens, 2007; 46 

Vischel and Lebel, 2007; Vischel et al., 2009; Xu et al., 2013; Zhao et al., 2013). Many studies, 47 

especially those on the effects of storms on flood responses have used short time series and 48 

catchments smaller than ~100 km2 (Faurès et al., 1995; Shah et al., 1996; Bell and Moore, 2000; 49 

Syed et al., 2003; Anquetin et al., 2010; Moreno et al., 2012). Observed flow time series for the 50 

various catchment sizes are needed to fully understand the storm effects on floods, but it is 51 

not easy to get these datasets because most stream channels are ungauged. Therefore, a 52 

reasonable method for generating the flow time series for the ungauged catchments is 53 

needed (Tewolde and Smithers, 2007, Smith et al., 2012). There are many studies for 54 

calibrating the model parameters to calculate the flood time series for the ungauged 55 

catchments by statistical methods using the catchment characteristics and the model 56 

parameters for gauged catchments (Bhaskar et al., 1997; Takeuchi and Ishidaira,1999; 57 

Dawson et al., 2006; Goswami et al., 2007; Reed et al., 2007; Mapiam and Sriwongsitanon, 58 

2009; Viviroli et al., 2009), but most of them are for the estimation of flood time series with a 59 

daily time step or for estimation of the flood peak only. Oudin et al. (2010) argued that 60 

physical similarity does not guarantee hydrological similarity. Therefore, a reasonable 61 

method with good applicability is needed to generate the flood time series for the ungauged 62 

catchments. 63 

Storm patterns based on the spatial and temporal variability of precipitation affect not 64 

only peak flow but also flood volume and duration for the various catchment sizes and are 65 
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important in the design of hydraulic structures or in mapping flood plains (Javelle et al., 66 

2002). Various studies have investigated the effects of storms on the peak flow and/or flood 67 

volume, including an investigation of the relationship between various catchment sizes 68 

from small to large area and the annual maximum flow (Cannarozzo et al., 1995), an 69 

investigation of the relationship between storm movement over a short period (2 h) and 70 

flood volume for hypothetical small catchments (from 0.5 km2 to 32 km2) (Sargent 1981, 71 

1982), an investigation of the impact of higher-resolution spatial rainfall with spatial 72 

variability on streamflow generation (Lobligeois et al., 2014), and an investigation of the 73 

variability of artificial storms with short or long periods on hydrographs or peak flow and 74 

flood volume for various catchment sizes covering small to large areas (Krajewski et al., 1991; 75 

Ogden and Julien, 1993; Obled et al., 1994; Faurès et al., 1995; Arnaud et al., 2002; Saulnier 76 

and Le Lay, 2009; Huang et al., 2011; Paschalis et al., 2014). However, there are not enough 77 

studies that analyze the storm effects on floods quantitatively, using the factors extracted 78 

from the times series of various patterns of natural storms and floods for the various sizes of 79 

natural catchments that cover small to large areas. Therefore, an additional method is 80 

needed for the quantitative analysis of the relationship between storms and floods. 81 

This study suggests new techniques that are data generation technique for the 82 

ungauged catchments to secure sufficient data, and an analysis technique using time of 83 

concentration (TC) to investigate the relationship between storm types and flood responses.  84 

A simple data generation method generates the hourly flood time series for the ungauged 85 

catchments of interest by the simulation of a distributed rainfall-runoff model using the 86 

parameters calibrated from the gauged catchments. More details for this method are 87 

described in Sect. 3.1. 88 

Time of concentration is the time of flow from the most distant point in the catchment 89 

to the outlet (Chow et al., 1988). The TC can be used as an important measure when 90 

investigating the storm effects on flood responses (Nicótina et al., 2008). Alexander (1972) 91 

investigated the relationships between the rainfall intensity and the flood intensity and 92 

between the flood intensity and catchment sizes, but he did not use the TC for the analysis. 93 
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For this study, we calculate the runoff coefficients and the rainfall-intensity-ratios using TC 94 

and the time series of areal rainfall and floods for gauged and ungauged catchments. The 95 

relationship between the pattern of storms and flood responses was then analyzed 96 

quantitatively using the factors of runoff coefficients and rainfall-intensity-ratios. This study, 97 

therefore, was based on studies that have argued that the characteristics of storms drive the 98 

flood responses (Singh, 1997; Segond et al., 2007; Nicótina et al., 2008; Zoccatelli et al., 2010). 99 

We analyzed this for both dependent catchments and independent catchments. More details 100 

are described in Sects. 3.3 - 3.5. 101 

Section 2 describes the catchments, the input data, the objective function for parameter 102 

calibration, and the distributed rainfall-runoff model. Section 3 describes the methods used, 103 

and Sect. 4 gives the results. Discussion and conclusions are in Sect. 5. 104 

 105 

2 Catchments, Input Data, Objective Function, and Rainfall-Runoff Model  106 

2.1 Catchments 107 

The study area is the Andongdam catchment (1,584 km2), which is a mountainous 108 

catchment located in the eastern part of the Republic of Korea (Fig. 1). This catchment is 109 

important for reducing flood damage and in securing water for agriculture, industry, and 110 

domestic use. We selected three gauged catchments with water level gauging points 111 

(Andongdam, Dosan, and Socheon) at the outlets to use the observed flow for the calibration 112 

and validation of the parameters of the distributed rainfall-runoff model that will be 113 

described in Sect. 2.4. An additional 47 ungauged catchments were selected to investigate 114 

the storm effects on floods covering a range in catchment sizes. The information from the 115 

gauged and ungauged catchments is in Table A1, while the method of selection of the 116 

ungauged catchments is described in Sect. 3.1. 117 

2.2 Input Data 118 
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For input rainfall data for the flood simulation, we used the hourly time step rainfall 119 

data (Korea Meteorological Administration (http://www.kma.go.kr/), Ministry of Land, 120 

Infrastructure and Transport (www.molit.go.kr), and K-water (www.kwater.or.kr)) from up 121 

to 27 rainfall gauge stations that are located within and near the Andongdam catchment. 122 

Data from 20 events were extracted from 1998 to 2009 period (Table A2). These datasets 123 

have relatively large magnitude and long duration of precipitation covered the entire 124 

catchments that reflect the monsoon climate in the Republic of Korea. The grid rainfall 125 

datasets (resolution 200ⅹ200 m2) were generated for the input of the distributed 126 

rainfall-runoff model by an ordinary kriging method using the point rainfall data. Therefore, 127 

the distributed rainfall-runoff model considers the spatial and temporal variability of 128 

precipitation. 129 

For the observed flow from the three water level gauge points during the 20 events, we 130 

used the data related to water level and rating from the Water Resources Management 131 

Information System (www.wamis.go.kr). 132 

A Digital Elevation Model (DEM), a soil map, and a land use map were used for the 133 

distributed model simulation. The scales of these data are 1:25,000. The grid data of the 134 

DEM, soil map, and land use map were generated with the resolution of 200ⅹ200 m2, 135 

which were used as the input of the distributed rainfall-runoff model. Therefore, the 136 

distributed rainfall-runoff model considers the spatial variability of the geophysical 137 

catchment characteristics. 138 

2.3 Objective Function and Performance Evaluation Statistics 139 

The Nash-Sutcliffe Efficiency (NSE) (Nash and Sutcliffe, 1970), which has been widely 140 

used in rainfall-runoff modelling, was used as an objective function for the parameter 141 

calibration. 142 
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where n is the total number of time steps, ,obs iQ
 is the observed flow at the time step i 144 

(hourly), obsQ  is the mean of the observed flow, and ,sim iQ
 is the simulated flow. The range 145 

of NSE is [-∞, 1], where unity means that the rainfall-runoff model simulated the observed 146 

flow perfectly. 147 

Legates and McCabe (1999) and Krause et al. (2005) mentioned that the NSE 148 

emphasizes the high flow fitting because of the squared differences between the observed 149 

and simulated values, and this is the drawback of the NSE because low flow fitting is 150 

neglected. This study, however, can use the NSE as an objective function because of 151 

focusing on fitting flood hydrograph only. 152 

Three quantitative statistics were used to evaluate the model performance: NSE, 153 

percent bias (PBIAS), and modified correlation coefficient ( modr ) (McCuen and Snyder, 1975). 154 

We selected the NSE because it is a recommended performance statistic for use by ASCE 155 

(1993) and provides the overall information on simulated values (Moriasi et al., 2007).  156 

The PBIAS calculates the total volume difference between simulated and observed flow 157 

time series, which is expressed as a percentage. The best PBIAS value is zero, and lower 158 

magnitude values of PBIAS represent more accurate model performances. The positive 159 

PBIAS values indicate overestimation of simulated flows. We selected the PBIAS because it 160 

is recommended by Smith et al., (2004) as an important measure to evaluate the simulated 161 

flows, and it indicates the poor model performance clearly in terms of volume of simulated 162 

flow (Gupta et al., 1999). 163 
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Moriasi et al. (2007) recommended the use of NSE, PBIAS, and ratio of the root mean 165 

square error to the standard deviation of measured data (RSR) for the evaluation of the 166 

model simulation performances. However, the RSR has similar form to the NSE therefore, 167 

we selected the modr  instead because it is a useful performance statistic for the model 168 

evaluation, which is demonstrated by the study of Smith et al. (2012). The modr  is the 169 
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correlation coefficient adjusted by a ratio of minimum standard deviation to maximum 170 

standard deviation among the simulated and observed flows to evade the significant 171 

influence from outliers and the insensitivity to the differences in volumes within the 172 

correlation coefficient (McCuen and Snyder, 1975). The correlation coefficient is defined as: 173 
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The standard deviations for simulated and observed flow are defined as: 175 
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The modified correlation coefficient is defined as: 178 

mod
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 = 

max{ , }
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sim obs
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                                                            (6) 179 

The satisfactory model performance statistics in this study are: NSE > 0.5 (Moriasi et al., 180 

2007), PBIAS±30%, and modr  > 0.6. Moriasi et al. (2007) suggested the PBIAS±25% for the 181 

monthly streamflow simulations, which tend to have better model performances due to 182 

smoothing the flow values compare to the daily or hourly simulations. Therefore we 183 

slightly extend the width of range for the PBIAS by ±5% considering this tendency. This 184 

extension of PBIAS range is reasonable from the results of Smith et al. (2012), which has the 185 

PBIAS values without the outliers within this extended range for the calibration periods 186 

using the various rainfall-runoff models including conceptual and distributed models. The 187 

satisfactory range of modr  is selected from the study of Smith et al. (2012), which showed 188 

that the most modr  values were placed in more than 0.6 modr  for the calibration period, 189 

modeled by the aforementioned various rainfall-runoff models. 190 

2.4 Grid Based Rainfall-Runoff Model 191 
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This study used a Grid based Rainfall-runoff Model (GRM) (Choi et al., 2015), which is a 192 

physically-based distributed rainfall-runoff model with hourly time step. This model 193 

simulates the surface flow, the infiltration, the subsurface flow, the baseflow, and the impact 194 

of the flow control facilities. The surface flow is composed of the overland flow and the 195 

channel flow that are calculated by a kinematic wave model. The GRM model uses the 196 

upper and the lower soil layers to calculate the infiltration, the subsurface flow, and the 197 

baseflow. The upper soil layer is used to calculate the infiltration and the subsurface flow, 198 

and the lower soil layer is used to calculate the baseflow. The Green–Ampt model is used to 199 

calculate the infiltration. The kinematic wave model calculates the subsurface flow based on 200 

the hypothesis that the hydraulic gradient in the control volume is equal to the ground 201 

surface slope for the saturated zone (Beven, 1981). The water percolates from the upper to 202 

the lower soil layer when the upper soil layer is saturated. Darcy’s law calculates the lateral 203 

flow from the baseflow in the lower soil layer (Freeze and Cherry, 1979). More details of the 204 

GRM model are described in Choi et al. (2015). The GRM model has 12 parameters (Table 1). 205 

The ranges of parameters were suggested by Choi (personal communication, 2016). The grid 206 

resolution for this study was 200ⅹ200 m2, which satisfied the requirement of Bathurst (1986) 207 

that the grid area should be less than 1% of the catchment area. 208 

The parameters that are calibrated are Nos. 1 to 5 in Table 1. The calibrated values of the 209 

parameter No. 1 are different for different events because every event begins with different 210 

initial soil moistures. The parameters from Nos. 2 to 5 are about the catchment 211 

characteristics that should have consistent values for the physically-based distributed 212 

model regardless of rainfall in flood events. The calibration procedure will be described in 213 

Sect. 3.1. The observed initial flows at the Andongdam water level gauge point were used 214 

for the parameter No. 6. We used the default value of zero for the parameter No. 7, and the 215 

default value of one for the parameters Nos. 8 to 12 due to using the original catchment 216 

characteristics from the DEM, the land cover, and the soil type data. 217 

 218 

3 Method 219 
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3.1 Spatial Data Extension (SDE) Method 220 

As mentioned in Sect. 1, the observed flow for small to large catchments are needed to 221 

fully understand the natural hydrological responses, but there are many ungauged 222 

catchments especially for the smaller upper catchments. We generated the flood time series 223 

for the ungauged catchments in the Andongdam catchment by the Spatial Data Extension 224 

(SDE) method suggested by this study.  225 

The SDE method generates the flood time series of ungauged catchments by the GRM 226 

model by applying the calibrated parameters from the gauged catchments. This method is 227 

based on the hypothesis that if the simulated flow at the outlet by the distributed model is 228 

the same as the observed flow then the simulated flow for each grid above the outlet is 229 

reasonable because the simulated flow at the outlet is the aggregation of the routed flows of 230 

all grids. Hence, this method can generate the simulated flow for any catchment of interest 231 

by the distributed model. This idea can be extended to generate the simulated flow of the 232 

ungauged catchment placed at downstream from the outlet. This method had the same key 233 

idea as in the distributed model intercomparison project (DMIP) (Smith et al., 2012), which 234 

hypothesized that the distributed models calibrated at the catchment outlet should produce 235 

accurate simulation of hydrograph at interior ungauged catchments. However, there are 236 

two differences between the SDE and the DMIP methods. Firstly, the DMIP method used 237 

long term continuous hourly calibration at the outlet of the catchment. This long term 238 

continuous hourly calibration has considerable computational burden therefore, it is 239 

inefficient to produce hydrographs if the aim of the study is an investigation of floods only. 240 

Whereas, the SDE method uses event calibration with hourly time step that takes much less 241 

computational time, and this method can be applied to any distributed model including 242 

event distributed models that are developed only for flood simulation purpose. Therefore, 243 

the SDE method is more pragmatic for the modelers. Secondly, the DMIP method 244 

calibrated at the outlet of the catchment and produced the flow at the interior ungauged 245 

catchments. However, the SDE method can produce not only the flow at the interior 246 
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ungauged catchments but also the one at the exterior ungauged catchments that are placed 247 

at the downstream from the gauged outlet. 248 

The important idea of the SDE method is that the calibrated parameter values related to 249 

the geophysical catchment characteristics (parameters Nos. 2 to 5 in Table 1) should be 250 

reasonable for all of the events regardless of the storm characteristics in order to apply these 251 

parameter values to the ungauged catchments. This idea is reasonable because the 252 

geophysical catchment characteristics are the same regardless of the storm characteristics. 253 

Therefore, these parameters were calibrated for each event then the calibrated parameter 254 

sets were adjusted to get the same parameter values over all events by manual iteration, 255 

which had the possible best objective function values over all events. This adjustment 256 

process to get one optimal set of geophysical parameter values is named as parameter 257 

stabilization (PS) process in this study. The PS process had the similar key idea as in the 258 

regional calibration method (Parajka et al., 2007), which calibrated the parameters of the 259 

rainfall-runoff model for the many catchments simultaneously to get the same parameter 260 

values. Instead, the PS process calibrates the parameters of the rainfall-runoff model for the 261 

many events simultaneously to get the same parameter values. Note that the GRM model 262 

uses the geophysical input datasets as mentioned in Sect. 2.2 to consider geophysical spatial 263 

variability. The parameters in the GRM model related to the geophysical catchment 264 

characteristics are for setting the minimum thresholds or for select the channel roughness 265 

value that is not supplied from the geophysical input datasets. It is also worth to note that 266 

the purpose of the calibration by the SDE method is for generation of data for the ungauged 267 

catchments using all possible historical event datasets, which is not for the calibration of 268 

parameters for each or some event(s). Therefore, there are no validation periods for the 269 

split-sample test (Klemeš, 1986) in the SDE method. 270 

After the calibration by the PS process for the geophysical parameters (first step of 271 

calibration), the parameter for initial soil saturation ratio (parameter No.1 in Table 1), which 272 

depends on antecedent soil moisture condition, is calibrated for each event that has the 273 

possible best objective function values (second step of calibration) therefore, the No. 1 274 
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parameter has different values for different events because every event begins with 275 

different initial soil saturation ratio. 276 

The two steps parameter calibration were applied to the calibration catchment, which is 277 

the Andongdam catchment (very lower catchment in Fig. 1), and the calibrated parameter 278 

sets were applied to the validation catchments, which are the Dosan and Socheon 279 

catchment (interior catchments) to verify the model performance. We assumed the 280 

validation catchments as the ungauged catchments for the purpose of generation of data for 281 

the ungauged catchments. Three performance evaluation statistics as mentioned in Sect. 2.3 282 

were used for the calibration and validation catchments over the 20 events. If the ranges of 283 

the three performance evaluation statistics are similar and satisfactory for both the 284 

calibration and the validation catchments, they represents that the simulated flows for the 285 

validation/ungauged catchments can be generated by the SDE method with the similar 286 

magnitude of error in the simulated flows for the calibration catchment, which 287 

demonstrates the suitability of the SDE method. The result is shown in Sect. 4.1. 288 

For the data generation for the ungauged catchments of interest, this study selected 47 289 

additional points of interest (watch points, WP) in the Andongdam catchment and 290 

generated the 47 ungauged catchments using these points as the outlets (Fig. 1 and Table 291 

A1). We selected ungauged catchments that had various sizes ranging from small (5.6 km2) 292 

to large (1459.7 km2) to investigate the storm effects on flood responses for the various 293 

catchment sizes. Then the calibrated parameter values by the SDE method were applied to 294 

the 47 ungauged catchments to generate the flow time series data by the GRM model. We 295 

also calculated the flood time series for the three calibration and validation catchments, and 296 

areal rainfall time series for the 50 catchments by the GRM model for the analysis as 297 

described in Sect. 3.2. 298 

3.2 Rainfall-Intensity-Duration Curve (RIDC) and Flood-Intensity-Duration Curve (FIDC) 299 

We generated the Flood-Intensity-Duration Curve (FIDC) and the 300 

Rainfall-Intensity-Duration Curve (RIDC) by the Flood-Duration-Frequency (QDF) method 301 

(NERC, 1975; Ashkar, 1980) and the traditional Intensity-Duration-Frequency (IDF) method, 302 
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respectively, using the simulated flood and areal rainfall time series for the 50 catchments 303 

mentioned in Sect. 3.1. Note that we used the grid rainfall datasets as the input of the GRM 304 

model as mentioned in Sect. 2.2 but calculated the areal rainfall time series for each 305 

catchment to generate the RIDC. Since the QDF method was initiated in the middle of the 306 

1970s and early 1980s (NERC, 1975; Ashkar, 1980), the QDF method has been used in many 307 

studies (Balocki and Burges, 1994; Sherwood, 1994; Meunier, 2001; Javelle et al., 2002, 2003; 308 

Cunderlik and Ouarda, 2006; Cunderlik and Ouarda, 2007). The QDF method is similar to 309 

the IDF. It calculates the average flow by a moving average technique over a given duration 310 

and calculates the frequency using the maximum flows extracted from the averaged flows 311 

over the given durations (Javelle et al., 2002; Cunderlik and Ouarda, 2006). The frequency 312 

analysis is out of range for this study; therefore, we only calculated the maximum flows 313 

extracted from the averaged flows over the given durations by the QDF method and 314 

generated the FIDC by plotting maximum flows against the durations. The RIDC was 315 

generated using the same method of FIDC generation with different inputs for the areal 316 

rainfall time series. The units in the FIDC are changed from cubic meter per second (CMS) to 317 

mm/h to compare with the units for rainfall intensity in the RIDC. The FIDC and RIDC 318 

metrics are useful by coupling with the TC to investigate the relationship between storm 319 

types and flood responses as described in Sects. 3.3 and 3.4. 320 

3.3 Runoff Coefficient of the Rational Method 321 

The runoff coefficient (C) of the rational method (Kuichling, 1889) can be calculated by 322 

applying the TC to the RIDC and FIDC generated in Sect. 3.2. We have not used the rational 323 

method to generate the flow, but have only used the concept of this method to calculate C. 324 

The TC can be varying with the different storm events but we used the fixed TC values 325 

using the Eq. (9), which represent the overall TC value, because we used the TC value as a 326 

consistent measure regardless of the different size of the catchments to calculate the factors 327 

including C. The rational method is as below: 328 

 = peak TcQ C I A                                                                    (7)                                                                                      329 
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where peakQ  is the peak flow, C is the runoff coefficient, TcI is the mean rainfall intensity 330 

corresponding to the TC (mm/h), and A is the size of the catchment. The value of C is 331 

calculated as: 332 

peak

Tc

q
C

I
                                                                           (8) 333 

where peakq (mm/h) is calculated as peakQ  divided by A and peakq  is the peak flow intensity 334 

with the changed units. The C represents the effects of the mean rainfall intensity during the 335 

TC on the peak flow; therefore, it is an indicator of storm effects on the flood responses of 336 

the catchments. This idea is shown in Fig. 2 where Tc represents time of concentration, peakq337 

is the very left value in the FIDC (blue line), and TcI is the value on the RIDC (red line) 338 

corresponding to Tc. 339 

The TC can be used as a consistent measure when extracting the valuable factors from 340 

the FIDC and the RIDC for different catchment sizes. We used the TC equation of Kim (1994) 341 

as below, which is suitable for the Korean catchment sizes from small to large. 342 

0.380.76Tc A                                                                      (9) 343 

Equation (9) has a form similar to those by Boyd (1978), and D’Odorico and Rigon (2003), 344 

which demonstrated that the TC equation only with one variable of catchment area is 345 

suitable. 346 

3.4 Relationship between the Runoff Coefficient and the Rainfall-Intensity-Ratio for 347 

Dependent and Independent Catchments 348 

The value of C was calculated using RIDC, FIDC, and TC as discussed in Sect. 3.3. A 349 

factor for the rainfall was needed to analyze the storm effects on C. We calculated the 350 

rainfall-intensity-ratio 1R  below, which is the factor of rainfall corresponding to C. 351 

1
peak

Tc

P
R

I
                                                                            (10) 352 

where peakP  represents the peak rainfall intensity for one hour duration (the very left value 353 

on the RIDC plot in Fig. 2). The variation from the peak rainfall intensity to the mean rainfall 354 
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intensity during the TC is given as 1R . It implies that the storm is either an intensive rainfall 355 

with a short period or a rainfall with a longer period. If the storm is an intensive rainfall with 356 

a short period, then the gradient of the RIDC becomes steeper, and the value of 1R  357 

increases. 358 

The runoff coefficients of the mean-flood-volume-intensity (MFVI) ( 1volC  and 2volC  in 359 

Fig. 2) can be calculated using the RIDC, FIDC and TC as: 360 

1
Tc

vol

Tc

q
C

I
                                                                          (11) 361 

2
2

2

Tc
vol

Tc

q
C

I
                                                                        (12) 362 

where 1volC  and 2volC  represent the runoff coefficients of MFVIs corresponding to TC and 363 

two times TC, respectively; Tcq  and 2Tcq are the MFVIs corresponding to TC and two times 364 

TC, respectively; and 2TcI  is the mean rainfall intensity corresponding to two times TC 365 

(mm/h). We calculated the rainfall-intensity-ratios of 2R  and 3R  as below (see also Fig. 2) 366 

for the additional analyses between the storms and the flood responses. 367 

22 Tc

Tc

I
R

I
                                                                            (13) 368 

2

3
peak

Tc

P
R

I
                                                                           (14) 369 

The storm effects on the flood responses were analyzed quantitatively by using the 370 

factors of the aforementioned runoff coefficients and rainfall-intensity-ratios. We analyzed 371 

the storm effects on the flood responses for the two groups, as discussed in Sect. 4.2, of the 372 

15 dependent main-stream catchments that are catchments with increasing size by 373 

accumulation from the upper catchments to the lower catchments and of the 35 independent 374 

sub-stream catchments. The main-stream catchments are the catchments having outlets on 375 

the main stream, the Nakdong River; and the sub-stream catchments are the catchments 376 

with outlets on the tributaries of the Nakdong River. For the dependent main-stream 377 

catchments, we analyzed the storm effects on flood responses by plotting the runoff 378 

coefficients and the rainfall-intensity-ratios versus the catchment size. For the independent 379 
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sub-stream catchments, we analyzed the relationship between storms and floods using the 380 

runoff coefficients and the rainfall-intensity-ratios directly without using the catchment size 381 

because there was no clear relationship between storms and floods as discussed in Sect. 4.2. 382 

The two additional factors of 1/ volC C  and 1 2R R  were used for further analyses as will be 383 

described in Sect. 4.5. 384 

 385 

4 Results 386 

4.1 Model Performance 387 

Figure 3 shows the NSE, PBIAS, and modr  model performance evaluation statistics for 388 

the three catchments (Andongdam, Dosan, and Socheon) over the 20 events. The black 389 

dashed lines represent the acceptance boundaries for each statistic as mentioned in Sect. 2.3.  390 

The Andongdam catchment, which is the calibration catchment, has satisfactory NSE, 391 

PBIAS, and modr  values for all 20 events. The Dosan and Socheon catchments, which are 392 

the validation catchments that are regarded as ungauged catcments, have satisfactory 393 

performance statistics except for several events that have inconsistent unsatisfactory results 394 

over the three performance statistics. For the Dosan catchment, 2000_Evt1 event has slightly 395 

overestimated volume with respect to the PBIAS value. However, the NSE value is very 396 

close to the acceptance boundary of 0.5 NSE that could be a satisfactory result and the modr  397 

value is within the acceptance boundary, which represents the satisfactory correlation 398 

between simulated and observed flow time series. Therefore, we decided that the simulated 399 

flow for the 2000_Evt1 event has an acceptable performance. With the same manner, we 400 

screened the unsatisfactory model performances for the events for the Socheon catchment. 401 

The event with unsatisfactory results in terms of all three performance evaluation statistics 402 

is 2004_Evt1. The main reason for this unsatisfactory result could be the water level 403 

measurement error rather than the error in the model structure or input climate data when 404 

we consider the acceptable performance evaluation statistic values for the Socheon 405 

catchment over the other events and for the other catchments over the 20 events. Therefore, 406 
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we accepted this simulation result for the 2004_Evt1 event. The ranges of the three 407 

performance evaluation statistics were similar for both the calibration and the validation 408 

catchments. It represents that the simulated flows for the validation catchments by the SDE 409 

method were generated with the similar error of the simulated flows for the calibration 410 

catchment. Hence, the SDE method can generate the acceptable flow time series for the 411 

ungauged catchments. 412 

4.2 Relationship between Size of Area and Peak Flow Generated by the SDE Method 413 

We generated the simulated flood time series for the 47 ungauged catchments over the 414 

20 events by the SDE method using the reasonably calibrated parameter values given in Sect. 415 

4.1. The dataset for the total of 50 catchments, including the three gauged catchments, will 416 

be used for the analysis in Sects. 4.2 to 4.5. 417 

Figure 4 shows the plots of the maximum rainfall from the areal rainfall time series or 418 

the flood values for the 50 catchments versus the size of the area for two of the events as 419 

examples. It shows a power law relationship between the maximum rainfall (or flood) 420 

values and the catchments when the area is greater than about 100 km2. This result supports 421 

the previous studies that showed that peak flows and catchment sizes have a power law 422 

relationship (Gupta and Dawdy, 1995, Goodrich et al, 1997; Gupta and Waymire, 1998; 423 

Ogden and Dawdy, 2003). However, there is no clear relationship between the maximum 424 

rainfall (or flood) values and the catchments with areas less than about 100 km2. This result 425 

is similar to that found in the work of Cannarozzo et al. (1995), Young et al. (2009), Zoccatelli 426 

et al. (2010), and Dhakal et al. (2011). These two types of results demonstrate that the 427 

analysis using the dataset generated by the SDE method is as useful as the analysis from 428 

previous studies that used observed datasets.  429 

From these results, we hypothesized that analyses are needed by dividing the 430 

catchments by size. Sect. 4.4 uses the catchments with an area greater than 100 km2, which 431 

are dependent catchments as mentioned in Sect. 3.4; and Sect. 4.5 uses the independent 432 

catchments with an area less than 100 km2 to analyze the storm effects on floods. 433 
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4.3 Plot of RIDC and FIDC 434 

Figure 5 shows the RIDC and the FIDC determined by the method discussed in Sect. 3.2. 435 

The left hand side plot, which is the lowest catchment for the event in 2006, has a relatively 436 

lower flood intensity compared to the rainfall intensity. The right hand side plot, which is 437 

given for the uppermost catchment for the event in 2009, has a relatively higher flooding 438 

intensity as compared to the one in the left hand side plot. The upper catchment, as expected, 439 

has the quicker and larger flood response (mm/h) to the rainfall due to a steeper average 440 

slope and shallower soil layers. However, the lower catchment with a larger area has a 441 

slower and smaller flood response (mm/h) due to more retention, detention, and infiltration 442 

of water in the catchment. The water associated with infiltration corresponds to 443 

groundwater flow after the event and it is out of the range for this study. Note that the RIDC 444 

on the right hand side plot fluctuates. It happens when a storm event has a longer duration 445 

of rainfall with varying intensity, such as occurs in the monsoon climate in the Republic of 446 

Korea. We found that this type of RIDC occurs frequently in this study. 447 

4.4 Relationship between Runoff Ratios and Rainfall-Intensity-Ratios for the Dependent 448 

Catchments 449 

We plotted the runoff coefficients and the rainfall-intensity-ratios versus the catchment 450 

size for the 15 dependent catchments using the methods described in Sects. 3.3 and 3.4 and 451 

found that the 20 events can be separated into four types by a combination of the runoff 452 

coefficient and the rainfall-intensity-ratio (Fig. 6). For example, Type 1 in Fig. 6 is the case of 453 

a decreasing runoff coefficient (C) and an increasing rainfall-intensity-ratio (R) with 454 

increasing catchment size (A). 455 

Figure 7 shows the plots of C and 1R  versus the catchment size for events representing 456 

each of the four types of events selected from the 20 events. 457 

We found, interestingly, that the relationships for 1volC , 2volC , and 3R  with catchment 458 

size are similar to or clearer than the relationships of C and 1R with the catchment size for 459 

most events when they are classified by type. Figure 8 shows these clearer relationships as 460 

Hydrol. Earth Syst. Sci. Discuss., doi:10.5194/hess-2016-194, 2016
Manuscript under review for journal Hydrol. Earth Syst. Sci.
Published: 9 May 2016
c© Author(s) 2016. CC-BY 3.0 License.



 

19 

 

compared to the relationships observed in Fig. 7. This result implies that not only the flood 461 

peak but also the flood volume should be considered when analyzing the storm effects with 462 

different patterns of flood responses. 463 

We investigated the hyetographs and hydrographs of the events for the four types and 464 

found some relationships for each. Type 1 events have similar rainfall intensity and patterns 465 

over the entire catchment. Type 2 events have moving storms in the upper catchment 466 

direction. Type 3 events have moving storms in the lower catchment direction. Type 4 467 

events have a non-distinctive movement of storms, antecedent rainfall, and strong rainfall 468 

intensity with short durations that occur randomly over the catchment. 469 

The classification of the four types is reasonable physically. For the case of a Type 1 470 

event, when the rainfall falls with similar intensity and pattern over the entire catchment 471 

without storm movement (see the similar rainfall intensity of “2007_Evt1 (Type 1) 472 

Andongdam” and “2007_Evt1 (Type 1) WP44” in Fig. 9), then the runoff coefficient 473 

decreases as the catchment size increases due to increases in the infiltration, the detention, 474 

and the retention of water. For the rainfall-intensity-ratio, the values of 1R  increase as the 475 

catchment size increases. This is because the values of peakP  are similar, but the larger 476 

catchments have longer a TC (see the vertical long dashed line in Fig. 9, TCs in the WP44 477 

catchment and in the Andongdam catchment are 6 h and 12 h by rounding up, respectively) 478 

causing a smaller value of TcI , which is used as the denominator in Eq. (10). A Type 1 event 479 

will occur more frequently as the size of the entire catchment decreases because there is a 480 

greater possibility of a similar intensity and pattern over the entire catchment for the smaller 481 

catchments. The other types (Type 2, 3, and 4) have characteristics that are moving storms or 482 

spatial variations of the rainfall, such as random local storms. 483 

When the storm moves in the upper catchment direction (Type 2), the values of peakP  484 

for the upper catchments increase (the value of peakP  in “2002_Evt1 (Type 2) WP44” is 2.5 485 

times larger than the one in “2002_Evt1 (Type 2) Andongdam” in Fig. 9). Therefore, the 486 

values of 1R  in Eq. (10) for the upper catchments become larger compared to those for the 487 

lower catchments. Since the storm moves in the upper catchment direction, the time of the 488 
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superposition of the flow from the upper catchment to one of the lower catchments is 489 

delayed, and accumulated severe floods do not occur for the lower catchments. The runoff 490 

coefficients are similar to those in Type 1, but the magnitudes are increased (see the larger 491 

gradient for FIDC of “2002_Evt1 (Type 2) Andongdam” compared to the one for “2007_Evt1 492 

(Type 1) Andongdam”). The runoff coefficients fluctuate depending on the speed and 493 

intensity of the storm. Figure 7 shows this phenomenon well. The values of C in the 494 

“2002_Evt1 (Type 2)” were more than 0.6, which placed it at a high level compared to the C 495 

values for the “2007_Evt1 (Type 1).” The values of C in “2002_Evt1 (Type 2)” fluctuated with 496 

a horizontal trend in the range from 0.6 to 0.65. This horizontal trend became clearer as a 497 

Type 2 trend in Fig. 8, which shows that the values of 1volC  in “2002_Evt1 (Type 2)” increase 498 

as the catchment size decreases. 499 

When the storm moves from the upper catchment to the lower catchment (Type 3), the 500 

ratio of peakP : TcI for the upper catchment is larger than that for the lower catchment (see 501 

“1998_Evt1 (Type 3) WP44” and “1998_Evt1 (Type 3) Andongdam” in Fig. 9); and, therefore, 502 

the values of 1R  for the upper catchments are larger than those for the lower catchments. 503 

The reason is that when the storm moves from the upper catchment to the lower catchment, 504 

the areal rainfall intensity for the upper catchment with a smaller area is larger than the one 505 

for the lower catchment with a larger area. The RIDC plots the maximum value of the areal 506 

rainfall intensity for a given duration by a moving average technique, using the rainfall time 507 

series regardless of the exact time of the rainfall. Therefore, the maximum areal rainfall 508 

intensity in the RIDC for the upper catchment with a smaller area is larger than that for the 509 

lower catchment with a larger area. The increase in the rainfall-intensity-ratios with the 510 

decrease in the catchment size implies that movement of storm is not dependent on its 511 

direction with regards to the upper or lower catchments. The runoff coefficients increase as 512 

the size of the catchments increase because the floods in the lower catchments become 513 

extremely large due to storms moving in the direction of the lower catchments concurrent 514 

with the arrival of floods flowing down from the upper catchments as mentioned by Roberts 515 

and Klingeman (1970).  516 
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When the soil moisture ratio is high due to antecedent rainfall and a storm with 517 

non-distinctive movement has strong rainfall intensity with a short duration occurring 518 

randomly over the catchment (Type 4), flash floods occur due to the strong rainfall intensity 519 

over a short duration. The floods are relatively larger for the lower catchments due to 520 

relatively smaller amounts of water infiltrating the ground or being retained (see FIDC for 521 

“2003_Ev2 (Type 4) Andongdam” considering TcI  compared to the one for “2003_Ev2 522 

(Type 4) WP44” in Fig. 9). Therefore, the runoff coefficients increase as the catchment size 523 

increases. The smaller catchments have larger areal rainfall intensity due to strong local 524 

storms (see the RIDC for “2003_Evt2 (Type 4) WP44” compared to the one for “2003_Evt2 525 

(Type 4) Andongdam” in Fig. 9). The gradient of the RIDC is steep even for the lower 526 

catchments with large areas due to strong rainfall intensity over short durations; hence, the 527 

value of TcI  in Eq. (10) decreases dramatically. Therefore, the value of 1R  increases as the 528 

size of the catchment increases. As shown in Fig. 7, both Type 1 and Type 4 events have 529 

increasing values of  1R  as the catchment size increases, but the magnitudes are different. 530 

The values of 1R  for the “2007_Evt1 (Type 1)” are in the range from 1.4 to 1.9, but the ones 531 

for the “2003_Evt2 (Type 4)” ranged from 2.5 to 4 due to the characteristic of significant 532 

decrement. 533 

The analyses described above show that the characteristics of the storm are the main 534 

drivers for the characteristics of the flood responses. Therefore, the analytical method in this 535 

section is useful for the investigation of the relationship between storm patterns and flood 536 

responses, quantitatively. We investigated the frequency of each type of event for the 20 537 

events, showing that 13 events are Type 1 (65%), four events are Type 2 (20%), two events 538 

are Type 3 (10%), and one event is Type 4 (5%). These frequency results cannot be 539 

generalized due to the small number of events, but it shows definite trends. Other 540 

researchers can use their own datasets with a greater number of events to generalize the 541 

frequency of these types. 542 

4.5 Relationship between Runoff Ratios and Rainfall-Intensity-Ratios for the Independent 543 

Catchments 544 
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In this section, we investigate the relationship between the runoff coefficients and the 545 

rainfall-intensity-ratios for the 35 independent sub-stream catchments with areas less than 546 

100 km2, as discussed in Sect. 4.2. The catchment WP17 (231.7 km2) is slightly large, but we 547 

surmise that the effect of this catchment is minor for the analysis. We cannot find the clear 548 

relationship between the runoff coefficients and the rainfall-intensity-ratios for the 549 

independent catchments over the 20 events due to a random distribution. The C values for 550 

the independent catchments with TcI  values less than 15 mm varied randomly (not shown 551 

here). The reason could be the large initial loss by infiltration due to very low initial soil 552 

moisture contents or the relatively large antecedent flow, which affect the flood responses. It 553 

implies that different regions have different rainfall intensity during the same event, and the 554 

independent catchments with low rainfall intensity have different flood responses. 555 

Therefore, we analyzed the relationship between the runoff coefficients and the 556 

rainfall-intensity-ratios for the independent catchments with TcI  values greater than 15 mm. 557 

However, four events (“2000_Evt1”, “2003_Evt1”, “2006_Evt3”, “2007_Evt1”) do not have 558 

independent catchments with more than 15 mm of TcI , so we used only 16 events for the 559 

analysis. 560 

As a result, the relationship between C and 1R  is not always clear even for the 561 

independent catchments with more than 15 mm of TcI (Fig. 10). Therefore, we used the 562 

additional runoff coefficient ( 1/ volC C ) and the rainfall-intensity-ratio ( 1 2R R ) as given 563 

below to investigate the relationship. 564 

1/
peak

vol

Tc

q
C C

q
                                                                       (15) 565 

The 1/ volC C  represents the storm effect on the variation of the flood volume. The value 566 

of 1/ volC C  increases as the value of Tcq  decreases; therefore, the value of 1/ volC C  becomes 567 

significantly larger as the flood volume becomes significantly smaller as indicated when the 568 

hydrograph plunged down from the peakq .  569 

 
2

2
1 2

peak Tc

Tc

P I
R R

I


                                                                    (16) 570 
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The 1 2R R  represents the variation of the rainfall intensity by the value of TcI  571 

between 
peakP  and 2TcI . The value of 1 2R R  increases as the value of TcI  decreases; 572 

therefore, a significantly large value of 1 2R R  represents a significant reduction of rainfall 573 

intensity from 
peakP  to TcI . 574 

Table 2 shows the correlation coefficients for the relationships between C and 1R , 575 

between C and 1 2R R , between 1/ volC C  and 1R , and between 1/ volC C  and 1 2R R . The 576 

“Type” represents the four types of events as described in Sect. 4.4. The bold number 577 

represents the highest correlation coefficient for each event, and the underlined number 578 

represents the second highest correlation coefficient for each event. The notation, “No. 1st 579 

corr.,” at the bottom of the table represents the number of events with the highest correlation 580 

coefficient for each combination of runoff coefficient and rainfall-intensity-ratio. The 581 

notation, “No. 2nd corr.,” is the number of events with the second highest correlation 582 

coefficient; and the notation, “Total,” is the summation of “No. 1st corr.” and “No. 2nd corr.” 583 

for each combination. We also investigated the correlations using the data of 1R  and 584 

1 2R R  transformed by log, square root, and exponential transformations (not shown here); 585 

however, the results are similar to the one with non-transformed data. Therefore, we show 586 

the results with non-transformed data only. 587 

As shown in Table 2, the combination having the highest correlation coefficient is 588 

different for each event. The combinations of C with 1R  and 1/ volC C  with 1R  had the 589 

highest frequency in terms of having the highest correlation coefficient (“No. 1st corr.”), and 590 

the “Total” also showed the similar result. The 1R factor is the major factor that affects the 591 

flood peak (C) and the flood volume ( 1/ volC C ). As shown by “Type” in Table 2, the 592 

correlations between the runoff coefficients and the rainfall-intensity-ratios for the 593 

independent catchments have no relationship with the type of events (see the variation of 594 

highest correlation coefficients over the combinations in the Type 1 events). 595 

 596 

5 Discussion and Conclusions  597 
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This study analyzed the relationship between natural storm patterns and flood 598 

responses, quantitatively, for various catchment sizes by coupling the TC with the FIDC and 599 

the RIDC. We demonstrated the usefulness of the time of concentration for both small and 600 

large catchments. The time of concentration should be calculated using the time of 601 

concentration function suitable for the study catchments as shown in this study. We 602 

recommend that other researchers use the time of concentration function suitable for their 603 

study area. 604 

The SDE method suggested in this study is a relatively easy method to use with good 605 

applicability for generating the flood time series for the ungauged catchments. This reduced 606 

the difficulties of not enough flow data for the hydrological analysis. The data simulated by 607 

this method could have errors, but it gives guidance in analyzing and understanding the 608 

general hydrological responses as shown in this study. The analysis of hydrological 609 

responses using the simulated data for the ungauged catchments by the SDE method has the 610 

weakness of relying on the rainfall-runoff model structure. Therefore, an uncertainty 611 

analysis (e.g. Shin et al,, 2013, 2015) for the GRM model needs to be conducted, but it is out 612 

of the scope of this study. However, the analytical methods used in this study can use any 613 

physically based distributed model with less structural uncertainty. 614 

To summarize, this study investigated the storm pattern effects on the flood responses 615 

for various catchment sizes using a distributed rainfall-runoff model. We calibrated the 616 

parameters of the GRM model for 20 events that had good quality data and calculated the 617 

NSE values for the simulated hydrographs. The result showed that 90% of the simulated 618 

hydrographs have NSE values greater than 0.5. Therefore, the GRM model was applicable 619 

for the study catchments. The hydrographs for the 47 ungauged catchments were generated 620 

by the SDE method for the 20 events; and the peak values extracted from the areal rainfall 621 

and flood time series for the total 50 catchments, which included the three gauged 622 

catchments, were plotted versus the catchment size. The result showed that there was a 623 

power law relationship between the peak values and the catchment size for areas greater 624 

than about 100 km2, whereas, there was no clear relationship due to a large dispersion of 625 
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peak values for the catchments with areas less than about 100 km2. We generated the FIDC 626 

and the RIDC for the 50 catchments and calculated the runoff coefficients and the 627 

rainfall-intensity-ratios by coupling the time of concentration with the FIDC and the RIDC 628 

and then analyzed the relationship between the runoff coefficients and the 629 

rainfall-intensity-ratios for the dependent (greater than about 100 km2) and independent 630 

(less than about 100 km2) catchments. As a result, the 20 events were separated into four 631 

physically reasonable event types by a combination of storm patterns and flood responses 632 

for the dependent catchments. It showed that the relationship between storm patterns and 633 

flood responses for any event can be analyzed quantitatively by plotting the runoff 634 

coefficients or the rainfall-intensity-ratios versus the size of the dependent catchments. 635 

Lastly, there are correlations between 1R and C and between 1R  and 1/ volC C  for the 636 

independent catchments with TcI  values more than 15 mm, but these correlations have no 637 

relationship with the four types of events from the dependent catchments. 638 

 639 

  640 
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Appendix A: Tables for descriptions of catchments characteristics and selected events 641 

Table A1. Size of area, average slope, channel length, and the class of catchment for 642 

the 50 catchments.[a] 643 

Name Area(km2) Ave. 

slope 

Ch. 

L(km) 

Class Name Area(km2) Ave. 

slope 

Ch. 

L(km) 

Class 

Andongdam 1584.2  0.21  147.2  Main WP26 751.4  0.24  82.5  Main 

WP2 14.7  0.19  5.6  Sub WP27 39.1  0.24  10.6  Sub 

WP3 1459.7  0.21  132.4  Main WP28 28.4  0.27  11.1  Sub 

WP4 51.6  0.10  12.6  Sub Socheon 645.0  0.25  62.5  Main 

WP5 13.8  0.13  5.3  Sub WP30 104.5  0.28  20.8  Sub 

WP6 1327.7  0.23  119.6  Main WP31 32.7  0.30  7.4  Sub 

WP7 89.6  0.20  19.9  Sub WP32 540.0  0.24  61.7  Main 

WP8 81.2  0.21  16.4  Sub WP33 88.5  0.21  23.3  Sub 

WP9 17.6  0.20  5.5  Sub WP34 37.3  0.21  10.1  Sub 

WP10 1235.9  0.23  118.4  Main WP35 402.1  0.25  49.9  Main 

WP11 1221.5  0.23  114.0  Main WP36 33.9  0.22  9.3  Sub 

WP12 36.6  0.14  12.6  Sub WP37 13.0  0.24  4.6  Sub 

Dosan 1157.4  0.23  101.6  Main WP38 60.5  0.24  14.2  Sub 

WP14 8.9  0.23  5.8  Sub WP39 23.2  0.24  7.4  Sub 

WP15 1142.6  0.23  99.5  Main WP40 251.2  0.25  29.2  Main 

WP16 11.2  0.25  5.6  Sub WP41 49.2  0.26  12.8  Sub 

WP17 231.7  0.19  33.1  Sub WP42 22.2  0.28  9.0  Sub 

WP18 34.0  0.10  6.5  Sub WP43 14.2  0.22  4.2  Sub 

WP19 5.6  0.13  4.3  Sub WP44 189.9  0.25  25.2  Main 

WP20 28.6  0.29  7.5  Sub WP45 58.6  0.24  15.1  Sub 

WP21 47.0  0.24  10.8  Sub WP46 131.2  0.25  24.6  Sub 

WP22 850.0  0.24  89.5  Main WP47 41.6  0.27  10.9  Sub 

WP23 838.8  0.24  83.1  Main WP48 32.6  0.28  7.7  Sub 

WP24 86.4  0.18  20.3  Sub WP49 53.6  0.23  12.5  Sub 

WP25 39.2  0.18  10.2  Sub WP50 19.6  0.25  7.0  Sub 

[a]
 The Main in the Class column represents the main-stream catchments that are the catchments having 644 

outlets on the main stream, the Nakdong River; and the Sub in the Class column represents the 645 

sub-stream catchments that are the catchments with outlets on the tributaries of the Nakdong River. 646 
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Table A2. Period of the 20 events. 649 

Event Period Event Period 

1998_Evt1 1998081419-1998081723 2004_Evt1 2004061904-2004062303 

1999_Evt1 1999080213-1999080504 2004_Evt2 2004071509-2004071902 

1999_Evt2 1999091920-1999092201 2004_Evt3 2004081719-2004082022 

1999_Evt3 1999092304-1999092519 2006_Evt1 2006071007-2006071208 

2000_Evt1 2000091301-2000091518 2006_Evt2 2006071514-2006071710 

2000_Evt2 2000091604-2000091804 2006_Evt3 2006072804-2006073101 

2002_Evt1 2002080520-2002080916 2007_Evt1 2007090102-2007090317 

2002_Evt2 2002083023-2002090204 2008_Evt1 2008072419-2008072703 

2003_Evt1 2003062709-2003062918 2009_Evt1 2009071121-2009071408 

2003_Evt2 2003091124-2003091501 2009_Evt2 2009071415-2009071622 
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 858 

Figure 1. Location and topography of the Andongdam catchment in the Republic of 859 

Korea. The yellow points represent the water level gauging stations. 860 
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 863 

Figure 2. Schematic plot for calculation of runoff coefficient and 864 

rainfall-intensity-ratio. Tc represents time of concentration (TC) that is a duration 865 

(h), Tc2 is two times TC, C is runoff coefficient, 1volC  is the runoff coefficient of 866 

mean-flood-volume-intensity (MFVI) at TC, 2volC  is the runoff coefficient of MFVI 867 

at two times TC, 1R  is the ratio between the rainfall peak and the mean rainfall 868 

intensity at TC ( TcI ), 2R  is the ratio between TcI  and the mean rainfall intensity at 869 

two times TC ( 2TcI ), and 3R is the ratio between the rainfall peak and 2TcI . 870 
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 873 

Figure 3. Model performance evaluation statistics of NSE, PBIAS, and modr  (r_mod) 874 

for three gauged stations over 20 events. Dosan and Socheon catchments are 875 

assumed as ungauged catchments. The black dashed lines represent the acceptance 876 

boundaries for each performance evaluation statistic: NSE > 0.5, PBIAS±30%, and 877 

modr  > 0.6. 878 
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 879 

Figure 4. Power law relationship between size of catchments and maximum rainfall 880 

(Pmax) or maximum streamflow (Qmax) for two events. 881 
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 884 

Figure 5. Plot of RIDC and FIDC at the Andongdam gauging point (outlet of the 885 

entire catchment) for the 2006 event1 (left hand side) and at the watch point no. 50 886 

(the most upper catchment) for the 2009 event1 (right hand side). 887 
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 890 

Figure 6. Classification of event type using runoff coefficient (C) and 891 

rainfall-intensity-ratio (R). 892 
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 895 

Figure 7. Plot of C and 1R  versus the size of catchments. 896 
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 897 

Figure 8. Plot of 1volC  and 3R  versus the catchment size. 898 
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 901 

Figure 9. Plots of RIDC and FIDC of very lower and upper catchments for the four 902 

types. Vertical black long dashed line represents the time of concentration for these 903 

catchments. 904 
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 905 

Figure 10. Events with the worst correlations between C and 1R  for the 906 

independent catchments having larger than 15 mm of TcI value. 907 
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Table 1. Description of the parameters in the GRM model. 910 

No. Parameter Unit Range Description Calibration 

1 IniSaturation - 0-1 Initial soil saturation ratio Yes 

2 MinSlopeLdSrf - 0.0001-0.04 Minimum slope of land surface Yes 

3 MinSlopeChBed - 0.001-0.04 Minimum slope of channel bed Yes 

4 MinChBaseWidth m - Minimum channel width Yes 

5 ChRoughness - 0.025-0.15 Channel roughness coefficient Yes 

6 IniFlow CMS - Initial stream flow No 

7 DryStreamOrder - 0-max. str. 

order 

Initial dry stream order No 

8 CalCoefLCRoughness - 0-4 Land cover roughness coefficient No 

9 CalCoefPorosity - 0-4 Soil porosity No 

10 CalCoefWFSuctionHead - 0-4 Soil wetting front suction head No 

11 CalCoefHydraulicK - 0-4 Soli hydraulic conductivity No 

12 CalCoefSoilDepth - 0-4 Soil depth No 

 911 
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Table 2. Correlation coefficients between runoff coefficients and 913 

rainfall-intensity-ratios. 914 

Event C, 1R  C, 1 2R R  
1/ volC C , 1R  1/ volC C , 

1 2R R  

Type 

1999_Evt2 -0.177 -0.187 0.691 0.554 1 

1999_Evt3 0.425 -0.038 -0.178 -0.806 1 

2000_Evt2 0.727 0.603 0.591 0.857 1 

2002_Evt2 -0.015 0.124 0.812 0.616 1 

2004_Evt1 0.911 0.772 -0.708 -0.748 1 

2004_Evt2 0.926 0.798 0.937 0.893 1 

2004_Evt3 0.580 0.474 0.593 0.824 1 

2006_Evt1 -0.720 -0.528 0.381 -0.305 1 

2009_Evt1 0.345 0.755 0.345 0.375 1 

2009_Evt2 0.519 0.530 0.599 0.507 1 

1999_Evt1 0.599 0.365 0.540 0.253 2 

2002_Evt1 0.426 0.384 0.261 0.363 2 

2006_Evt2 0.734 0.723 0.806 0.705 2 

1998_Evt1 0.910 0.801 0.841 0.662 3 

2008_Evt1 0.274 0.176 0.382 0.280 3 

2003_Evt2 0.772 0.799 0.747 0.611 4 

No. 1st corr. 5 2 6 3 - 

No. 2nd corr. 5 4 3 4 - 

Total 10 6 9 7 - 
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