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Abstract

:

Due to global climate change, it is possible to experience the new trend of flood in the near future. Therefore, it is necessary to consider the impact of climate change on flood when establishing sustainable water resources management policy. In order to predict the future flood events, the frequency analysis is commonly applied. Traditional methods for flood frequency analysis are based on the assumption of stationarity, which is questionable under the climate change, although many techniques that are based on stationarity have been developed. Therefore, this study aims to investigate and compare all of the corresponding effects of three different data sets (observed, RCP 4.5, and 8.5), two different frequency models (stationary and non-stationary), and two different frequency analysis procedures (rainfall frequency first approach and direct discharge approach). As a result, the design flood from the observed data by the stationary frequency model and rainfall frequency first approach can be concluded the most reasonable. Thus, the design flood from the RCP 8.5 by the non-stationary frequency model and rainfall frequency first approach should be carefully used for the establishment of flood prevention measure while considering climate change and uncertainty.
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1. Introduction


The sustainable water resources management needs to move beyond conceptual theories and to be carried out by practical approaches when the relationship between hydrology and ecology becomes more important [1,2,3]. As the stress on water-dependent habitats is increasing due to climate change and growing anthropogenic activities [4,5,6,7,8], it is quite obvious that balancing the water needs of people and ecosystems will become a major environmental issue. Therefore, a plan for the sustainable water management should include the potential effects of flood, drought, and degradation of water quality, which may occur in the near future. Furthermore, sustainable water management should provide a healthy environment for ecosystems of a watershed [9,10].



Especially, in addition to drought and water quality degradation, extreme and frequent flood events in a specific region can also have a negative impact on ecosystem. Poff [11] analyzed the ecological response to flooding increased by climate change and suggested that the implementation of non-structural flood management policies is of great necessity. Whipple et al. [12] proposed various flood characteristics using a cluster analysis, such as ecological magnitude, time of occurrence, duration, etc. Predick and Turner [13] also examined the components that have effects on habitat quality and habitat configuration in flood.



According to the IPCC [14], the average of global surface temperature had increased by 0.74 °C during the last 100 years. A general consensus showed that the global warming and change of hydrological cycle will cause the increase of extreme climate events in both frequency and intensity, which will result in more severe flooding, drought, and water quality degradation [15,16,17,18,19]. Another important factor is land use change, which means the increase of impervious layer for urbanization. Apollonio et al. [20] analyzed that flooding areas and land use changes are significantly correlated, and also suggested that the correlation can be negligible in a large basin. Blöschl et al. [21] also suggested that land cover change could affect the impact on flooding and low flows. Land use change will have a significant impact in a short-term analysis while climate change will have a significant impact in a long-term analysis because a specific land use change plan in a long-term aspect is too uncertain. Therefore, in this study, only climate change was considered as a factor affecting the estimation of flood, because one of the objectives of this study is to identify the change of flood magnitude of climate scenarios up to 2100.



For the reasonable prediction of future flood under climate change, a flood frequency analysis is an inevitable tool because most of hydraulic structures are planned based on the design floods. The prediction of flood event is carried out by a frequency model, which is a mathematical description of the statistical characteristics [22]. Therefore, the practical applications are of great importance in order to improve the existing methods for flood frequency analysis when the relationship between hydrology and ecology becomes more important.



Numerous methods, such as empirical method, phenomenological method, dynamic method, and stochastic watershed modelling have been proposed to predict flood quantiles at each return period. The empirical method is one of the most popular methods for engineering design and planning. Thus, many hydrologists have carried out various researches to improve flood frequency analyses [23,24,25,26,27]. The traditional flood frequency analysis was performed under the stationary assumption, which means that floods are the consequence of identically distributed and independent random process. However, Milly et al. [28] insisted that the assumption of stationarity is very questionable. Under climate change, more intensive and frequent heavy rainfall events are expected in the future. Therefore, many studies have pointed out that the traditional flood frequency analysis based on stationarity is less reliable in the future [29,30,31,32,33,34,35]. Many methods for flood frequency analysis using the non-stationary condition have been developed to improve the traditional approach. By summarizing the current approaches, Khaliq et al. [36] suggested that the extremal, r-largest, peaks-over-threshold, and time varying moments methods are effective techniques for non-stationary flood frequency analysis.



Besides, it is also important to discuss the analysis procedure to estimate the design flood. In South Korea, due to the lack of observed discharge, rainfall frequency analysis to estimate design rainfalls at each return period is performed firstly, and then the design rainfall is converted into design flood with the same return period. This procedure sometimes calculates the results different from those directly estimated by the annual maximum flood data. Nevertheless, those studies on these effects are limited.



Therefore, the main purpose of this study is to suggest the appropriateness and uncertainty of the design flood through flood frequency analysis at the Cheongmicheon watershed in South Korea. To do this, 12 cases were considered by combining three types of data set, two frequency models, and two frequency analysis procedures, and compared all of the corresponding design floods. First, the observed data, RCP 4.5, and RCP 8.5 data were used as three types of data set. Second, a stationary frequency model and a non-stationary frequency model using the time-varying moment method for the Generalized Extreme Value (GEV) distribution were used as two frequency models. Also, in order to compare the changes of design flood according to two different frequency analysis procedures, the procedure using rainfall frequency analysis and HEC-HMS model and the procedure using SWAT model and flood frequency analysis were used.




2. Methodology


2.1. Non-Stationary Flood Frequency Analysis


The assumptions of independence and stationarity on the observed data are very important because they can validate the results from flood frequency analysis. However, when the frequency of a particular observed data, such as rainfall or temperature, is too high, these two assumptions cannot be applied because this observed data no longer independent and stationary to the previous observations. Especially, the problem of non-stationarity becomes more significant under the climate change. From the perspective of climate change, the statistical parameters change over time, and finally this trend violates these two assumptions. Nowadays, the assumption of non-stationarity is widely accepted and applied in many studies that are related to the frequency analysis and the hydrological modeling. Studies of non-stationarity based on flow or water level data can be broadly divided into two categories, namely validation of non-stationarity and estimation of model parameter under non-stationarity assumption.



The validity of non-stationarity can be assessed by investigating the presence of monotonic trends using the non-parametric Mann–Kendall (MK) test [37]. It is commonly used to identify a gradual trend of time series. When xi and xk of time series,   X =  [   x 1  ,    x 2  ,   … ,    x n     ]   , are independent, the statistics S and signs are calculated by Equation (1). The statistical hypothesis test is also performed in order to find the p-value using ZMK from Equation (2) and significance level,  α .


   S =   ∑  k = 1   n − 1      ∑  i = k + 1  n   sgn (  x j  −  x k  )     ,   sgn (  x j  −  x k  ) =  {     1     0      − 1         i f       i f       i f         (  x j  −  x k  )       (  x j  −  x k  )       (  x j  −  x k  )         > 0       = 0       < 0         



(1)






    Z  M K   =  {      ( S − 1 ) /   V a r [ S ]       i f     S > 0      0    i f     S = 0       ( S + 1 ) /   V a r [ S ]       i f     S < 0         



(2)







Also, the parameters of the various probability density functions (pdf) under the non-stationary condition can be estimated by the various methods, such as r-largest method, peaks-over-threshold (POT) method, time varying moments method, pooled flood frequency analysis, local likelihood analysis, and quantile regression [36].



In recent studies, the estimation of return period using the non-stationary frequency analysis has been performed. Serinaldi [38] explained the differences between stationary univariate and non-stationary multivariate frequency analyses on the aspect of return period. Also, Read and Vogel [39] suggested that a hydraulic structure planned by traditional return period concept can be failed because average return periods become much more uncertain under non-stationary condition. Obeysekera and Salas [40] also summarized that the conventional approaches of return period, risk, and reliability should not be used for a design of hydraulic structure when non-stationary condition exists. Furthermore, Serinaldi and Kilsby [41] argued that the nonstationary frequency analyses should not only be based on at-site time series but also require additional information and detailed exploratory data analyses and thus suggested that advanced technology needs advanced training to be correctly applied before adopting policies that make nonstationary analyses mandatory. Also, Serinaldi et al. [42] argued that the application of null hypothesis tests to detect non-stationarity in a time series could be flawed. Thus, because the debate over the non-stationary frequency analysis has been continuing, a more accurate and advanced theory should be developed. Therefore, this study considered the time varying moment method among the five methods was used to apply non-stationarity.



In the time varying moment method, the length of time window is different depending on the type of data. In this study, the length of time window are set to 10 years for observed rainfall data, and 50 years for future rainfall data (RCP 4.5 and RCP 8.5). Also, Generalized Extreme Value (GEV) distribution is adopted in this study. GEV distribution under the stationarity assumption uses three parameters. The pdf and the cumulative distribution function of the GEV distribution are represented by Equations (3) and (4), respectively.


   f z  ( z ; θ ) =  1 σ     [  1 + κ  (    z − μ  σ   )   ]    ( − 1 / κ ) − 1   exp  {  −    [  1 + κ  (    z − μ  σ   )   ]    − 1 / κ    }   



(3)






   F z  ( z ; θ ) = exp  {  −    [  1 + κ  (    z − μ  σ   )   ]    − 1 / κ    }   



(4)




where  μ ,  σ , and  κ  are the location, the scale, and the shape parameters, respectively.



Generally, the MLE method is widely used to reasonably estimate GEV parameters. Because it can be obtained by deriving the likelihood function, the log-likelihood function to GEV distribution is shown in Equation (5).


  ln L ( z ; μ , σ , κ ) = − n ln σ − ( 1 + 1 / κ )   ∑  i = 1  n   ln  [  1 + κ  (     z i  − μ  σ   )   ]    −   ∑  i = 1  n      [  1 + κ  (     z i  − μ  σ   )   ]    − 1 / κ      



(5)







Meanwhile, GEV distribution under the non-stationary assumption is described by the regression results of each parameter. In this study,  μ  and  σ  are assumed variables, whereas  κ  is assumed to be a constant because this shape parameter is difficult to be estimated reliably [43,44]. Equation (6) is the parameter setting on the non-stationary assumption. Equation (7) is the corresponding log-likelihood function to the non-stationary GEV distribution.


    μ t  =  μ 0  +  μ 1  t ,      σ t  = exp (  σ 0  +  σ 1  t )  ,     κ t  = κ = c o n s t   



(6)






      ln L ( z ;  μ 0  ,  μ 1  ,  σ 0  ,  σ 1  , κ ) = − n ln (  σ 0  +  σ 1  t ) − ( 1 + 1 / κ )   ∑  i = 1  n   ln  [  1 + κ  (     z i  − (  μ 0  +  μ 1  t )   exp (  σ 0  +  σ 1  t )    )   ]          −   ∑  i = 1  n      [  1 + κ  (     z i  − (  μ 0  +  μ 1  t )   exp (  σ 0  +  σ 1  t )    )   ]    − 1 / κ          



(7)








2.2. Comparative Strategy


In South Korea, the length of measured discharge data is too short to directly analyze the flood quantiles at each return period. Therefore, the rainfall frequency analysis is firstly performed to calculate the design rainfalls at each return period. Then, the calculated design rainfall is applied to the rainfall-runoff model to estimate the design flood. However, this approach has the disadvantage of using the assumption that the return periods in rainfall and flood are the same. Therefore, the results between this approach (hereafter, rainfall frequency first approach) and the direct flood frequency analysis, which directly uses discharge data (hereafter, direct discharge approach), are compared under stationary or non-stationary flood frequency models using the observed data and the annual maximum rainfall data from RCP 4.5 and 8.5. Figure 1 shows the flowchart of this comparative study.



Firstly, the rainfall frequency analysis under the stationary and non-stationary frequency analyses to the three annual maximum rainfall data (observed, RCP 4.5, and RCP 8.5) are performed, and then the estimated design rainfalls at each return period are input to the Hydrologic Engineering Center-Hydrologic Modeling System (HEC-HMS) to calculate the design flood quantiles. Although there are so many popular software for rainfall-runoff modeling, like MIKE21 [45], SWMM [46], etc., HEC-HMS model (version 4.2) by US Army Corps of Engineers [47] is widely used to simulate the rainfall-runoff process in South Korea. Therefore, the design rainfalls from rainfall frequency analysis can be used to derive design flood quantiles using HEC-HMS.



For the direct discharge approach, the SWAT model that was developed by Arnold et al. [48] has been applied in order to simulate the daily discharge in this study because this model is known as a suitable tool for calculation of daily discharge using daily rainfall data. The hydrological cycle simulated by SWAT model is based on the water balance equation,


  S  W t  = S  W 0  +   ∑  i = 1  t   (  R  d a y   −  Q s  −  E a  −  w  s e e p   −  Q g  )    



(8)




where   S  W t    is final soil water content;   S  W 0    is the initial soil water content;  t  is the time (days);    R  d a y     is the amount of rainfall on a day;    Q s    is the amount of surface runoff on a day;    E a    is the amount of evapo-transpiration on a day;    w  s e e p     is the amount of infiltrating water on a day; and,    Q g    is the amount of return flow on a day.



Finally, 12 cases (see Table 1) have been carried out with rainfall frequency first vs direct flood frequency approaches, stationary vs non-stationary frequency models, and three types of available data (observed, RCP 4.5, and RCP 8.5).




2.3. Major Parameters of HEC-HMS Model and Calibration Tool of SWAT Model


After performing the rainfall frequency analysis, the effective rainfall is calculated by the NRCS method. Before the develop HEC-HMS model, the results of the daily design rainfall from rainfall frequency analysis were separated into hourly design rainfall by Huff-3 distributed method. Also, the areal reduction factor, Thiessen polygon method, and critical storm duration concept were used.



The HEC-HMS uses lumped parameters that were averaged in space and time for runoff simulation. The physical information of the sub-basins and reaches were determined using digital elevation model and landuse data. The study watershed was divided into small and relatively homogeneous six sub-basins according to the drainage divides based on the topography (see Figure 1). The CN values of the sub-basin were used to calculate the effective rainfall through the NRCS method, as shown in Table 2. The surface runoff was calculated by Clark hydrograph and the flood routing was conducted by Muskingum method. These values, including time of concentration (   t c   ) and storage coefficient ( K ), are also summarized in Table 2.



In the long-term runoff simulation by SWAT, the most important process is the calibration of model parameters. The modeler’s experience by the trial-and-error method is a popular approach to determine the best set of parameters. However, it is difficult for a modeler to find an optimal parameter value that satisfies the temporal and spatial scales through trial-and-error method. Therefore, a SUFI-2 algorithm in SWAT-CUP tool is used in this study in order to select the appropriate set of parameters for the SWAT model. In SUFI-2, uncertainty in parameters, expressed as ranges, accounts for all the sources of uncertainties such uncertainty in driving variables, conceptual model, parameters, and measured data. The degree of uncertainty is measured by 95% prediction uncertainty (95PPU), here called the P-factor. The results of calibration and validation are shown in Section 4.1.





3. Study Area, Data and Trend Analysis


3.1. Characteristics of Study Area


The Cheongmicheon watershed is selected because the water resources management plan preventing flood and drought has been newly developed after Restoration of Four Major Rivers Project funded by South Korea government. The longitude and latitude of this watershed are 127°20′~127°44′ E, and 37°60′~37°84′ N, respectively. The total length of main channel is 60.8 km and the area is 596.60 km2. The mean altitude of the watershed is approximately E.L. 141.38 m, while the altitude of most area lies between E.L. 50 m and E.L. 100 m. The mean gradient is 17.0% with 676 m of the peak altitude. The hydrological soils are categorized as A, B, C, and D by the NRCS method. A type and B type, which are comparatively well drained, account for 5.4% and 33.7% of the total area, respectively, whereas C type and D type, which are comparatively badly drained, account for 17.3% and 43.5% of the total area, respectively. Figure 2 shows the study watershed, which consists of six sub-basins. In this basin, three rain gauges (Seolsung, Samjuk, and Saenggeuk), one temperature gauge (Icheon), and one stage gauge (Cheongmi) are operated.



The meteorological data used in this study are observed and future data. The daily rainfall data and the daily mean temperature data that were measured at three rainfall gauges and a temperature gauge were collected from the stating year of each gauge to 2017. The starting years of Selsong, Samjuk, and Saenggeuk rainfall gauges are 1970, 1990, and 1970, respectively. Also, the starting year of Icheon temperature gauge is 1973.



The future daily rainfall and the future daily mean temperature data were obtained from the regional climate model (RCM), HadGEM3-RO. Representative Concentration Pathways (RCPs) are four greenhouse gas concentration trajectories that were adopted by the IPCC in its fifth Assessment Report in 2014. RCPs are consistent with a wide range of possible change in future anthropogenic greenhouse gas emissions. RCP 2.6 scenario assumes that global greenhouse gas emissions peak between 2010 and 2020 with a substantial decline of emissions thereafter. The maximum emission under RCP 4.5 scenario is expected around 2040 compared with around 2080 under RCP 6.0 scenario. Under the RCP 8.5 scenario, the emissions continue to rise throughout the 21st century. The increase of global greenhouse gas emissions finally increases temperature and precipitation. In this study, RCP 4.5 and 8.5 were selected because these two scenarios were the most representative. The time length of the future data is 90 years from 2011 to 2100.




3.2. Characteristics of the Collected Data and Trend


The annual maximum rainfall data sets to the observed and future climate scenarios (RCP 4.5 & 8.5) are shown in Figure 3. Also, Figure 4 and Table 3 show the statistical differences between the observed and the future annual maximum daily rainfall data sets. The probability density of RCP 8.5 is significantly different from those of the observed and RCP 4.5, because the skewness of RCP 8.5 is much larger than others. Also, the probability densities of the observed and RCP 4.5 are similar, but the mean of the observed data is 15.4 mm larger than that of the RCP 4.5.



The MK trend test was performed to identify trends and the results are shown in Table 4. All of the future rainfall data under RCP 4.5 and 8.5 show the weak and strong increasing trends under the 5% significant level, respectively, while the observed data show no trend. Therefore, it can be suggested that non-stationary flood frequency analysis should be considered for the future rainfall data because the stationarity cannot be guaranteed in RCP scenarios.





4. Results


In the rainfall frequency first approaches, the data periods for the past and the future data are 1965 to 2017 and 2011 to 2100, respectively. In the direct discharge approaches, the data periods for the past and future data are 1991 to 2017 and 2011 to 2100. That is, the length of the observed discharge (26 years) is much shorter than that of the observed rainfall (52 years).



4.1. Results of Calibration by HEC-HMS Model and SWAT Model


HEC-HMS model is used for the rainfall frequency first approach and SWAT model is adopted for the direct discharge approach. In this study, the case in 2013 is selected to calibrate the parameters using the SWAT model. Figure 5a,b show the land cover map and the soil type map using hydrological soil group by NRCS in the Cheongmicheon watershed. Also, Figure 6a,b represent the monthly precipitation and discharge in 2013. The annual precipitation of the Cheongmicheon watershed in 2013 is 1288 mm/year, while the national average in the Republic of Korea is 1163 mm/year during the same period. 55% of the annual precipitation is concentrated in summer (June to August), while 27% is concentrated in July alone. The annual average discharge is 11.3 m3/s. The greatest monthly discharge occurred in July and the annual maximum daily precipitation is 70 mm, recorded in July. The number of rainy days is 130 and the largest amount of discharge is 157 m3/s.



The parameters in SWAT model were calibrated by SWAT-CUP and also the results were validated. The calibration periods were 1 January 2013–31 December 2013, and also the validation periods were 1 January 1997–31 December 1999. Especially, for the validation, three-year observed daily runoff data was used to check the adequacy of the calibrated parameters in the SWAT model.



Figure 7a,b are the model results of calibration in the year 2013 and validation in the years 1997–1999. With the optimized parameters, the monthly and seasonal discharges are fitted well to the observed. In addition, the Nash and Sutcliffe efficiency (NSE) [49] and R2 are calculated, as shown in Figure 7c. Given that the closer the two indices are to unity, the more accurate the simulation capability of the model is, the model performances can be concluded to be relatively exact.




4.2. Comparative Results of 12 Cases


The probability distribution for frequency analysis of rainfall data and discharge data is a GEV distribution with three parameters in this study. The three parameters of GEV distribution are estimated by MLE, because it is unbiased, consistent, and sufficient estimator to GEV distribution. The time varying moment method with 10-years (observed rainfall data and discharge) and 50-years (future rainfall and discharge under RCPs 4.5 and 8.5) is used to perform the non-stationary frequency analysis. When the rainfall frequency first approach is applied, the design rainfalls at all of the return periods are converted into discharges by the HEC-HMS model. In the case of direct discharge approach, the annual maximum floods that were generated by SWAT model are directly used to perform flood frequency analysis.



Table 5 summarizes the results of the design floods at each return period of 12 cases. At all return periods, RCP 8.5 has the higher values of design flood when compared to RCP 4.5. The standard return period in the Cheongmicheon watershed is 100-year. In 100-year return period, the minimum design flood was 1973.4 m3/s (Case 6), and also, the maximum design flood was 3975.2 m3/s (Case 11). However, using only Table 5, it is very difficult to suggest the most likely design flood in the Cheongmicheon watershed because there is high uncertainty between the cases. Therefore, the impact analyses to combinations of three types of data sets, two types of frequency models, and two types of frequency analysis approaches were performed before the suggestion of the most reasonable design flood.



Figure 8a–c show the change ratios to each method. Firstly, in Figure 8a, all of the design floods from the observed data were larger than those from RCP 4.5 and smaller than those from RCP 8.5. Especially, the design flood by the combination between non-stationary frequency model and the rainfall frequency first approach was the highest under RCP 8.5. Therefore, it can be suggested that the design floods from RCP 4.5 are too small to establish the reasonable flood measure in the Cheongmicheon watershed. However, it is very difficult to choose between the design flood from the observed data and RCP 8.5, because RCP 8.5 is a possible scenario in the future. Therefore, it can be suggested that the design floods from the observed data and RCP 8.5 are considered as uncertainty for the effective flood prevention planning.



The second effect on the design floods is a type of the frequency model. Figure 8b shows the change ratios to the stationary frequency model. All of the design floods from RCP 4.5 and 8.5 were lager than those from the observed data. Especially, the difference of the design flood between stationary and non-stationary frequency models on the observed data was much smaller than those of RCP 4.5 and 8.5 because the stationarity in the observed data was valid, as shown in the results of MK test. Therefore, it is suggested that the stationary frequency model is enough to estimate design flood from the observed data but the non-stationary frequency model should be used to estimate it from RCP 8.5.



The last effect is a type of the frequency analysis procedure. Figure 8c shows the change ratios to rainfall frequency first approach. All of the design floods by direct discharge approach were smaller than those of rainfall frequency first approach. However, it is suggested that this effect can be negligible because the maximum change ratio (−5.5%) was significantly smaller than those of the other two effects. Therefore, it is reasonable that the rainfall frequency first approach is selected because it is commonly used in South Korea due to the lack of flood data.



Finally, when comparing all the results of three effects, the 100-year design flood (2866.2 m3/s) from the observed data by the stationary frequency model and the rainfall frequency first approach (Case 1) can be suggested as the most reasonable because climate scenarios has not been applied yet in South Korea. However, it is needed that the 100-year design flood (3975.2 m3/s) from the RCP 8.5 by the non-stationary frequency model and the rainfall frequency first approach (Case 11) should be carefully considered in the future. In spite of ambiguity of selection of reasonable approach these results can be used to develop the mandating flood prevention guideline considering climate change because there has been no standard approach in South Korea.





5. Conclusions


The variability of flood has been significantly impacted by the climate change, and it affects the sustainability of ecological systems, including a human society. Estimation of design flood by frequency analysis is the first step of sustainable water resources management for the prevention of flooding, drought, and degradation of water quality in a watershed. However, the assumption of stationarity used in conventional flood frequency analysis does not consider the increasing variation of rainfall due to climate change. Therefore, in this study, the various factors, including non-stationarity to impact the design flood through flood frequency analysis, were examined at the Cheongmicheon watershed in South Korea.



After data collection at the watershed of interest, trends of observed data, and future data under RCP 4.5 and 8.5 in the Cheongmicheon watershed were investigated by MK non-parametric trend test. The stationarity was less plausible under RCP 4.5 and 8.5 because all future annual maximum daily rainfall data under RCP 4.5 and 8.5 showed the increasing trend. Also, the comparative study using 12 cases combined by three different data sets (observed, RCP 4.5, and 8.5), two different frequency models (stationary and non-stationary), and two different frequency analysis procedures (rainfall frequency first and direct discharge approach) was performed to investigate their impact on the design floods. In two different frequency modeling, the GEV distribution was selected as the probability distribution, and also, the time varying moment method with 10-year for the observed data and 50-year for the RCP 4.5 and 8.5 moving window was applied for the non-stationary frequency analysis. Also, in two different frequency procedures, HEC-HMS model for rainfall frequency first approach and SWAT model that was calibrated by SUFI-2 algorithm for direct discharge approach were used to estimate design flood at each return period.



By analyzing results of the 12 cases, it was known that the design floods from RCP 8.5 (Cases 9, 10, 11, and 12) were relatively larger compared to those from RCP 4.5 (Cases 5, 6, 7, and 8). Especially, the design floods from RCP 4.5 were smaller than those from the observed data (Cases 1, 2, 3, and 4). Therefore, it was concluded that the design floods from RCP 4.5 were excluded firstly in the suggestion of the reasonable design flood. However, on the aspect of uncertainty in climate scenario, it was suggested that the design flood from RCP 8.5 could be considered as a possible one. As a result of effect by different frequency modeling, it was found that all of the design floods using non-stationary frequency model were larger than those using stationary frequency modeling. However, it was suggested that the stationary modeling was only applied to the observed data because the change ratio on the observed data were negligibly small. This result was consistent with the result of MK non-parametric trend test. Also, the results of effect by different frequency procedure showed that this effect could be negligible because the change ratio was significantly small when compared to other effects. Therefore, it was suggested that the rainfall frequency first approach was reasonable because it was generally used in South Korea.



Finally, this study showed that the design floods in Case 1 (observed data + stationary frequency model + rainfall frequency first approach), which is the same to the standard of South Korea were the most reasonable for establishment of flood prevention measure at the Cheongmicheon watershed. However, it can be proposed that the design floods in Case 11 (RCP 8.5 + non-stationary frequency model + rainfall frequency first approach) should be considered as importantly in near future because climate change scenarios have not been applied to frequency analysis yet in South Korea. For the preventive measures, the consideration of climate change and land use change scenarios should be in the calculation process of design floods. In the future, the covariates will be added to this approach to include the effects of additional meteorological and physical information.
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Figure 1. Flowchart for comparative study. 
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Figure 2. Configuration map of the study area and grid map in regional climate model (RCM). 
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Figure 3. Annual maximum rainfall data (observed and future). 
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Figure 4. Probability densities of annual maximum daily rainfall data sets. 
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Figure 5. Land cover and soil type map in the Cheongmicheon watershed. 
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Figure 6. Monthly precipitation and discharge in calibration year, 2013. 
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Figure 7. Performance results of calibration and validation. 
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Figure 8. Summary of change ratios of three approaches. 
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Table 1. Comparative 12 cases in this study.
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Cases

	
Data

	
Frequency Model

	
Approach






	
Case 1

	
Annual maximum rainfall data (observed)

	
Stationary

	
Rainfall first




	
Case 2

	
Direct discharge




	
Case 3

	
Non-stationary

	
Rainfall first




	
Case 4

	
Direct discharge




	
Case 5

	
Annual maximum rainfall data (RCP 4.5)

	
Stationary

	
Rainfall first




	
Case 6

	
Direct discharge




	
Case 7

	
Non-stationary

	
Rainfall first




	
Case 8

	
Direct discharge




	
Case 9

	
Annual maximum rainfall data (RCP 8.5)

	
Stationary

	
Rainfall first




	
Case 10

	
Direct discharge




	
Case 11

	
Non-stationary

	
Rainfall first




	
Case 12

	
Direct discharge
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Table 2. Values of physical information and hydrologic parameters for Hydrologic Engineering Center-Hydrologic Modeling System (HEC-HMS) model.
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Sub-Basins

	
Area (km2)

	
CN (AMC III)

	
Clark’s Method




	
     t c     

	
   K   






	
1

	
112.65

	
57.007

	
3.31

	
4.50




	
2

	
50.551

	
58.489

	
2.07

	
2.40




	
3

	
121.332

	
62.116

	
2.89

	
3.49




	
4

	
98.328

	
49.743

	
1.94

	
2.56




	
5

	
117.44

	
56.852

	
1.93

	
2.42




	
6

	
89.381

	
53.708

	
1.88

	
2.09
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Table 3. Descriptive statistics of annual maximum daily rainfall data sets.
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Items

	
Mean (mm)

	
Std. (mm)

	
Skewness

	
Kurtosis






	
Annual maximum rainfall data

	
Observed

	
132.1

	
54.4

	
0.841

	
2.815




	
RCP 4.5

	
116.7

	
52.4

	
0.798

	
3.010




	
RCP 8.5

	
128.3

	
94.1

	
3.096

	
14.495
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Table 4. Results of Mann-Kendall test to the annual maximum rainfall data ( α  = 0.05).
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Items

	
p-Value (Rainfall)

	
Decision (Rainfall)






	
Annual maximum rainfall data

	
Observed

	
0.1944

	
No trend




	
RCP 4.5

	
0.0436

	
Increasing Trend




	
RCP 8.5

	
0.0097

	
Increasing Trend
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Table 5. Results of design floods at each return period.
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	Cases
	10-year R.P. (m3/s)
	50-year R.P. (m3/s)
	100-year R.P. (m3/s)
	200-year R.P. (m3/s)





	Case 1
	776.8
	1265.2
	2866.2
	3198.2



	Case 2
	683.6
	1253.1
	2807.8
	3133.7



	Case 3
	1136.7
	1781.9
	2903.6
	3554.7



	Case 4
	1134.3
	1763.0
	2875.1
	3263.9



	Case 5
	516.1
	963.7
	1979.2
	2153.4



	Case 6
	507.6
	959.0
	1973.4
	2128.4



	Case 7
	829.4
	1288.0
	2312.1
	2495.4



	Case 8
	823.1
	1278.4
	2304.1
	2492.1



	Case 9
	990.3
	1616.1
	3451.1
	4207.1



	Case 10
	831.0
	1520.2
	3353.6
	3829.8



	Case 11
	1617.7
	2670.6
	3975.2
	5584.1



	Case 12
	1516.8
	2176.6
	3757.4
	4732.6
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