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Abstract

:

A univariate analysis that relies solely on precipitation data in low flow frequency analysis is a technique to express meteorological drought, so it is limited to analyzing the characteristics of hydrological drought related to available water resources. In addition, if the data for the model calibration are insufficient, the uncertainty of a single variable limits the construction of a reliable model. To improve this problem, a frequency analysis was performed by constructing a bivariate copula model as a multivariate model with a high correlation between variables targeting reservoir inflows. The methodology utilizes the theory of runs to identify low flow events, establishing a threshold based on the mandatory regional water supply plan, and determining the low flow duration and cumulative water deficit. The Gumbel copula function, effective in capturing correlations between hydrological variables, was applied to derive a joint bivariate probability distribution, facilitating the calculation of combined low flow event return periods. This study compared low flow frequencies at Soyanggang dam (’74–’22) and Chungju dam (’86–’22), which are in the same Han River basin but have different capacities and water demands, using a bivariate copula model. The top four extreme low flow events for the two adjacent dam basins did not occur in the same year and, in the years of the extreme low flow events at one of the two dam basins, there was an insignificant magnitude at the remaining dam basin. This result is noteworthy because it shows that the possibility of extreme low flow events appearing simultaneously in both watersheds is not as high as expected. The operational efficiency can be improved by setting the coordinated operation rules of the two reservoirs using the copula dependency structure.
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1. Introduction


Drought, characterized by an extended period of abnormally low precipitation resulting in water scarcity, exerts significant impacts on agriculture, ecosystems, water resources, and society. Quantifying drought magnitude is essential for its analysis and frequency assessment. However, due to the ambiguity in delineating its onset and termination, various methodologies are possible to establish clear thresholds based on rainfall or river runoff. In the assessment of meteorological drought, researchers have pursued univariate low flow frequency analysis predicated on precipitation data [1,2,3]. Univariate low flow frequency analysis, utilizing precipitation as its primary variable, involves establishing a baseline precipitation level to ascertain both the duration and magnitude of the low flow event. Each of these parameters is treated as an independent variable in order to derive the frequency of low flow occurrences, referred to as the return period. While univariate analysis considers either the duration or magnitude of low flow independently, there is also a growing interest in multivariate low flow frequency analysis, which takes into account the dependency between the duration and the magnitude [4,5]. A univariate analysis that relies solely on precipitation data in low flow frequency analysis is a technique to express meteorological drought, so it is limited to analyzing the characteristics of hydrological drought related to available water resources. In addition, if the data for the model calibration are insufficient, the uncertainty of a single variable limits the construction of a reliable model. In order to improve this problem, a frequency analysis was performed by constructing a bivariate copula model as a multivariate model with a high correlation between variables targeting reservoir inflows. The multivariate copula model has been the subject of significant research attention, as evidenced by studies conducted by [6,7].



Particularly, research on multivariate frequency analysis has predominantly utilized the copula model, as evidenced by studies conducted by [1,2,3,8]. Within the framework of the copula model, the interrelation among various low flow factors in a low flow frequency analysis can be encapsulated and elucidated through the copula function. This enables the derivation of a combined return period that accounts for both the duration and severity of low flow events. The copula function serves to articulate the dependence structure and correlation among low flow components, which are crucial for estimating low flow frequency. Furthermore, it facilitates the analysis of the impact of multiple parameters, including uncertainty, in multivariate frequency analysis. Consequently, it becomes feasible to ascertain the frequency of low flow events that comprehensively encapsulates the influence of various low flow characteristics, in contrast to the conventional univariate frequency analysis method [8]. While meteorological models focusing on precipitation have historically dominated low flow analysis, there is a growing recognition of the necessity for hydrological low flow analysis targeting basin or river runoff. Such an analysis is imperative for assessing the decline in river and reservoir inflows, consequent reductions in dam water storage capacities, and the inadequacy of the water supply to meet demand.



In a hydrological investigation conducted by [9], a copula bivariate low flow frequency analysis was employed utilizing streamflow data. This approach enables a quantitative assessment of the low flow return period, facilitating the inference of low flow severity and duration corresponding to specific return periods, thereby allowing for the characterization of low flow tendencies. Notably, it is crucial to acknowledge that the outcomes of such an analysis can exhibit substantial variability contingent upon the threshold criteria applied to runoff measurements. For instance, if the average monthly outflow is designated as the threshold, and daily outflow is classified as indicative of low flow, the identified low flow events may diverge significantly from actual occurrences. Furthermore, ref. [10] conducted a study where the threshold was established based on water supply and the low flow return period was exclusively derived from low flow duration, highlighting a limitation wherein considerable uncertainty was observed, particularly regarding low flow conditions.



In this investigation, a bivariate low flow frequency analysis employing the copula model was conducted utilizing dam inflow data from both the Soyanggang dam and the Chungju dam. Initially, the onset and termination of low flow events were delineated utilizing the Theory of Runs proposed by [11]. To facilitate a quantitative interpretation of low flow occurrences, the mean of the monthly mandatory water supply served as the threshold level, enabling the derivation of characteristic low flow events. Low flow events were then subjected to bivariate analysis utilizing the copula model, which allows for the simultaneous consideration of multiple low flow characteristics. The evaluation of low flow events was further enhanced through the calculation of their return periods. Finally, the geographically adjacent two dam basins were compared with respect to the return periods and the resulting hydro-statistical homo- or heterogeneity, which could offer insights for establishing the coordinated operation rules applicable during low flow events.




2. Study Area and Data Sets


In this study, the Soyanggang dam and Chungju dam basins were chosen as the target areas for conducting low flow frequency analysis (see Figure 1). The Soyanggang dam, located in Chuncheon-si, Gangwon-do, is a rockfill dam recorded as the highest in Korea. It encompasses a total basin area of 2783.3 km2 and spans a flow path of 234.2 km. Conversely, the Chungju dam, located in Chungju-si, Chungcheongbuk-do, is a concrete gravity dam holding the largest storage capacity in Korea, covering a total basin area of 4257.2 km2 with a flow path of 261.2 km. For the duration of this study, daily inflow data during ’74–’22 from the Soyanggang dam and during ’86–’22 from the Chungju dam were utilized, spanning the months of February to October each year. These data were employed to assess the sensible extent of low flow based on water demand. The inflow data were sourced from the National Water Resources Management Comprehensive Information System (WAMIS http://www.wamis.go.kr/ accessed on 1 April 2024), managed by the Han River Flood Control Center. Upon preliminarily examining the data, it was observed that there was a notable number of freezing days causing missing data. Those seasonal missing or extreme low flow data were excluded from the analysis because they would result in underestimating the low flow return period. Additionally, there were no long-term missing values during the analysis period except for winter season, and missing values within 3 days were interpolated by averaging the daily data before and after the missing value standard. The basic statistics of the inflow data at two dam basins are summarized in the Table 1.




3. Methodology


Figure 2 illustrates a procedural flow chart delineating the steps involved in conducting copula low flow frequency analysis within the context of this study. (1) Initially, the Theory of Runs is utilized to establish the threshold level, duration of low flow, and cumulative water deficit (depth). (2) Subsequently, individual univariate probability distributions are computed based on the predetermined duration of low flow and cumulative water deficit. The return period is then determined using the non-exceedance probability associated with each univariate probability distribution. (3) The bivariate combined probability distribution is then computed by combining the previously obtained univariate probability distributions through the utilization of the copula function. Consequently, the combined return period is derived. Ultimately, the evaluation of low flow events is conducted by comparing the return period associated with each low flow duration and cumulative deficit, derived from univariate low flow frequency analysis, with the combined copula return period resulting from bivariate low flow frequency analysis.



3.1. Theory of Runs


Before conducting low flow frequency analysis, it is essential to establish the onset and termination of low flow periods and quantify the magnitude of the low flow. The data available for this study comprised time-series data, which constitute a sequential set of observations over time. To compute the univariate probability distribution and conduct low flow frequency analysis utilizing the copula function, the parameters associated with the copula function derived from time-series data are necessary. The theory of runs, a statistical method, was introduced for delineating the initiation and termination of low flows and estimating their severity [11].



A “Run” denotes a continuous time-series segment featuring solely negative runs for values below the specified threshold level and positive runs for values exceeding the threshold level, observed between two consecutive intersection points. To calculate runs, parameters such as threshold, supply, demand, low flow intensity, low flow depth, and duration should be defined. Depending on the analysis objective, precipitation, runoff, surplus or deficit in supply, low flow indices, etc., can be used for defining the threshold in diverse manners. To interpret low flow frequency utilizing the theory of runs, it is imperative to select an appropriate threshold level, criteria for identifying extreme low flows, and to investigate and analyze the statistical and time-series characteristics of low flow events.



Unlike existing low flow frequency analysis using rainfall or river flow, in this study, a copula model was constructed for the inflow of multi-purpose dams. Consequently, the low flow duration was based on inflow utilizing the runs theory, and parameters such as duration and cumulative water deficit were determined. As depicted in Figure 3, the area below the threshold level was designated as the cumulative water deficit (SD), the duration (TD) was defined as the time between the onset and termination of the cumulative water deficit, and the threshold (X0) was established. In the drought analysis based on the run theory, the average daily flow rate expressed as m3/s was used as the raw data. A drought event was defined using a daily flow rate time series and a specific threshold, and the duration of an event usually lasted from several weeks to months (Figure 3b).



The mandatory water supply corresponds to the constant water supply volume pro-vided by the reservoir, accounting for inflow, storage, outflow, and demand. The water supply encompasses municipal, agricultural, and in-stream water requirements, with varying values for each month to accommodate seasonality. However, in this study, as events were derived annually and the return period was expressed in years, the mandatory water supply amount was utilized as the threshold for defining the low flow events from the entire inflow time series, which can be regarded as the deficit between the reservoir inflow and water supply from a reservoir.




3.2. Univariate Low Flow Frequency Analysis


To estimate the duration of low flow and the return period of cumulative deficit through univariate low flow frequency analysis, it is imperative to first calculate the univariate probability distribution. Additionally, since the copula model is a statistical framework that expresses the correlation between variables by deriving a joint probability distribution from the univariate probability distributions of individual variables, it is indispensable to compute the univariate probability distribution for both univariate and bivariate low flow frequency analyses.



Initially, the optimal probability distribution and parameters were determined through a goodness-of-fit test based on the maximum duration (in days) and cumulative water deficit (in cm) of daily inflow data from the Soyanggang dam (’74–’22) and Chungju dam (’86–’22). Subsequently, the probability distribution type was determined through the aforementioned test methods, and the univariate probability distribution was computed by applying it to both the duration and cumulative water deficit variables. Next, the return period was derived using the results of the univariate probability distribution for low flow duration and cumulative water deficit. Typically, univariate frequency analysis includes methods such as the probability plotting position method, which generates series with the highest values or exceedance series from hydrological data, and probability distribution tests employing probability paper. These methods aim to determine the return period of a hydrological event of a specific magnitude or the magnitude of a hydrological event during a specific return period. In this study, a methodology was employed to derive the return period for each duration and cumulative deficit using the non-exceedance probability (P = 1 − exceedance probability) derived from the univariate joint probability distribution based on the aforementioned methods. The return period is defined as a certain magnitude occurring more than once on average every T year and is expressed as the reciprocal of the probability of exceedance.




3.3. Bivariate Copula Low Flow Frequency Analysis


The copula model, introduced by Sklar (1959), has predominantly been employed in the finance sector to explain complex dependency structures [12]. Conventional low flow frequency analysis is typically grounded in the derivation and analysis of return periods based on univariate probability distributions for each duration and severity of low flow events. However, when examining low flow frequency, the copula function can serve as a valuable tool for establishing connections between individual univariate probability distributions, thereby facilitating the creation of a joint probability distribution to uncover correlations between variables that may not be discernible from the univariate probability distributions alone. In the context of this study, the copula model is represented by Equation (1), which pertains to scenarios involving two random variables X and Y, and encompasses a joint distribution function C linking the two variables. Herein, the joint probability distribution is expressed as a function of FX(x), FY(y).


    F   X , Y     x , y   = C     F   X     x   ,     F   Y   ( y )    



(1)







Copula models are categorized into two main types: Elliptical copula and Archimedean copula. While Elliptical copula has an advantage of being represented as a multi-dimensional distribution, it is noted that its parameter estimation can be complex, especially for high-dimensional data or when dealing with non-standard copula families. Therefore, careful attention should be paid to the assumptions underlying the chosen model and the validity of the estimation procedure. Hence, in the context of low flow frequency analysis, the Archimedean copula is often preferred due to its ability to effectively capture correlations between hydrological variables [2]. Common types of Archimedean copula functions utilized in copula frequency analysis include Clayton copula, Frank copula, and Gumbel copula [13,14]. The choice of the distribution function is made based on the symmetricity of the observed data considering the shape parameters, e.g., skewness and kurtosis. However, if the size of the dataset is not sufficient, the determination of the probability distribution should not depend solely on the shape parameter and is bound to involve empirical judgment.



The Clayton copula is characterized by enhancing the dependency of the left tail structure in the probability distribution, thereby modeling strong correlation between variables in the left tail. This function is suitable for scenarios where one region’s rainfall tends to correlate with rainfall in a non-adjacent region, indicating low correlation between the two variables. The Frank copula is favored for identifying correlations between two variables exhibiting both negative and positive correlations. It is well-suited for examining trends across a broad range of data. For instance, it is useful when analyzing how the average and extreme values of rainfall variables in distinct regions correlate differently. Lastly, the Gumbel copula is effective for modeling the tail of a symmetrical probability distribution, particularly for extreme values exhibiting positive correlation. This function is commonly applied in hydrological research to understand the behavior of variables associated with extreme events, such as extreme floods and droughts. The types and parameter ranges of Archimedean copula functions are summarized in Table 2 [15].



The canonical maximum likelihood method (CML) was used to determine the copula parameter, θc. CML is a method of estimating the copula parameter using the parameters of each distribution function by converting individual data into a uniform distribution. After deriving the probability distribution function of the cumulative deficit, denoted as FX(x), FY(y), and determining the suitable copula function, the joint distribution probability is calculated using the corresponding copula function to ascertain the bivariate low flow return period. This calculation considers both the duration of the low flow and the cumulative deficit concurrently. Specifically, when both conditions that ① the duration exceeds a certain threshold and ② the cumulative deficit surpasses a specific value are met simultaneously, Equation (2) is applied. Conversely, when only one of the conditions is satisfied, the scenario is expressed using Equation (3). Here, TDS represents the joint return period when both the duration and the cumulative deficit exceed their specific thresholds.


    T   D S   =   1   P ( D ≥ d   a n d   S ≥ s )   =   1   1 −   F   D     d   −   F   S     s   + C (   F   d     d   ,   F   s     s   )    



(2)






    T   D S   ′   =   1   P   D ≥ d   o r   S ≥ s     =   1   1 − C (   F   D     d   ,   F   S     s   )    



(3)









4. Application and Results


In this study, the threshold for low flow assessment was established as the average annual planning water supply for both Soyanggang dam and Chungju dam. The average annual mandatory water supplies are 46.6 m3/s for Soyanggang dam and 107.2 m3/s for Chungju dam, respectively. Utilizing the runs theory outlined in Section 3.1, the maximum annual events for both dams were computed based on the thresholds set for duration and cumulative deficit, as illustrated in columns 2, 3, 6, and 7 of Table 6. Before bivariate copula model calibration, the univariate model calibration should be performed. The goodness-of-fit test for univariate data assesses how well the data align with the theoretical distribution or expected value and typically employs validation methods such as the Chi-squared test, Kolmogorov–Smirnov test, and Anderson–Darling test [16]. However, the normal distribution was adopted as the probability distribution of the two parameters through the empirical intuition based on the assumption that there are insufficient reasons that the low flow variables are unsymmetrically skewed as explained in the following.



To compute the univariate probability distribution, the variables for duration and cumulative deficit at both dams were partitioned into equal intervals, and a histogram was plotted (Figure 4). Upon examination of the histogram, it was observed that the frequency exhibited a symmetrical structure as a whole. The interval with peak frequency did not appear clearly but tended to be concentrated at the center of the distribution. This characteristic is indicative of a normal distribution, and measures of skewness and kurtosis were calculated to objectively assess the data’s suitability for normal distribution. An ideal normal distribution is indicated when the skewness equals 0 and the kurtosis equals 3. In general, for a normal distribution, the skewness should not exceed an absolute value of 3, and the kurtosis should not exceed an absolute value of 10. The skewness and kurtosis values for the data under consideration are presented in Table 3. Based on the results, it was determined that the skewness of all datasets fell within an absolute value of 3, and the kurtosis fell within an absolute value of 10. Consequently, the probability distribution for all copula variables was assumed to follow a normal distribution. The normal distribution referred to in the following sentence is a probability distribution known as the standard error curve when the sample size approaches infinity. The histogram and the derived normal distribution function curves are depicted in Figure 4a–d. The histogram was generated by dividing the data into eight equal-sized intervals.



To determine the univariate probability distribution as a normal distribution and calculate the bivariate return period, the sum of the copula joint probability distributions must be the same as the marginal probability distribution. The joint probability distribution refers to the cumulative probability distribution of two random variables X and Y defined in the sample space S, and it is expressed as Equation (4).


  F   x , y   = P   X ≤ x ,   Y ≤ y   =   ∑  S = − ∞   x      ∑  t = − ∞   y    f ( s , t )      



(4)







The copula function is an effective technique for analyzing whether the variables to be analyzed are correlated with interdependence. Therefore, the correlation coefficients between the durations and cumulative deficits of Soyanggang dam and Chungju dam were calculated to test whether there was a correlation between variables before applying the copula function. The correlation coefficient values between the duration and the cumulative deficit were 0.9584 for Soyanggang dam and 0.9796 for Chungju dam, respectively, indicating that both dams had a positive correlation between the duration and the cumulative deficit. As mentioned in Section 3, the Clayton copula is suitable when there is a high correlation between the left tail of the data distribution, the Frank copula is suitable when the correlation between the right tail data is high, and the Gumbel copula is a suitable copula function when the correlation between both tails of the data is high. Referring to Figure 5, it was judged that the duration and cumulative water deficit data distribution of Soyanggang dam and Chungju dam were very highly correlated in all ranges, including the right and left tail structure. From this, it can be inferred that it was appropriate to use the Gumbel copula among the Clayton, Frank, and Gumbel copulas.



Based on the correlation analysis, the logarithmic likelihood function was used as mentioned in Section 3.3 to determine whether the Gumbel copula function could be set as a joint distribution function. As for the logarithmic likelihood function, a copula function with a large value was selected as the optimal function as an index to determine the feasibility of the copula function [17]. The following is a table showing the results of applying the logarithmic likelihood function (Table 4).



As for the log-likelihood function value, the Gumbel copula function was the most feasible function for both Soyanggang and Chungju dams, and the results of calculating the Gumbel copula parameter through the estimated normal distribution parameter and log-likelihood function are suggested in Table 5.



Based on the application of the Gumbel copula for calculating return periods, the most severe low flow at the Soyanggang dam occurred in 1996, characterized by a duration of 91 days, a cumulative deficit of 3237.8 m3/s, and a copula return period of 69.6 years (Table 6). Subsequent notable events included copula return periods of 39.6 years in 1979, 17.1 years in 2008, and 11.8 years in 1982. The average dam inflow in 1996 and 1995 was 59.6 and 125.0 m3/s, respectively, indicating a decrease of approximately 47% in the dam inflow in 1996 compared to the previous year. Notably, during the flood season of the same year, the daily inflow increased by up to 1279.5 m3/s, and this was attributed to significantly increased rainfall. However, a comprehensive evaluation of the water supply safety index, comprising the dam inflow, dam water supply, and water deficit, concluded that a water supply failure did not occur at Soyanggang dam in 1996. Similarly, in 1979, the second most severe year after 1996, there was no significant water supply failure, with non-flood season inflows not markedly different from the previous year, 1978, although the flood season inflow increased to 392.8 m3/s. Furthermore, an analysis of rainfall in Gangwon-do in 2008, during the record high low flow, revealed that only 63% of the average monthly rainfall occurred, dropping to approximately 45% in October at the onset of the dry season.



In this analysis, the four most extreme low flow events for each dam were selected and the copula return periods were compared with univariate return periods between two dam basins (Figure 6, Table 7). Initially, when employing the normal distribution to compute return periods for individual durations and cumulative deficits, substantial deviations in ranking were observed. Similarly, when applying the Gumbel copula function to calculate the joint return periods, significant deviations in ranking persisted. The normal distribution probability and copula joint probability calculated in this study exhibited lower statistical estimation errors, offering more reliable results as the dataset expanded for statistical analysis. However, due to the ambiguity in delineating its onset and termination, various methodologies are possible to establish clear thresholds based on rainfall or river runoff. In the assessment of meteorological drought, researchers have pursued univariate low flow frequency analysis predicated on precipitation data [1,2,3]. Both dams showed that the copula return periods were closer to the univariate return periods for severity rather than duration. The top four extreme low flow events in Soyanggang dam basin were observed in 1996, 1979, 2008, and 1982, giving 69.6, 39.6, 17.1, and 11.8, respectively. The years of the top four extreme events between the two dam basins were completely different. The top four extreme low flow events in Chungju dam basin were observed in 1989, 1988, 2000, and 2014, giving 180.1, 156.0, 45.6 and 11.0, respectively.




5. Conclusions


In order to quantify and evaluate hydrological drought, the return period of low flow that occurred in the target watershed in the past was derived through copula frequency analysis using inflow data from Soyanggang dam (’74–’22) and Chungju dam (’86–’22) in this study. The low flow occurrence event was extracted by defining the onset and termination of the low flow period using the theory of runs, calculating the size of the low flow that occurred during this period, and setting the duration and cumulative deficit as variables. The two defined variables (duration, cumulative deficit) were set as parameters for copula bivariate frequency analysis. A normal distribution was adopted as the probability distribution of the two parameters through empirical intuition based on the assumption that there were insufficient reasons that the low flow variables were unsymmetrically skewed. In addition, the Gumbel copula function was adopted as a result of calculating using the logarithmic likelihood function to determine the appropriate copula function for the data used in this study, and the Gumbel copula parameter was calculated. Then, based on the calculated parameters, the Gumbel copula return periods of the annual low flow event of Soyanggang and Chungju dams were calculated.



In this study, a bivariate low flow frequency analysis was performed using the copula function, and two independent variables were used to express a low flow that could not be quantitatively defined as a single return period to define the characteristics of low flow. Through the low flow frequency analysis using the copula function based on the inflow of dams, it was possible to confirm the duration of insufficient inflows corresponding to the extreme low flow years of the Soyanggang and Chungju dams, and the corresponding inflows were possible to determine the quantitative low flow frequency by deriving the copula return period. Based on the results of the copula frequency analysis, it was possible to confirm the lack of precipitation, the inflow of low flow rates, and the decrease in the water reserve rates, which are the causes of the hydrological low flow that occurred in the low flow year.



Soyanggang dam and Chungju dam are both located within the same Han River basin and are geographically close to each other, but the size of the reservoir, basin area, and water supply capacity are different, so the low flow characteristics may appear very different despite being under similar weather conditions. In addition, low flow events are different from flood events, and any protocol is rarely found for calculating the frequency (or return period) of low flow events that can be used for planning and (/or) operation of water resources facilities. This means that the planning of water resource facilities to prepare for low flow, water shortage events, or the low flow management criteria for water supply in case of a low flow inevitably depend on the operator’s subjective judgment. A low flow frequency analysis for dam operation can provide a more realistic criterion for determining the dam operator when set based on the amount of dam inflow observation.



Most of the low flow frequency analysis conducted in Korea until recently was based on rainfall. However, in this study, the frequency analysis was performed based on the inflow of the Soyanggang and Chungju dams. As a result, the top four most extreme low flow events were in 1996, 1979, 2008, and 1982 at Soyanggang dam basin, whereas the Chungju dam showed somewhat different years for the top extreme events in 1989, 1988, 2000, and 2014. The return periods of the top four years were 69.6, 39.6, 17.1, 11.8 years for Soyanggang dam basin, and 180.1, 156.0, 45.6, and 10.7 years for Chungju dam basin, indicating that the magnitudes of the low flow events of Chungju dam were somewhat greater. Since none of the top four low flow events of the two dams occurred in the same year, the low flow frequency for eight years was compared. Among the top four events of Soyanggang dam, the low flow return periods of Chungju dam in 1996 and 2008, except for 1979 and 1982, were 4.7 and 6.4 years, respectively, which were quite small compared to 69.6 and 17.1 years for Soyanggang dam. On the other hand, the low flow return periods of Soyanggang dam in the years corresponding to the top four disasters of Chungju Dam (1989, 1988, 2000, and 2014) were 1.1, 6.7, 8.0, and 7.6 years, respectively, which were very small compared to the 180.1, 156.0, 45.6, and 10.7 years for Chungju dam. This result is noteworthy because while high-frequency (low return period) low flow events may have had a high correlation between the two basins, the correlation in low-frequency (high reproduction period) low flow events with high magnitude was not high.



In general, it is estimated that meteorological correlations will be high in geographically adjacent basins, but hydrological correlations may not be very high. In other words, it means that the possibility of extreme low flow events appearing simultaneously in both watersheds is not as high as expected, suggesting that the effect of the coordinated operation of the two reservoirs may be high. If this fact can be more clearly proved through the accumulated data in the future, it means that operational efficiency can be improved by setting the coordinated operation rules of the two reservoirs using it. In addition, based on the evaluation of extreme low flow years and water demand based on inflows conducted in this study, it can be taken as a signal that the long-term management and planning of Soyanggang dam and Chungju dam due to temporary or climate change are necessary.
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Figure 1. Basin map for Soyanggang dam and Chungju dam. 
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Figure 2. Procedure for the copula low flow frequency analysis. 
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Figure 3. Conceptual diagram of the runs theory and its actual application [11]. (a) Conceptual diagram. (b) Duration and cumulative water deficit in actual time-series data. 
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Figure 4. The derived normal distribution and the histogram. (a) Duration for the Soyanggang dam. (b) Cumulative water deficit for the Soyanggang dam. (c) Duration for the Chungju dam. (d) Cumulative water deficit of the Chungju dam. 
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Figure 5. Correlation between duration and cumulative water deficit for Soyanggang and Chungju dams. (a) Soyanggang dam. (b) Chungju dam. 
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Figure 6. SDF curves for the Soyanggang and Chungju dam basins. (a) Soyanggang dam. (b) Chungju dam. 
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Table 1. Basic statistics of the dam inflows at Soyanggang and Chungju dam basins.
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Soyanggang Dam

	
Chungju Dam






	
Daily

	
Mean

	
88.12 m3/s (7.614 × 106 m3/day)

	
201.40 m3/s (1.740 × 107 m3/day)




	
Max.

	
7405.60 m3/s (6.398 × 108 m3/day)

	
15,126.4 m3/s (1.307 × 109 m3/day)




	
Min.

	
0.01 m3/s (8.64 × 102 m3/day)

	
0.1 m3/s (8.64 × 103 m3/day)




	
St. dev.

	
224.23 m3/s (1.937 × 107 m3/day)

	
489.58 m3/s (4.230 × 107 m3/day)




	
Monthly

	
Mean

	
2692.48 m3/s (6.979 × 109 m3/month)

	
6162.13 m3/s (1.597 × 1010 m3/month)




	
Max.

	
23,442.10 m3/s (6.076 × 1010 m3/month)

	
65,793.5 m3/s (1.705 × 1011 m3/month)




	
Min.

	
31.20 m3/s (8.087 × 107 m3/month)

	
168.7 m3/s (4.373 × 108 m3/month)




	
St. dev.

	
3224.75 m3/s (8.359 × 109 m3/month)

	
7526.21 m3/s (1.951 × 1010 m3/month)











 





Table 2. Types of copula functions.






Table 2. Types of copula functions.





	Copula
	Formula
	Parameter (θc)





	Clayton
	     C     θ   c       u , v   =   [   max  ⁡      u   −   θ   c     +   v   −   θ   c     − 1 ; 0     ]   −   1     θ   c         
	     θ   c   ∈ [ − 1 , ∞ )   



	Frank
	     C     θ   c       u , v   =   1   l n   θ   c     ln ⁡ [       θ   u   − 1       θ   v   − 1       θ   c   − 1   ]   
	     θ   c   ≥ 0   



	Gumbel
	     C     θ   c       u , v   =   exp ⁡ [ −   ( ( −   log  ⁡    u     )     θ   c     +   ( −   log  ⁡    v     )     θ   c     )   1 /   θ   c     ]   
	     θ   c   ∈ [ − 1 , ∞ )   










 





Table 3. Skewness and kurtosis of the derived distribution for Soyanggang and Chungju dams.
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Dam

	
Variables

	
Skewness

	
Kurtosis






	
Soyanggang dam

	
Duration

	
−0.116

	
−0.995




	
Cumulative Water Deficit

	
0.001

	
−0.557




	
Chungju dam

	
Duration

	
0.671

	
0.289




	
Cumulative Water Deficit

	
0.864

	
0.533











 





Table 4. Estimation of log-likelihood function for Soyanggang and Chungju dams.
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Soyanggang Dam






	

	
Clayton Copula

	
Frank Copula

	
Gumbel Copula




	
Duration and Severity

	
76.014

	
51.576

	
79.884




	
Chungju Dam




	

	
Clayton Copula

	
Frank Copula

	
Gumbel Copula




	
Duration and Severity

	
42.259

	
35.865

	
54.229











 





Table 5. Gumbel copula parameters for Soyanggang and Chungju dams.
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	Soyanggang Dam
	Chungju Dam





	Gumbel copula parameter
	9.7101
	7.1108










 





Table 6. Summary of low flow events and associated copula return periods.
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Soyanggang Dam

	
Chungju Dam




	

	
Year

	
      T   D      

	
      S   D      

	
Copula Return Period

	
Year

	
      T   D      

	
      S   D      

	
Copula Return Period




	
Days

	
cms

	
Year

	
Days

	
cms

	
Year






	
1

	
1974

	
32

	
1026.7

	
1.1

	
1986

	
58

	
3507.2

	
1.5




	
2

	
1975

	
36

	
1146.4

	
1.2

	
1987

	
74

	
4818.3

	
2.3




	
3

	
1976

	
71

	
2055.9

	
4.2

	
1988

	
126

	
9437.5

	
156.0




	
4

	
1977

	
54

	
1906.2

	
2.3

	
1989

	
127

	
9533.4

	
180.1




	
5

	
1978

	
64

	
2012.3

	
2.7

	
1990

	
63

	
3641.0

	
1.6




	
6

	
1979

	
92

	
3085.1

	
39.6

	
1991

	
56

	
3937.9

	
1.5




	
7

	
1980

	
74

	
2353.9

	
5.2

	
1992

	
55

	
3547.3

	
1.4




	
8

	
1981

	
36

	
1006.2

	
1.1

	
1993

	
69

	
4361.7

	
1.9




	
9

	
1982

	
83

	
2691.0

	
11.8

	
1994

	
44

	
3347.7

	
1.3




	
10

	
1983

	
50

	
1540.0

	
1.5

	
1995

	
77

	
5364.6

	
2.7




	
11

	
1984

	
72

	
2263.6

	
4.5

	
1996

	
89

	
6117.3

	
4.7




	
12

	
1985

	
37

	
715.4

	
1.1

	
1997

	
68

	
4799.5

	
2.1




	
13

	
1986

	
56

	
1323.2

	
1.8

	
1998

	
40

	
2327.2

	
1.1




	
14

	
1987

	
77

	
2340.1

	
6.7

	
1999

	
25

	
1349.5

	
1.0




	
15

	
1988

	
77

	
2151.4

	
6.7

	
2000

	
118

	
8139.8

	
45.6




	
16

	
1989

	
25

	
698.0

	
1.1

	
2001

	
88

	
6289.9

	
4.9




	
17

	
1990

	
65

	
1831.7

	
2.8

	
2002

	
46

	
3138.9

	
1.3




	
18

	
1991

	
59

	
1831.1

	
2.1

	
2003

	
57

	
2943.7

	
1.4




	
19

	
1992

	
44

	
994.9

	
1.3

	
2004

	
60

	
4083.4

	
1.6




	
20

	
1993

	
73

	
2331.8

	
4.9

	
2005

	
49

	
3026.2

	
1.2




	
21

	
1994

	
42

	
1504.0

	
1.5

	
2006

	
53

	
3581.1

	
1.4




	
22

	
1995

	
76

	
2146.4

	
6.1

	
2007

	
57

	
3620.1

	
1.4




	
23

	
1996

	
91

	
3237.8

	
69.6

	
2008

	
94

	
6245.3

	
6.4




	
24

	
1997

	
54

	
1543.4

	
1.7

	
2009

	
95

	
6798.5

	
7.3




	
25

	
1998

	
31

	
738.5

	
1.1

	
2010

	
55

	
3798.0

	
1.5




	
26

	
1999

	
23

	
362.0

	
1.0

	
2011

	
69

	
4309.8

	
1.9




	
27

	
2000

	
79

	
2262.1

	
8.0

	
2012

	
64

	
4338.9

	
1.7




	
28

	
2001

	
73

	
2663.1

	
10.6

	
2013

	
50

	
3529.3

	
1.4




	
29

	
2002

	
76

	
2280.2

	
6.1

	
2014

	
94

	
7218.5

	
10.7




	
30

	
2003

	
42

	
1321.5

	
1.3

	
2015

	
77

	
5726.6

	
3.4




	
31

	
2004

	
61

	
1869.4

	
2.3

	
2016

	
84

	
4952.6

	
3.6




	
32

	
2005

	
37

	
1282.5

	
1.3

	
2017

	
87

	
6310.6

	
5.0




	
33

	
2006

	
33

	
1176.3

	
1.2

	
2018

	
38

	
2646.1

	
1.2




	
34

	
2007

	
55

	
1657.0

	
1.8

	
2019

	
84

	
5745.7

	
3.6




	
35

	
2008

	
83

	
2828.2

	
17.1

	
2020

	
65

	
3383.4

	
1.7




	
36

	
2009

	
61

	
1947.3

	
2.5

	
2021

	
43

	
2688.4

	
1.2




	
37

	
2010

	
55

	
1555.2

	
1.7

	
2022

	
85

	
6072.8

	
4.2




	
38

	
2011

	
78

	
2418.1

	
7.3

	
Mean

	
69.8

	
4721

	
12.8




	
39

	
2012

	
59

	
1877.7

	
2.2

	
St. Dev.

	
23.9

	
1895

	
38.4




	
40

	
2013

	
58

	
1619.4

	
2.0

	




	
41

	
2014

	
72

	
2533.3

	
7.6




	
42

	
2015

	
63

	
2206.7

	
3.8




	
43

	
2016

	
55

	
1509.7

	
1.7




	
44

	
2017

	
70

	
2482.3

	
6.7




	
45

	
2018

	
36

	
1049.8

	
1.2




	
46

	
2019

	
40

	
1360.9

	
1.3




	
47

	
2020

	
51

	
1507.2

	
1.5




	
48

	
2021

	
43

	
1154.1

	
1.2




	
49

	
2022

	
83

	
2477.8

	
11.7




	

	
Mean

	
58.3

	
1793.4

	
5.9




	

	
St. Dev.

	
18.2

	
660.5

	
11.2











 





Table 7. Results of the top 4 return periods for each dam basin.
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Ranking

	
Soyanggang Dam Basin

	
Chungju Dam Basin




	
Year

	
Univariate

Return Period [Year]

	
Copula

Return Period

[Year]

	
Year

	
Univariate

Return Period [Year]

	
Copula

Return Period

[Year]




	
      T   D      

	
      S   D      

	
      T   D      

	
      S   D      






	
1

	
1996

	
28.5

	
73.7

	
69.6

	
1989

	
130.7

	
199.2

	
180.1




	
2

	
1979

	
32.2

	
41.5

	
39.6

	
1988

	
116.4

	
171.9

	
156.0




	
3

	
2008

	
11.7

	
17.6

	
17.1

	
2000

	
48.8

	
29.7

	
45.6




	
4

	
1982

	
11.7

	
11.8

	
11.8

	
2014

	
6.6

	
11.0

	
10.7
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