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Abstract: Hydrological frequency analysis plays an indispensable role in the construction of 

national flood control projects. This study selects the stations with the smallest and largest 

discordances in the nine homogeneous regions of Sichuan Province as the representative stations, 

and results obtained by regional frequency analysis are compared with those obtained by 

traditional at-site hydrological frequency analysis. The results showed that the optimal frequency 

distribution of each representative station obtained by traditional at-site hydrological frequency 

analysis and the ones of corresponding homogeneous regions obtained by regional frequency 

analysis were not necessarily consistent, which was related to the site and homogeneous regions. 

At the same time, there were also differences between the fitting of the theoretical rainstorm 

frequency curve obtained by the two methods and the observation. In general, in each 

homogeneous region, the results obtained by regional frequency analysis and traditional at-site 

hydrological frequency analysis at the stations with the largest frequency analysis were quite 

different. The design values obtained by the two methods were also increasingly different with the 

increase of the return period. The study has specific reflections on the differences between regional 

frequency analysis and traditional at-site hydrological frequency analysis. 

Keywords: regional frequency analysis; Sichuan Province; hydrological frequency analysis; 

homogeneous region; maximum daily precipitation 

 

1. Introduction 

Natural disasters cause serious losses to society and the economy, and the occurrence of flood 

disasters has the greatest impact on society [1]. Hydrological frequency analysis is a scientific 

criterion for assessing natural disasters, especially water disasters caused by extreme hydrological 

events [2]. Hydrological frequency analysis is one of the main ways to ensure the reliability of flood 

control construction [3]. Hydrological frequency analysis takes hydrological elements as random 

events, and its change law obeys the probability distribution law. Therefore, probability theory and 

mathematical statistics methods are used to make “probability estimations” for future hydrological 

situations, so as to obtain hydrological design values under different return periods. The 

hydrological design value obtained by a hydrological frequency analysis of flood data or flow data 

can provide a safety standard for the construction of flood control projects [4]. However, due to the 

limited flood data or flow data in actual projects, the use of rainfall data to indirectly design floods 

has become a necessary method. Precipitation in China is extremely uneven in time scale and 

spatial scale, with obvious seasonal and regional changes and inter-annual differences [5], which 

has frequently caused floods in China. Therefore, research on rainfall is of great significance to the 

construction of flood control work in China to a certain extent [6]. For a long time, the methods of a 
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hydrological frequency analysis in various countries mainly considered the selection of single 

distributions to analyze the data of a single station, until a new hydrological frequency analysis 

method—regional frequency analysis—was proposed and received extensive research. Traditional 

at-site hydrological frequency analysis requires longer sequences to obtain more reliable design 

values [7]. Regional frequency analysis reduces the requirements for hydrological data to a certain 

extent. It has been proven that regional frequency analysis is also suitable for hydrological 

frequency analysis when the length of the site data sequence is short or difficult to obtain [8]. This is 

because the application of regional analysis in hydrological frequency analysis can effectively 

extend the hydrological information between stations in the same homogeneous region [9]. It is 

well-accepted that regional frequency analysis based on L-moments has more accuracy and 

reliability than the traditional hydrological frequency analysis method [10]. Regional frequency 

analysis has been fully applied to the flood control works, and the quantiles estimated by regional 

frequency analysis have been also set as the national standard for flood control in the United States 

in 2006 [11]. So far, foreign scholars still have more in depth research on regional frequency 

analysis. Haddad et al. [12] proposed an approach using Bayesian generalized least squares 

regression in a region-of-influence framework for regional flood frequency analysis of the data from 

399 catchments in eastern Australia. Durocher et al. [13] took a database of 771 sites across Canada 

as an example and validated successful settings to carry out regional frequency analysis using the 

regions of influence(ROI)/the generalized least squares(GLS) framework. Abdi et al. [14] proposed 

two new methods for increasing the accuracy of the multivariate regional frequency analysis, the 

two methods were the optimization-based method (OBM) and the rank-based method (RBM). 

However, the application of regional frequency analysis in China is still relatively less than other 

countries. 

There are a number of research studies on regional frequency analysis in China. Chen et al. [15] 

analyzed the annual maximum flood sequence of five hydrological stations in the middle and lower 

reaches of the Yangtze river by using regional frequency analysis. It was believed that the five sites 

could be considered a homogeneous region of hydrological frequency analysis, and the regional 

distribution was a Wakeby distribution. Wu et al. [16] used regional frequency analysis to analyze 

the rainstorm frequency in the Taihu Basin, and considered that the southwest mountainous area 

was a high-risk area for heavy rainfall in the Taihu Basin. Shao et al. [17] divided the Huaihe River 

into six homogeneous regions based on regional frequency analysis, and obtained the optimal 

distribution of each homogeneous region. Xiong et al. [18] summarized the progress of foreign 

research on regional frequency analysis. Li et al. [19] proposed a simple and easy-to-operate 

correction method based on spatial round-trip quadratic interpolation to solve the spatial 

discontinuity of storm design values in homogeneous regions obtained by regional frequency 

analysis. Liang et al. [20] made a comparative study of rainfall frequency analysis in Taihu Lake 

Basin by using the L-moment method and conventional moments method. The results showed that 

the accuracy, unbiasedness, and robustness of the parameters were better than the conventional 

moment method when estimating the parameters by L-moment. Hassan et al. [21] selected 17 sites in 

the Weihe River Basin of Hebei Province, China, divided 17 sites in the Weihe River Basin into four 

homogeneous regions, and determined the frequency distribution of each homogeneous region. 

Liang et al. [22] conducted comparative studies on the uncertainty of L-moment-based regional 

frequency analysis and at-site hydrological frequency analysis and believed that L-moment-based 

regional frequency analysis was more robust and accurate than at-site hydrological analysis. Yang et 

al. [23] used the L-moment method and the highest measured flood level of 19 water stations in the 

Pearl River Delta in the last 50 years. Based on the consistency analysis of hydrological stations and 

the identification of homogeneous regions, the regional flood frequency calculation and spatial 

characteristics analysis were carried out. The results showed that the entire Pearl River Delta can be 

divided into three homogeneous regions. In general, the research on regional frequency analysis in 

China is mainly concentrated in the eastern region, and there is no relevant research in the western 

region of China. At the same time, most studies are on the application of regional frequency analysis, 
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and there are few comparative studies between regional frequency analysis and traditional at-site 

hydrological frequency analysis. 

The main objectives of this research are to compare the difference between regional frequency 

analysis and traditional at-site hydrological frequency analysis method in Sichuan Province, 

improve the results of traditional hydrological frequency analysis in China, and promote the 

progress of the study on hydrological frequency analysis in China. It can also provide a certain 

reference for flood control work in Sichuan Province and reduce the economic losses caused by 

floods in Sichuan Province. 

2. Materials and Methods 

2.1. Study Area 

Sichuan Province is located in the southwest of China, where the altitude difference is large and 

the topography is complex. Since ancient times, Sichuan Province has enjoyed the reputation of “the 

land of abundance”. The superior natural and economic conditions make Sichuan Province one of 

the earliest regions for economic development in China and an important province for economic 

development in China. According to the topographical features, Sichuan Province can be divided 

into three major parts, including the basin in the east, the plateau in the northwest, and the mountain 

in the southwest, and the Songdong-Li County-Luding-Muli and Ya’an-Emeishan-Yibin are the 

boundaries. Due to the different topographical features, each part also has different hydrothermal 

conditions and illumination differences, corresponding to the formation of three major climate zones 

[24]. The Sichuan Basin is one of the four major basins in China. It has a typical subtropical humid 

monsoon climate, which is warm and humid. It has small daily temperature differences and large 

annual temperature differences. The annual precipitation in most areas of the region is 1000–1200 

mm. This region is a region with relatively sufficient precipitation in Sichuan Province. Precipitation 

changes with the seasons. More than 50% of the precipitation is concentrated in summer and less in 

winter. The plateau in the northwest of Sichuan Province belongs to the Qinghai-Tibet Plateau. It has 

an alpine climate with an altitude of 3000 to 4000 m. It is cold in winter, cool in summer and has 

sufficient sunshine. It is the region with the least precipitation in Sichuan Province, with an annual 

precipitation of 500–900 mm. The mountain area in the southwest of this region is the northern part 

of the Hengduan Mountains, and this region has a subtropical and semi-humid climate. With the 

increase in altitude, the climate change is very obvious, and the vegetation is also vertically 

distributed. The annual precipitation is 900–1200 mm, and 90% of the rainfall is concentrated in May 

to October. In general, the climate characteristics of Sichuan Province are varied depending on the 

region. There are many types of meteorological disasters that occur frequently and over a large area, 

mainly drought, followed by heavy rain, flood, and low temperature [25]. Sichuan Province is rich in 

water resources. However, the precipitation in Sichuan Province is unevenly distributed in time and 

space, which increases the occurrence of flood disasters. In terms of space, the annual precipitation 

of Sichuan Province is generally less in the west and more in the east [26]. In terms of time, 

precipitation in summer is more than half of the annual total precipitation because of the huge 

impact of the southwest monsoon, and the precipitation is the least in winter [27]. Once a flood 

disaster occurs in Sichuan Province, the economic loss should not be underestimated. 

In the previous study, the annual maximum daily rainfall data series of 150 national 

meteorological stations in Sichuan Province were selected for hydrological frequency analysis. The 

maximum daily rainfall sequence length of each site was different. The longest time span was from 

1951 to 2008, a total of 58 years, the shortest was 21 years, and the average observed data sequence 

length of each site was 51 years. Using regional frequency analysis based on L-moment, Sichuan 

Province was divided into nine homogeneous regions, and the optimal frequency distribution of 

each homogeneous region was obtained [28]. In this study, two stations were selected from each 

homogeneous region as the representative stations, and these two stations had the smallest and 

largest degrees of discordancy in the homogeneous region (Figure 1). The basic information of the 

selected representative sites is shown in Table 1. 
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Figure 1. Schematic diagram of the study area and the selected representative meteorological site 

map. 

Table 1. Basic information of the selected representative sites. 

Region Name Number Discordancy Length (Years) Average (mm) Cv Cs Ck 

1 
Litang 56,257 0.16 57 35.68 0.1338 0.1562 0.1660 

Xinlong 56,251 1.96 50 28.38 0.1167 0.0577 0.2052 

2 
Jiuzhaigou 56,097 0.2 50 30.83 0.1440 0.1723 0.1747 

A’ba 56,171 1.93 55 33.22 0.1631 0.3773 0.3467 

3 
Liangzhong 57,306 0.02 51 100.65 0.2101 0.1757 0.1748 

Xichong 57,309 1.75 49 92.22 0.2042 0.1660 0.2385 

4 
Beichuan 56,194 0.19 49 153.43 0.2218 0.1998 0.1557 

Shifang 56,197 2.37 49 116.17 0.2531 0.2122 0.0773 

5 
Shehong 57,401 0.05 50 98.34 0.2074 0.1931 0.1840 

Pengxi 57,402 2.86 52 97.71 0.2757 0.2967 0.1890 

6 
Minshan 56,280 0.06 50 125.29 0.2081 0.2135 0.1950 

Tianquan 56,278 2.8 51 100.42 0.1591 0.0583 0.1662 

7 
Yuexi 56,475 0.38 56 61.97 0.1732 0.2695 0.2384 

Xide 56,478 1.58 50 68.88 0.2017 0.2868 0.2440 

8 
Xuyong 57,608 0.11 52 78.60 0.2175 0.2795 0.2333 

Hejiang 57,603 2.02 52 88.77 0.1752 0.2042 0.1831 

9 
Miyi 56,670 0.07 53 80.44 0.1573 0.1627 0.1650 

Yanbian 56,665 2.65 51 83.73 0.1794 0.3564 0.3705 

2.2. Methods 

2.2.1. Regional Frequency Analysis 

Regional frequency analysis based on L-moments combines the L-moment method and the 

regional analysis method reasonably and effectively. The L-moments were originally proposed by 

Hosking, and was defined as a linear combination of the expected value of order statistics [29]. 

Compared with the ordinary moments, the error due to the second-order and third-order 

calculations is reduced because only the first-order moment is calculated. With better robustness and 
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unbiasedness, it can be used to estimate parameters to achieve better results. In 1960, the regional 

analysis method was first proposed by Dalrymple [30], who introduced the concept of 

regionalization. The regional analysis method is applicable to an area with similar climatic 

conditions and topographical conditions, that is, the homogeneous region. This method considers 

that each station belonging to the same homogeneous region, that is, each station in the area with the 

same condition of water vapor and rainfall formation, has the same frequency distribution and 

parameters. The basis for hydrological frequency analysis using regional frequency analysis is to 

estimate the statistical parameters of rainfall data using L-moments. The definition of L-moments is 

as follows: 

Suppose the variable X obeys a distribution function, which is the order statistic of a set of 

random samples, and in general, the L-moments of a probability distribution are defined by [31]: 
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Similar to the ordinary moments, the sample L-moment ratios are defined by: 

The linear out-of-range coefficient L-Cv: 12 /   ; 

The linear skew coefficient L-Cs: 233 /  ; 

The linear kurtosis coefficient L-Ck: 244 /  . 

Regional frequency analysis based on L-moments was mainly divided into the following four 

steps: (1) data preparation works including screening the data; (2) identification of homogeneous 

regions; (3) choice of a frequency distribution for each homogeneous region; (4) estimation of rainfall 

quantiles under different return periods. 

2.2.2. Data Preparation 

Data for hydrological frequency analysis should be reliable, representative, and consistent [32]. 

Hosking et al. [31] recommended the discordancy measure to test whether the site data has 

singularities, thus testing the reliability and rationality of the data and improving the accuracy of 

the data. 

Assuming that there are N stations in the region, a three-dimensional vector of the sample 

L-moment ratios of the annual maximum daily rainfall sequence at each site can be constructed and 

recorded as: 
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When the Di value exceeds the critical value the station was considered discordant and the 

station data needed to be further checked. The critical value of Di [31] is shown in Table 2. 

Table 2. Critical values for the discordancy statistic Di. 

Number of Sites in Region Critical Value 

5 1.333 

6 1.648 

7 1.917 

8 2.14 

9 2.329 

10 2.491 

11 2.632 

12 2.757 

13 2.869 

14 2.971 

≥15 3 

2.2.3. Identification of Homogeneous Regions 

The basic idea of using regional frequency analysis for hydrological frequency analysis is to use 

the homogeneous regions as the basic research unit. Therefore, the division of homogeneous regions 

plays an important role in the effective application of regional frequency analysis. Hosking et al. [31] 

proposed using the cluster analysis method, commonly used in hydrology, to preliminarily partition 

all stations according to the latitude, longitude, and elevation of each station and the L-moment 

ratios [33]. Then, the following two criteria were used to determine whether the preliminary 

homogeneous regions were reasonably acceptable: 

(1) The discordancy measure. The discordancy measure is mentioned in 2.2.2. In addition to 

being used to detect whether the original data is reasonable or not, the discordancy measure can 

also be used to test whether each site in the initially formed homogeneous region is a discordant 

point of the region. If the discordance statistic Di of a site exceeds the critical value, moving the site 

to another adjacent homogeneous region may be considered. 

(2) The heterogeneity measure. Hosking et al. [31] recommended the use of a heterogeneity 

measure to determine whether the region formed by preliminary division is a homogeneous region. 

The calculation formula for the heterogeneity measure is as follows: 
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where ni is the length of the rainfall data series of the i-th station in the homogeneous region, ti is the 

L-Cv of the i-th station in the homogeneous region, N is the total number of stations in the 

homogeneous region, and μv and σv are the mean and mean square error of V1 obtained by Monte 

Carlo simulations, respectively. H1 < 1 indicated that the area was an acceptable homogeneous 

region, 1 ≤ H1 < 2 indicated that the area was a possible heterogeneous area, and H1 ≥ 2 indicated that 

the area was a heterogeneous area. If the value of H1 did not meet the standard, the site within the 
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region needed to be adjusted until it met the criteria to become an acceptable homogeneous region. 

According to experience, there were several useful ways to adjust the sites: (1) move a site or few 

sites from one region to the adjacent one; (2) subdivide the region; (3) merge two or more regions 

and redefine groups; and (4) break up the region by reassigning its sites to other regions. 

2.2.4. The Optimal Frequency Distribution 

There are dozens of frequency distributions used for hydrological frequency analysis [34]. Each 

country has different selection criteria for the frequency distribution, which is mainly related to the 

natural geographical conditions and meteorological conditions of each country. Regional frequency 

analysis assumes the commonly used five types of three-parameter distributions are the best 

frequency distributions that can be fitted in each homogeneous region: generalized Pareto 

distribution (GPA), generalized extreme-value distribution (GEV), generalized logistic distribution 

(GLO), generalized normal distribution (GNO), and Pearson type III distribution (PE3). When these 

three-parameter frequency distributions do not fit well with the rainfall data, we can also consider 

fitting with a four-parameter Kappa distribution or a five-parameter Wakeby distribution. Hosking 

et al. [31] recommended a Monte Carlo simulation test (ZDIST) to determine the optimal frequency 

distribution for each homogeneous region. 

Suppose that the number of stations in a homogeneous region is N, where the data length of the 

i-th station is ni, and the sample L-moment ratios of the station are, respectively, t(i), t3(i), t4(i), and the 

tR, t3R, and t4R are, respectively, the corresponding weighted average of the measured maximum 

annual rainfall sequence length of all stations in the homogeneous region, and t4m is the regional 

average linear kurtosis coefficient for the mth simulation result. 

It is assumed that each site in the homogeneous region conformed to the Kappa distribution, 

and the Monte Carlo simulation was used to simulate. Each simulation generated data with the same 

length of the historical measured rainfall data sequence corresponding to each site. For the mth 

simulation result, the deviation of the regional average linear kurtosis coefficient t4m is as follows: 
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Then, the expression of the statistic ZDIST of the goodness-of-fit test is: 

44
R
4
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4

DIST /)B(Z   . (15)

When the absolute value of ZDIST was not more than 1.64, the fitting result of the frequency 

distribution was considered to be acceptable. And the closer to 0, the better the fitting effect of the 

frequency distribution was, and the corresponding frequency distribution was the optimal regional 

frequency distribution. 

2.2.5. Rainfall Estimation 

Regional frequency analysis used the index flood method to estimate quantiles under different 

return periods of each station. The index flood method was originally proposed by Dalrymple [30]. 

The specific steps are as follows: 

(1) The annual maximum daily rainfall data of each station in the homogeneous region is averaged 

to generate a new rainfall data sequence. The calculation expression is as follows: 

iijij QQq /  , (16)

where j = 1,2,…… in ; i = 1,2,……N; Qij represents the measured rainfall data sequence of the i-th site; 



Water 2019, 11, 486 8 of 19 

 

and iQ is the average rainfall value of the measured rainfall data sequence of the i-th site. 

(2) The L-moment parameters L-Cv, L-Cs, and L-Ck, and the weighted average of the L-moment 

parameters of each station in each homogeneous region are obtained, that is, the regional average 

L-moment parameters of the homogeneous region is obtained. Its calculation expression is: 
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where tR and trR are the weighted average of the L-moment parameters of each station in each 

homogeneous region. N is the number of sites in the region, ni is the measured rain data sequence 

length for the i-th site. 

(3) Estimate the distribution function parameters of the optimal frequency distribution of the region 

determined by the goodness-of-fit test, and then the quantiles under different return periods are 

obtained by the quantile functions of the chosen frequency distribution. 

(4) The principle of the index flood method is to treat the rainfall at each site as two components, 

one representing the rainfall unique to the site and the other representing the rainfall that reflects 

the rainfall characteristics common to the homogeneous region. The quantiles under different 

return periods represent the rainfall characteristics shared by the reaction area and the unique 

rainfall characteristics of the site, that is, the multi-year average rainfall of the site. The expression of 

the rainfall estimation is as follows: 

, , , ,T i j T i i jQ q x 
, (19)

where QT,i,j is the estimation of the rainstorm in which the return period of the j-th station is in the 

i-th region. qT,i is the quantile corresponding to the return period of the i-th region. jix ,  is the 

average annual maximum daily rainfall for site j. 

2.2.6. Traditional at-Site Hydrological Frequency Analysis 

Between 1880 and 1890, Hersehel et al. in the United States took the lead in applying the 

frequency distribution [35], and research by scholars from various countries on the analysis of 

hydrological frequencies also began. In 1924, Foster proposed the application of the type III 

distribution for hydrological frequency analysis and made the H-value table of the average 

coefficient, which brought convenience to frequency calculations and was widely used [36]. 

Domestic research on hydrological frequency analysis began in the 1930s. After the founding of New 

China in 1949, in order to promote the development of water conservancy, Chinese scholars began to 

conduct a large number of research studies on hydrological frequency analysis based on foreign 

experience. In November 1956, at the national academic seminar on hydrological analysis, domestic 

scholars discussed the sample selection method, empirical frequency formula, statistical parameter 

estimation, frequency distribution, sampling error, and research direction in hydrological frequency 

analysis. The two major problems in hydrological frequency analysis are choosing the appropriate 

frequency distribution and estimating the parameters of the frequency distribution. With the study 

of hydrological frequency analysis by scholars from all over the world, scholars from all over the 

world obtained good research results on how to use the hydrological data of a single station for 
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hydrological frequency analysis. According to their own actual conditions, each country selects the 

most suitable empirical frequency formula, the estimation method of statistical parameters, and the 

frequency distribution, which is applied to the research and application of hydrological frequency 

analysis.  

The choice of frequency distribution varies greatly from country to country. More than 20 kinds 

of frequency distributions are commonly used [37]. In China, on the basis of learning successful 

experiences in western countries, many domestic scholars conducted research on hydrological 

frequency analysis and achieved valid results. In 1979, the Ministry of Water Resources and the 

Ministry of Power Industry issued the “Water Resources and Hydropower Engineering Design 

Flood Calculation Specification SDJ22-79 (Trial)” [38], which unified China’s flood design standards 

for the first time [39]. Through the verification of China’s hydrological data, domestic scholars 

believe that Pearson III distribution is suitable for most of China’s hydrological situations. Therefore, 

currently, Pearson III distribution is generally selected for hydrological frequency analysis in China, 

and other frequency distributions can be selected for special cases after professional verification [40]. 

Commonly used parameter estimation methods include the conventional moment method, 

probability weight moment method, weight moment method, L-moments method, and the 

maximum likelihood method. Chinese hydrologists have done a lot of research on parameter 

estimation methods, and now the curve-fitting method is widely used. The curve fitting method is 

divided into the empirical fitting method and optimal fitting method. The randomness of the 

empirical fitting method is very strong, which is mainly determined according to the experience of 

the person carrying out the study. The quality of the fitting between the empirical data and the 

theoretical curve depends on the visual inspection of workers, so the results are often different from 

person to person. The optimal fitting method refers to the method for determining the parameters 

of the optimal frequency distribution fitted with the empirical point under the premise of certain 

fitting criteria. The optimal fitting method can avoid the randomness of the empirical fitting 

method in the process of adapting the curve. The fitting criterion is a clear criterion for judging the 

result of fitting. Taking the hydrological frequency analysis in China as an example, in general, the 

main steps of traditional at-site hydrological frequency analysis are as follows: (1) organize the 

hydrological sequence data of the site, analyze the reliability, consistency, and representativeness of 

the data so as to satisfy the premise of hydrological analysis and improve the estimation accuracy; 

(2) calculate the empirical frequency of historical hydrological data, and use the method of moments 

or other methods to estimate the initial parameters of the Pearson type III distribution for the curve 

fitting method; (3) draw the theoretical frequency curve based on the initial parameters, check the 

fitting conditions of frequency distribution and empirical data, and adjust the parameters until the 

fitting result is good; (4) based on the final parameters of the frequency distribution, estimate the 

design value of the specified return period. 

3. Results 

3.1. The Differences of Optimal Frequency Distributions 

The selection results of frequency distributions of each representative station obtained by 

Monte Carlo simulation and the optimal frequency distribution of each homogeneous region 

obtained by previous studies are shown in Table 3. The results show that when the optimal 

frequency distribution was determined by Monte Carlo simulation for each representative station 

selected in the study, the optimal frequency distribution of each station was not necessarily the same 

as the optimal frequency distribution of the corresponding homogeneous region. 
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Table 3. Monte Carlo simulation test results for each representative site and the optimal frequency 

distribution for each homogeneous region. 

Region Site 

ZDIST At-Site 

Optimal 

Frequency 

Distribution 

Regional 

Optimal 

Frequency 

Distribution 

GLO GEV GNO PE3 GPD 

1 
56257 −0.83 −1.41 −1.39 −1.47 −2.57 GLO 

GLO 
56251 −1.38 −2.37 −2.2 −2.23 −4.25 GLO 

2 
56097 0.21 −0.46 −0.55 −0.78 −1.95 GLO 

GLO 
56171 −1.36 −1.54 −1.83 −2.32 −2.14 GLO 

3 
57306 0.25 −0.43 −0.52 −0.76 −1.91 GLO 

GLO 
57309 −1.59 −2.24 −2.3 −2.51 −3.65 GLO 

4 
56194 0.8 0.11 −0.04 −0.38 −1.46 GNO 

GEV 
56197 2.99 2.15 1.92 1.45 0.21 GPD 

5 
57401 0.14 −0.46 −0.58 −0.85 −1.81 GLO 

GLO 
57402 0.67 0.28 −0.02 −0.53 −0.77 GNO 

6 
56280 0.05 −0.47 −0.63 −0.92 −1.7 GLO 

GLO 
56278 0.02 −0.98 −0.81 −0.85 −2.88 GLO 

7 
56475 −0.41 −0.79 −1.01 −1.39 −1.75 GLO 

GLO 
56478 −0.35 −0.67 −0.89 −1.27 −1.51 GLO 

8 
57608 −0.16 −0.5 −0.72 −1.09 −1.38 GLO 

GLO 
57603 0.23 −0.35 −0.49 −0.78 −1.68 GLO 

9 
56670 0.36 −0.37 −0.43 −0.65 −1.94 GLO 

GLO 
56665 −2.08 −2.29 −2.56 −3.03 −2.93 Wakeby 

3.2. Comparison of Fitting Results 

The results of hydrological frequency analysis of representative stations of each homogeneous 

region selected in this study by using regional frequency analysis and traditional at-site 

hydrological frequency analysis were obtained. The fitting results between the results obtained by 

the two methods and the observations are shown in Figure 2. As can be seen in Figure 2, in each 

homogeneous region, the design frequency curves estimated by the two methods of the stations with 

less discordancy were better fitted with the observed maximum daily rainfall series. However, for 

the sites with the largest discordancy in each homogeneous region, the results of the design 

frequency curves calculated by regional frequency analysis fitted to observed data were not as good 

as the fitting results obtained by traditional at-site hydrological frequency analysis. 
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Figure 2. (a)–(r) are the results of the design frequency curves obtained by the two methods fitted to 

observed data for 18 representative stations. RFA: regional frequency analysis; At-site: traditional 

at-site hydrological frequency analysis; Observations: observed annual maximum daily precipitation 

data series. 

3.3. The Differences Between the Estimations 

The specific differences of design values for different sites at different return periods obtained 

by using the two methods are shown in Figure 3. It shows that under the same return period, the 

difference of the design values estimated by the two methods varied from site to site; the difference 

between the design values obtained by the two methods using the two methods was also related to 
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the difference in the return period. First, for the stations with the smallest discordancy in each 

homogeneous region, in general, the absolute differences between the design values calculated by 

regional frequency analysis and traditional at-site hydrological frequency analysis were very small. 

For the stations with the largest discordancy in each homogeneous region, the difference of the 

storm design values under different return periods estimated by the two methods was greater than 

that of the stations with the smallest discordancy under the same return period. In addition, as the 

return period increased, the difference between the design values obtained by regional frequency 

analysis and the design value estimated by traditional at-site hydrological frequency analysis also 

increased. 
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Figure 3. (a)–(r) are the results of the differences of rainfall design values under different return 

periods obtained by using regional frequency analysis and traditional at-site hydrological frequency 

analysis of 18 representative stations. (RFA: regional frequency analysis; At-site: traditional at-site 

hydrological frequency analysis; Absolute difference: the rainfall design value obtained by At-site 

minus the corresponding result obtained by RFA; Relative difference: the Absolute difference 

relative to the corresponding result obtained using RFA). 

4. Discussion and Conclusions 

In this paper we showed that, according to regional frequency analysis and traditional at-site 

hydrological frequency analysis, the optimal frequency distribution of the single station obtained by 



Water 2019, 11, 486 17 of 19 

 

Monte Carlo simulation was not necessarily the same as the optimal frequency distribution of the 

corresponding homogeneous region of each station, which was related to the specific situation of the 

site and the homogeneous region. In addition, there was also a certain difference between the fitting 

results of the theoretical frequency curve obtained by the two methods with the rainfall data. And 

the difference between the rainfall design values obtained by traditional at-site hydrological 

frequency analysis and the results obtained by regional frequency analysis was different for 

different stations. 

As shown in Table 3, the nine homogeneous regions in Sichuan Province, the optimal frequency 

distributions of the 1st, 2nd, 3rd, 6th, 7th, and 8th homogeneous regions were the same as the 

optimal frequency distributions of the representative sites in each homogeneous region, and all of 

them were GLO. However, the optimal frequency distributions of the regions of the 4th, 5th, and 9th 

regions were different from one of the representative sites in the corresponding homogeneous 

region. The optimal frequency distribution of the 4th homogeneous region was the GEV, and the 

optimal frequency distribution of the representative Site 56194 was GNO. The optimal frequency 

distribution of Site 56197 was GPA. The optimal frequency distribution of the 5th homogeneous 

region was GLO. The optimal frequency distribution of the representative Site 57401 was the same as 

the optimal frequency distribution of the associated homogeneous region, and the optimal 

frequency distribution of Site 57402 was GNO. The optimal frequency distribution in the 9th 

homogeneous region was GLO, and the optimal frequency distribution of Site 56670 was GLO too, 

but Site 56665 did not fit well with the commonly used five three-parameter distributions; therefore, 

the five-parameter Wakeby distribution was selected as the fitting frequency distribution of the site. 

At the same time, regarding the difference in the theoretical design frequency curve of each 

station obtained by the two methods, in general, the difference between the design frequency curve 

calculated by each method was mainly reflected in the large return period, especially when the 

return period was greater than 10 years (Figure 2). And the difference in the design frequency curve 

calculated by the two methods for the stations with the largest discordancy in each homogeneous 

region was very apparent (Figure 2). Among them, the differences between the rainfall design values 

obtained by the two methods at station 56665, with a return period of 100 years in the 9th 

homogeneous region, had the largest deviation of 37.35 mm from the design value of rainstorm 

frequency obtained by using regional frequency analysis, which accounted for 62.29% of the design 

value obtained by using regional frequency analysis (Figure 3r). However, for the stations with the 

smallest discordancy in each homogeneous region, especially when the return period was 2 years, 10 

years, and 20 years, the differences between the design values estimated by the two methods were 

almost negligible. When the return period reached 50 years and 100 years, the differences between 

the rainfall design values obtained by the two methods gradually increased, but overall it was still 

less (Figure 3). The biggest difference was the 56194 station in the 4th homogeneous region. When 

the return period was 100 years, the rainfall design value using traditional at-site hydrological 

frequency analysis method was 25.47 mm smaller than the design value obtained by regional 

frequency analysis, which was equivalent to 6.53% of the design value using regional frequency 

analysis (Figure 3g). 

Furthermore, Figure 2d, f, h, j, l, n, p, r are the results of the design frequency curves obtained 

by the two methods fitted to observed data for the sites with the largest discordancy in each 

homogeneous region. The results of the design frequency curve calculated by regional frequency 

analysis fitted to observed data were obviously not as good as the fitting results obtained by 

traditional at-site hydrological frequency analysis, and there was a big difference in the design 

frequency curve obtained by the two methods. We believe that this was because regional frequency 

analysis used the homogeneous region as the research unit, and the design frequency curve of each 

region was obtained based on the average rainfall situation of all stations in the entire homogeneous 

region. The design frequency curve of each site was based on the conditions of sites. The greater the 

discordancy of the site, that the greater the difference between the rainfall situation of the site and 

the average rainfall situation relative to the homogeneous region. The results reflected the fact that 
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regional frequency analysis considered the influence of each site on each other, which was different 

from traditional at-site hydrological frequency analysis. 

Taking Sichuan Province as an example, we put forward a concrete representation of the 

specific differences between regional frequency analysis and traditional at-site hydrological 

frequency analysis, which can deepen the understanding of the differences between the two 

methods and can promote the study of hydrological frequency analysis to a certain extent. At the 

same time, the results of this study can also provide some reference for the flood control work in 

Sichuan Province. 
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