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Abstract. Rainfall spatial variability is a crucial factor determining rainfall input in hydrological models 

and it significantly affects model simulation accuracy. We selected the Yangshudang watershed in the 

Zhanghe irrigation district of Yangtze River Basin of China to assess the impact of rainfall spatial 

variability on SWAT runoff simulation in hilly irrigation areas. Eight different rainfall station network 

distributions were established and rainfall data were processed, using the SWAT model nearest and 

Thiessen polygon interpolation methods to analyze rainfall spatial variations in the study area. This study 

investigated the effects of the number, layout, and rainfall grades of rainfall gauges on runoff simulation 

performance. The results indicated that a higher number of rainfall gauges and more uniform spatial 

distribution leads to better runoff simulation performance. Among the scenarios examined, using three 

rainfall gauges yielded the best results, with R2, NSE, and RSR values of 0.84, 0.81, and 0.44, 

respectively. Employing Thiessen polygon interpolation with three rainfall gauges the R2 value increased 

to 0.87, enhancing it by 3.57% and further reducing the simulation errors caused by rainfall spatial 

variability. Additionally, runoff simulation under different rainfall grades exhibited varying responses to 

rainfall spatial variability, with minimal impact observed during light rainfall and the greatest impact 

during moderate and heavy rainfall events. 

Keywords: SWAT model, rainfall grades, Thiessen polygon interpolation, rainfall station network 

distributions, simulation accuracy 

Introduction 

Understanding the water cycle and its transformation patterns is of paramount 

importance for irrigation district water resource management. At the watershed scale, due 

to the lack of large-scale long-term surface observation data, hydrological modeling is the 

optimal method for representing irrigation district water cycling processes (Chun-Ling et 

al., 2006; Xie and Cui, 2011). Among the numerous available hydrological models, the 

soil and water assessment tool (SWAT) model has been widely applied in irrigation 

district water cycling studies due to its strong physical basis, in addition to its 

comprehensive consideration of anthropogenic factors and geographical features (Chen et 

al., 2020; Luo et al., 2008; Zheng et al., 2010). The hilly rice irrigation areas in the 
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Yangtze River Basin exhibit distinct topographic characteristics, with numerous water 

bodies, such as gullies, channels, ponds, and weirs, facilitating frequent water exchanges. 

These zones feature a typical “melon-on-the-vine” and display irrigation characteristics 

typical of the combined use of multiple water sources. The “melon-on-the-vine” irrigation 

system is one of the typical irrigation network system in the hilly regions of southern 

China. In this type of network, along with water sources and destinations, there are many 

reservoirs, ponds, and other water storage facilities connected to the canal network. Small 

watersheds act as the “capillaries” of the primary stem of the Yangtze River Basin, 

playing a crucial role in water environment pollution control. This is essential for further 

implementing the protection of the Yangtze River and promoting ecological restoration, 

with significant practical implications for rural revitalization and the construction of 

livable, business-friendly areas (Heiner et al., 2015; Zeng et al., 2012). 

The SWAT model can adequately consider agricultural management measures and 

paddy wetland characteristics, rendering it suitable for simulating hydrological 

processes in typical irrigation areas of the Yangtze River Basin (Engebretsen et al., 

2019; Rivas-Tabares, 2019). In the SWAT modeling process, rainfall, as the main input 

parameter (Koua et al., 2019), plays a decisive role in simulating the production and 

routing of runoff. However, rainfall input is influenced by various factors, among which 

the spatial distribution of rainfall is a crucial determinant of rainfall input accuracy and 

a current research hotspot. The studies by Smith et al. (2009) have illustrated that the 

efficiency of runoff simulation in a particular area can be enhanced by combining 

multiple data sources, and that the accuracy of rainfall input largely determines the 

accuracy of watershed runoff simulation. Dominguez et al. (Dominguez, 2002) 

investigated the impact of the spatial variability of rainfall on peak flow and runoff 

simulation, demonstrating that different rainfall spatial variability patterns can produce 

differences in flow and vary with changes in watershed area. Cho et al. (2009) found, 

via the study of three different rainfall station input methods, that spatial variations are 

more important in rainfall than temporal variations and exert a greater impact on 

changes in runoff, highlighting that accurately characterizing rainfall spatial variability 

can significantly reduce model simulation uncertainty. 

Currently, researchers generally believe that increasing the density of rainfall stations 

to reduce rainfall spatial variability can significantly improve the simulation accuracy of 

hydrological models (Haney et al., 2016; Natumanya et al., 2022). In practical 

applications, rainfall station distribution is often uneven, and interpolation methods are 

commonly used to interpolate rainfall data for the purpose of mitigating the effects of 

rainfall spatial variability. Guo et al. (2021) utilized inverse distance weighting (IDW), 

empirical Bayesian kriging (EBK), and spline methods to interpolate rainfall data in a 

watershed of the Jinsha River. The results indicated that interpolation errors were 

smaller when rainfall amounts were larger. Pellicone et al. (2018) applied different 

spatial interpolation algorithms to rainfall data in southern Italy (Calabria) and 

compared the results between geostatistical and deterministic methods to select the 

optimal method for reproducing the actual rainfall surface. Among these methods, the 

technique of kriging with an external drift exhibited the smallest prediction error. Feng 

et al. (2017) introduced the nearest method, Thiessen polygon method, inverse distance 

weighting method, and kriging method for sub-watershed areal rainfall calculation. The 

results showed that the accuracy of the four interpolation methods was similar. 

However, the results of the inverse distance weighting and Thiessen polygon methods 

were more stable. 
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While there is ample research on rainfall spatial variability, much of it focuses on 

interpolation methods for model rainfall data, particularly in large study areas with 

evenly distributed rainfall stations. However, in practical applications, rainfall station 

placement in small watersheds is often more random, resulting in significant spatial 

variability in rainfall, with varying degrees of difference among rainfall grades. This is 

especially true in the hilly irrigation areas of southern China, where there are numerous 

paddy fields and ponds, the impact of which on runoff is not yet clear. Therefore, this 

study focuses on the Yangshudang (YSD) watershed in the Zhanghe irrigation district 

(ZHID) of Yangtze River Basin of China to analyze the impact of different 

combinations of rainfall stations on runoff simulation. Our research compares the 

results with those obtained using the Thiessen polygon interpolation method, 

investigates the effect of rainfall spatial variability on runoff simulation, and assesses 

the influence of rainfall spatial variability on runoff simulation under different rainfall 

grades. This research aims to provide insights for optimizing the layout of local rainfall 

stations and selecting station data. 

Materials and methods 

Study area 

The study area selected is the YSD watershed in the ZHID of Hubei Province, China, 

with an area of approximately 40 km2. The elevation ranges from below 200 m to over 

50 m, with slope inclines mainly concentrated between 2° and 6°, which is typical of 

hilly terrain. The internal water exchange is complex and frequent, with the exception of 

the YSD Reservoir at the outlet; there is also a small reservoir, the Honghe Reservoir, 

within the watershed. The area is relatively enclosed within the ZHID, being surrounded 

by three main canals. The climate in the study area is classified as subtropical 

continental, with an average annual temperature of 17°C and a maximum temperature of 

40.9°C. The average annual rainfall is around 1000 mm, with uneven spatial 

distribution, being higher in the south and west compared to the north and east. Rainfall 

is also unevenly distributed throughout the year, with 85% occurring from April to 

October, and the period from July to August alone accounting for over one-third of the 

annual total. The main crops grown in the YSD watershed include rice, cotton, and 

rapeseed, with rice cultivation predominating, covering about 60% of the total 

cultivated area, predominantly under intermittent irrigation (Wu et al., 2019). 

Additionally, there are numerous ponds and weirs in the watershed, with a contributing 

area ratio of 0.405. The storage capacity of rice fields and weirs causes a significant lag 

in rainfall runoff within the watershed. The location of the watershed is shown in 

Figure 1. The distribution of land use and soil types in the study area is illustrated in 

Figure 2. 

 

Model setup 

The SWAT model requires two types of input data: attribute data and spatial data. 

Attribute data mainly include meteorological and hydrological observation data. 

Conversely, meteorological data mostly comprise daily rainfall, maximum temperature, 

minimum temperature, relative humidity, and average wind speed. These values are 

taken from the Tuanli Irrigation Experimental Station (referred to as the TL rainfall 

station), R03 (from experimental observations), and the YSD Reservoir rainfall station 
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(referred to as the P08 rainfall station) for the years 2020-2022. Hydrological 

observation data consist of flow monitoring data for the years 2020-2022, sourced from 

the YSD Reservoir Management Office. Spatial data include digital elevation data 

(DEM) with a resolution of 12.5 m, land use maps (resolution of 5 m), and soil type 

maps (resolution of 14.25 m). 

 

 

Figure 1. The location of study area and sub-basin division (TL, R03 and P08 represent the 

three rain stations in the study area) 

 

 

       

Figure 2. Spatial distributions of land use type (UTRN stands for built-up land; PAST stands 

for grassland; FRST stands for forest land; BARR stands for bare land; and AGRL stands for 

dry land) and soil type of study area 
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The SWAT model uses the SCS runoff curve number method to perform runoff 

simulation. The river network is delineated and corrected based on DEM information 

and actual water systems, with the outlet of the YSD Reservoir added as the basin 

outlet, resulting in 10 sub-basins (Fig. 1). Rainfall and meteorological data within each 

sub-basin are extracted from the nearest station to the centroid of the sub-basin. Sub-

basins are divided into hydrological response units (HRUs), with runoff calculated 

separately for each HRU. Finally, runoff is routed to the basin outlet through flow 

routing calculations. 

 

Rainfall spatial interpolation algorithm 

Rainfall spatial interpolation can transform discrete rainfall station data in a 

watershed into a continuous data surface to deduce the rainfall values of other arbitrary 

points within the range. Two rainfall spatial interpolation algorithms are used in this 

paper, including the nearest method, which is the default technique of the SWAT 

model, and the Thiessen polygon method. 

 

Nearest interpolation 

The default rainfall interpolation algorithm in the SWAT model is the nearest 

interpolation method (Feng et al., 2017). It selects the rainfall value of the first station 

that falls within a circular area centered at the location requiring interpolation, starting 

from the circle with the smallest radius (Maletta et al., 2005). 

 

Thiessen polygon interpolation 

The Thiessen polygon method uses the measurement stations located within the 

watershed as vertices to form several non-nested triangles (Feng et al., 2017; Nguyen 

and Dietrich, 2018). The perpendicular bisectors of the three sides of each triangle are 

connected, and the intersection points of these perpendicular bisectors divide the 

watershed into several polygons. The calculation formula for the average areal rainfall 

in the area is as follows (Eq. 1): 

 

  (Eq.1) 

 

where  is the regional average areal rainfall, mm; A is the area of the region, km2; is 

the area of the ith Tyson polygon in the region, km2;  is the rainfall data of the station 

which corresponds to the ith Tyson polygon, mm; and i ranges from 1 to the total 

number of Thiessen polygons in the region. 

 

Model evaluation metrics 

Runoff simulation results are evaluated using R2 (coefficient of determination), NSE 

(Nash coefficient), RSR (the ratio of the Nash coefficient, root-mean-square deviation, 

and standard deviation), which is used to analyze the impact of different rainfall spatial 

variations on the runoff simulation. R2 represents the consistency between observed 

data and simulated data. NSE is used to measure the fitting degree between observed 

and simulated data. RSR is utilized to standardize the root-mean-square error, and the 
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smaller the absolute value of RSR, the better the simulation performance of the model 

(Zhang et al., 2008). The calculation formula for each evaluation indicator is as follows 

(Eqs. 2–4): 

 

  (Eq.2) 

 

  (Eq.3) 

 

  (Eq.4) 

 

where Qobs,i is the observed value; Qsim,i is the simulated value;  is the average 

of all observed values;  is the average of all simulated values; and  is the number 

of the observed data. Generally, when RSR is less than 0.7, and R2 and NSE are greater 

than 0.6 and 0.5 respectively, the model simulation results are considered to be more 

reliable. 

 

Schematic 

We combined three rainfall stations in eight different scenarios, as shown in Table 1. 

Runoff simulations were performed using the nearest method and the Thiessen polygon 

interpolation method, respectively. The interpolation results are shown in Figure 3 and 

Table 2. 

 

 

Figure 3. Tyson polygon interpolation results 
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Table 1. Rainfall station selection scenario setting scheme 

Scenarios 
Number of rainfall 

measuring stations 
Selection of rainfall stations 

Sub-basin 

TL R03 P08 

S1 1 R03 / 1-10 / 

S2 1 P08 / / 1-10 

S3 1 TL 1-10 / / 

S4 2 TL + P08 1-5, 7 / 6, 8-10 

S5 2 P08 + R03 / 1-7，9 8，10 

S6 2 TL + R03 1-5 6-10 / 

S7 3 TL + R03 + P08 1-5 6, 7, 9 8, 10 

S8 3 TL + R03 + P08 (Thiessen polygon method) / / / 

 

 
Table 2. Tyson polygon weight calculation 

Sub-basin 
Proportion of weight of each rainfall station 

TL R03 P08 

1 1.000 / / 

2 1.000 / / 

3 0.640 0.360 / 

4 1.000 / / 

5 0.666 0.334 / 

6 0.169 0.22 0.611 

7 0.004 0.887 0.109 

8 1.000 / / 

9 / 0.576 0.424 

10 1.000 / / 

Results and discussion 

Analysis of rainfall spatial variability 

The daily rainfall data from three rainfall stations in the YSD watershed were 

analyzed, and the results are shown in Figure 4. The daily rainfall ranges measured at 

three rainfall stations were 0.3-92 mm, 0.2-49.8 mm and 0.5-67.5 mm, and the 

average daily rainfall values were 12.5 mm, 9.2 mm, and 12.96 mm, respectively. The 

results showed that, although the area of YSD watershed was not large, there 

remained significant differences in daily rainfall at the level of spatial distribution. 

Thus, it was necessary to study the impact of rainfall spatial variability on runoff 

simulation. 

 

Impact of rainfall spatial variability on daily runoff simulation 

Different combinations of rainfall stations were employed to determine rainfall input. 

The model was preheated using data from 2020. Calibration and validation were 

conducted using daily runoff data from the YSD outlet for May to September of 2021 

and 2022, respectively. The runoff simulations were analyzed in order to evaluate the 

performance of each scheme, with results summarized in Table 3. 
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Figure 4. Comparison of rainfall data from different gauging stations 

 

 
Table 3. Comparison of simulation effects of different scenarios 

Scenarios Combinations of rainfall stations R2 NSE RSR 

S1 R03 0.54 0.48 0.72 

S2 P08 0.55 0.39 0.76 

S3 TL 0.55 0.27 1.13 

S4 TL + P08 0.69 0.49 0.72 

S5 P08 + R03 0.57 0.51 0.70 

S6 TL + R03 0.82 0.79 0.46 

S7 TL + R03 + P08 0.84 0.81 0.44 

S8 TL + R03 + P08(TS) 0.87 0.81 0.44 

 

 

The results in Table 3 illustrate that both the number and layout of rainfall stations 

influence the results of the simulation. For individual rainfall stations, the R2 and NSE 

values for schemes S1, S2, and S3 are all below 0.6, with RSR values exceeding 0.7. 

With two rainfall stations, schemes S4, S5, and S6 exhibit better simulation 

performances compared to S1, S2, and S3. The R2 values range from 0.57 to 0.82, NSE 

values range from 0.49 to 0.79, and RSR values range from 0.46 to 0.72. In the case of 

three rainfall stations, schemes S7 and S8 demonstrate the best simulation results, with 

R2 and NSE values both exceeding 0.8 and with RSR values below 0.5, indicating a 

robust level of accuracy (Sime et al., 2022). It is evident that, as the number of rainfall 

stations increases, the simulation performance gradually improves, with noticeable 

differences visible, underscoring the significant impact of the number of rainfall stations 

on simulation results. 

Furthermore, under the scenarios using two rainfall station combinations (S4 and 

S5), the R2 and NSE are below 0.7, with RSR reaching 0.7. Conversely, for scenario S6, 

the R2 and NSE values are 0.82 and 0.79, respectively, with RSR standing at merely 

0.46. This suggests that different combinations of rainfall stations exert a certain 

influence on simulation results, with scenario S6 showing better performance. 

According to Table 1, the usage of rainfall station data by model sub-basins reveals that 

scenario S4 ignores rainfall data in the central region by utilizing upstream and 

downstream rainfall stations, while scenario S5 disregards rainfall in the upper basin by 
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allocating 80% of sub-basins to the downstream R03 and 20% to the downstream P08. 

Consequently, the simulation performance of S4 and S5 scenarios is inferior. In 

contrast, scenario S6 features a more uniform distribution of rainfall stations, which can 

represent both higher- and lower-elevation areas, leading to a relatively reasonable 

allocation of rainfall stations by sub-basin and the best simulation results. This indicates 

that the accuracy of runoff simulation is also influenced by the layout of rainfall 

stations, with a more evenly distributed network resulting in better simulation 

performance (Li et al., 2024). This finding aligns with the results of Zhang et al. 

(Zhang, 2018), who conducted an analysis of differences in basin runoff processes 

under various rainfall station network densities and spatial distribution patterns in the 

Chaba River basin. This result also concurs with the research of Zeng et al. (2018), who 

used the Xin’anjiang model to assess the impact of rainfall gauge density and 

distribution on the uncertainty of comprehensive hydrological models under different 

basin scales. 

Among all scenarios, schemes S7 and S8 demonstrate the best simulation 

performance, with all evaluation indicators reaching a strong level. Both schemes utilize 

the same rainfall station data, but the simulation performance of S8 is slightly higher 

than that of S7, indicating that employing the Thiessen polygon interpolation method, 

which considers the influence between rainfall stations, can further reduce the error 

impact of rainfall spatial variability on runoff simulation (Lisboa et al., 2024). However, 

the improvement in effectiveness is marginal. 

 

Impact of rainfall spatial variability on runoff simulation under different rainfall 

grades 

For the purpose of analyzing the impact of rainfall spatial variability on runoff under 

different rainfall grades, rainfall events detected by stations during the growing season 

were classified into four grades (light rainfall, moderate rainfall, heavy rainfall, and 

rainstorm) according to the standard (GB/T 28592-2012) issued by the National 

Meteorological Bureau (Zhang et al., 2022), as presented in Table 4. Their proportions 

are shown in Figure 5. Figure 5 shows that the YSD watershed mainly experienced 

light rain, followed by moderate and heavy rain, during the experimental periods. 

Runoff simulation results under different rainfall grades are shown in Table 5. 

 

 

Figure 5. The proportion of rainfall grade in different rainfall measuring stations 

 

 

Based on Table 5, it is evident that, under light rainfall conditions, most simulation 

outcomes for schemes S1-S8 are satisfactory. In such circumstances, the majority of R² 
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values exceed 0.7, NSE ranges from 0.62 to 0.84, and the absolute values of RSR are 

mostly below 0.6. However, when rainfall intensity increases to moderate or heavy 

grades, simulation performance notably declines: for S1-S7 schemes, most R² values are 

below 0.7, NSE values are all less than 0.7, and the absolute values of RSR mostly 

exceed 0.9, indicating poor simulation results. Only under scheme S8 do results meet 

the model’s applicability criteria, with an R² of 0.7, NSE of 0.6, and an absolute value 

of RSR below 0.6. In the case of heavy rainfall, while most R² values under schemes 

S1-S8 reach 0.8, NSE and RSR results indicators are poor, indicating a consistent trend 

with observed results but with low fitting accuracy and reasonably large relative errors. 

 
Table 4. Rainfall grades 

Grades 24-h rainfall (mm) 

Light rainfall 0.1~9.9 

Moderate rainfall 10.0~24.9 

Heavy rainfall 25.0~49.9 

Rainstorm  ≥ 50.0 

 

 
Table 5. Simulation effect of different scenarios under different rainfall grades 

 Light rainfall Moderate rainfall Heavy rainfall Rainstorm 

R² NSE RSR R² NSE RSR R² NSE RSR R² NSE RSR 

S1 0.68 0.62 0.62 0.36 0.04 0.98 0.08 -0.07 1.04 0.9 -0.45 1.21 

S2 0.69 0.61 0.63 0.53 0.12 0.76 0.44 0.12 0.88 0.33 -0.32 1.31 

S3 0.68 0.62 0.69 0.52 -1.08 1.44 0.58 -2.07 1.75 0.21 -2.31 1.82 

S4 0.85 0.82 0.42 0.65 0.11 0.94 0.64 0.21 1.1 0.01 -0.91 1.38 

S5 0.71 0.65 0.59 0.41 0.13 0.93 0.13 -0.03 1.01 0.9 -0.41 1.19 

S6 0.81 0.79 0.46 0.1 -4.41 2.33 0.7 0.65 0.59 0.82 -0.24 1.11 

S7 0.83 0.81 0.43 0.67 0.63 0.61 0.74 0.69 0.56 0.83 -0.18 1.09 

S8 0.87 0.84 0.39 0.73 0.66 0.59 0.85 0.68 0.57 0.82 -0.38 1.17 

 

 

From the perspective of rainfall spatial variability, as rainfall intensity increases, the 

influence of spatial variability on simulation outcomes also increases (Assani, 2024; 

Lisboa et al., 2024): under light rainfall conditions, the difference in individual 

evaluation indicators among schemes S1-S8 does not exceed 0.3. However, when 

rainfall intensity shifts to moderate or heavy grades, the maximum difference in 

individual indicators can reach 5.07. For heavy rainfall, only some schemes exhibit 

solid R² values, while the rest of the indicators are poor. 

The model has minimal impact on runoff simulation under light rainfall, primarily 

due to the small amount of rainfall and limited influence of rainfall spatial variability 

(Ali et al., 2024). Rainfall spatial variability exercises a significant impact on runoff 

simulation under moderate and heavy rainfall, but there is no obvious pattern. Runoff 

simulation consistency is better under heavy-rainfall conditions, but both fitting 

accuracy and error are poor. This is primarily due to the frequent occurrence of short, 

moderately sized, and single-peak storms in the YSD watershed, where runoff 

hysteresis is evident and subject to high spatial variability (Jin et al., 2008). 
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In the practical rainfall station layout, if the study area experiences predominantly 

light rainfall, reducing the number of rainfall stations appropriately can help to cut 

costs. Conversely, if the area experiences moderate or heavy rainfall, increasing the 

density of rainfall stations is advisable to achieve better simulation results. Moreover, if 

heavy rainfall events are common in the study area, attention should be paid to the 

fitting of runoff simulation and relative errors during the modeling process. 

Conclusions 

This study takes the YSD watershed in the ZHID as an example in order to analyze the 

runoff simulation effects under different combinations of rainfall stations and different 

rainfall intensities using the SWAT model, aiming to reveal the influence of rainfall 

spatial variability on runoff simulation. The primary conclusions are summarized below. 

The number of rainfall stations significantly affects the accuracy of runoff 

simulation. The worst simulation results are obtained under the scenario of using only 

the R03 rainfall station, with R², NSE, and RSR values of 0.54, 0.48, and 0.72, 

respectively. As the number of rainfall stations increases, the accuracy of the simulation 

continuously improves, with the best simulation results obtained using three rainfall 

stations, with R², NSE, and RSR values of 0.84, 0.81, and 0.44, respectively. This 

indicates that increasing the number of rainfall stations can significantly improve the 

simulation accuracy. Compared to the scenario with three rainfall stations, using the 

Thiessen polygon interpolation method only increased the R² indicator by 3.57%. This 

suggests that using interpolation methods in this basin can indeed improve simulation 

accuracy, but that the enhancement is limited. 

The accuracy of runoff simulation is not only influenced by the number of rainfall 

stations but also by the distribution of rainfall station networks. Under the same number 

of rainfall stations in the basin, a reasonable distribution of rainfall stations can increase 

simulation accuracy by 40%. Therefore, when deploying rainfall stations in the basin, 

stations should be evenly distributed. 

The smaller the rainfall intensity in the basin, the less of an impact rainfall spatial 

variability has on runoff simulation, and the better the simulation results. Under 

different scenarios, the difference in simulation effects for light rainfall is minimal, and 

all results meet the applicability of the model; for moderate and heavy rain, only 

28.57% of results can meet the applicability of the model, and the differences in 

simulation results are significant; finally, the simulation effect of heavy rainfall is the 

worst and cannot meet the requirements of the model evaluation. 

Due to the relatively short number of years of experimentation in the study area, this 

study only analyzed data from 2021 to 2022, using a short time series. Consequently, 

further exploration is needed for long-term series patterns. Only three rainfall stations 

within the study area were used in this research, and the impact of rainfall station 

combinations can be further analyzed by adding a greater number of rainfall stations in 

the future. 
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