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Abstract. Flooding represents one of the most severe natural disasters threatening the development of human society. Flood 

forecasting systems imbedded with hydrological models are some of the most important non-engineering measures for flood 

defense. The Soil and Water Assessment Tool (SWAT) is a well-designed hydrological model that is widely applied for 15 

runoff and water quality modeling. The original SWAT model is a long-term yield model. However, a daily simulation time 

step and continuous time marching limit the use of the SWAT model for detailed, event-based flood forecasting. In addition, 

SWAT uses a uniform parameter set to parameterize the Unit Hydrograph (UH) for all sub-basins, thereby ignoring the 

heterogeneity among the sub-basins. This paper developed a method to perform event-based flood forecasting on a sub-daily 

time scale based on SWAT2005. First, model programs for surface runoff and water routing were modified for a sub-daily 20 

time scale. Subsequently, the entire loop structure was broken into discrete flood events in order to obtain a SWAT-EVENT 

model in which antecedent soil moisture and antecedent reach storage could be obtained from daily simulations of the 

original SWAT model. Finally, the original lumped UH parameters were refined into distributed parameters to reflect the 

spatial variability of the studied area. The modified SWAT-EVENT model was used in the Wangjiaba catchment located in 

the upper reaches of the Huaihe River in China. Daily calibration and validation procedures were first performed for the 25 

SWAT model with long-term flow data from 1990 to 2010, after which sub-daily (Δ 2 ht  ) calibration and validation in the 

SWAT-EVENT model were conducted with 24 flood events originating primarily during the flood seasons within the same 

time span. Daily simulation results demonstrated acceptable model performances with Nash-Sutcliffe efficiency coefficient 

( NSE ) values of 0.77 and 0.78 for the calibration and the validation, respectively. Event-based flood simulation results 

indicated reliable performances, with NSE  values varying from 0.66 to 0.95. The SWAT-EVENT model, compared to the 30 

SWAT model, also improved the simulation accuracies of the flood peaks. The application of distributed UH parameters 

within the SWAT-EVENT model can more effectively depict the spatial variability within the study area, resulting in higher 

Hydrol. Earth Syst. Sci. Discuss., https://doi.org/10.5194/hess-2017-180
Manuscript under review for journal Hydrol. Earth Syst. Sci.
Discussion started: 17 August 2017
c© Author(s) 2017. CC BY 3.0 License.



2 

 

qualification ratios of the relative peak discharge error (
RPE ), relative peak time error (

RPTE ) and relative runoff volume 

error (
RRE ) relative to the application of lumped parameters. 

Keywords: SWAT model; Event-based flood forecasting; Antecedent conditions; Unit Hydrograph 

1  Introduction 

A flood represents one of the most severe natural disasters in the world. It has been reported that nearly 40 % of losses 5 

originating from natural catastrophes are caused by floods (Adams Iii and Pagano, 2016). Numerous measures have been 

designed to defend against the threats of flooding. Of the many non-engineering measures, flood forecasting is one of the 

most important. A complete flood forecasting system consists of many different functional components, the most significant 

of which is the hydrological model. 

Numerous hydrological models have been developed since their first appearance. According to the spatial discretization 10 

method, these existing hydrological models can be divided into two categories: lumped models and distributed models 

(Maidment, 1994). Although lumped models are commonly accepted for research and associated applications, they are not 

applicable to large catchments since they do not account for the heterogeneity of the catchments (Yao et al., 1998). 

Meanwhile, distributed models subdivide the entire catchment into a number of smaller heterogeneous sub-units with 

dissimilar attributes. The Soil and Water Assessment Tool (SWAT) model (Arnold et al., 1998; Srinivasan et al., 1998; 15 

Arnold and Fohrer, 2005) is the most widely used of the prevailing distributed models. 

The SWAT model was developed by the United States Department of Agriculture (USDA) in 1994 and represents a typical 

distributed hydrological model that can simulate long-term surface and subsurface discharge, sediment deposition, nutrient 

transport and transformation processes under varying land uses, soil types and management conditions. The SWAT model 

has been widely applied throughout the world (Gassman et al., 2010), with corresponding research involving runoff 20 

simulation, non-point source pollution, model parameters, hydrological responses to changed scenarios and so on.  

SWAT is a continuous (i.e., long-term) model (Kiniry et al., 2005) with a limited applicability toward simulating 

instantaneous hydrologic responses. Therefore, Jeong et al. (2010) extended the capability of SWAT to simulate sub-daily or 

even sub-hourly hydrological processes, the modifications of which primarily focused on the model algorithms to enable the 

SWAT model to operate at a finer time scale with a continuous modeling loop. According to flood forecasting programs and 25 

technology in China (MWR, 2009), rainfall and discharge observations at a sub-daily time scale are usually only collected 

during flood periods, while daily data are measured otherwise. Hydrological models are usually applied at different time 

scales (i.e., a daily time scale for continuous simulations and a sub-daily time scale for event-based flood forecasting) 

according to the availability of observed rainfall and discharge data (Yao et al., 2014). Hence, a major constraint for the 

application of the SWAT model as modified by Jeong et al. (2010) is the conflict between a continuous simulation loop and 30 

the discontinuous observed sub-daily data in China. 
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To capture the sophisticated characteristics of flood events at a sub-daily time scale, a refinement of the spatial 

representation within the SWAT model is necessary. A dimensionless Unit Hydrograph (UH), which was distributed as a 

triangular shape and embedded within an overland flow routing process in the SWAT model, was applied to relate 

hydrologic responses to specific catchment characteristics, such as the dimensions of the main stream and basin area, 

through applications of Geographic Information System (GIS) or Remote Sensing (RS) software (Jena and Tiwari, 2006). In 5 

addition, the SWAT model provides a uniform parameter set with which to adjust the shape of the UH in each sub-basin. 

Given the spatial heterogeneity of the catchment, the application of this adjustment parameter seems to be rather 

unconvincing. Moreover, because a great deal of research has primarily focused on daily, monthly or yearly simulations 

using the SWAT model, little effort has actually been provided toward demonstrating the usage of the UH method in the 

SWAT model. 10 

The objective of this paper is to modify the SWAT model in order to obtain the capability to forecast event-based floods at a 

sub-daily time scale and to improve the UH module in order to capture the spatial characteristics of flood events. SWAT is 

an open-source code model, which makes it possible to produce such a modification. SWAT2005 is employed in this study 

because the newer versions perform auto-calibration with external software (i.e., SWAT-CUP), and the Huaihe River basin 

in China is utilized for the case study in this paper. 15 

2 Study area and data 

2.1 Study area 

The Huaihe River basin (30°55'–36 °36' N, 111°55'–121°25' E) is situated in the eastern part of China. The Wangjiaba (WJB) 

catchment is situated within the upper reaches of the Huaihe River basin and was chosen as the study area for this paper (see 

Fig. 1). The WJB catchment has a drainage area of 30630 km
2
, wherein the long channel reaches from the source region to 20 

the WJB outlet. The southwestern upstream catchment is characterized as a mountain range with a maximum elevation of 

1110 m above sea level. The central and eastern downstream regions are dominated by plains. The study catchment is a 

subtropical zone with an annual average temperature of 15 °C. The long-term average annual rainfall varies from 800 mm in 

the north to 1200 mm in the south. Since the catchment is dominated by a monsoon climate, approximately 60 % of the 

annual rainfall is received during the flood season ranging from mid-May to mid-October. Severe rainfall events within the 25 

study area typically transpire during the summer, frequently resulting in severe floods (Zhao et al., 2011). Apart from the 

WJB stream gauging station at the catchment outlet, other stations at Bantai (BT), Xixian (XX) and Huangchuan (HC) are 

located upstream of the study catchment, all of which are illustrated in Fig. 1. 

Enshi 
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2.2 Model dataset 

To construct and execute the SWAT model, a Digital Elevation Model (DEM), together with land use and soil type data, is 

required. Climate data, including that of rainfall, temperature, wind speed, etc., are also used. 

The DEM data in this study were downloaded from the website of the U.S. Geological Survey (USGS) with a spatial 

resolution of 90 m. The study catchment was divided into four sub-basins with the four available stream gauges representing 5 

the corresponding outlets (i.e., of the sub-basins in Fig. 1). The geographic features of the four sub-basins are displayed in 

Table 1. 

A land use map was produced from the Global Land Cover 2000 (GLC2000) data product with a grid size of 1 km 

(Bartholomé and Belward, 2005). Six categories of land use were identified for this catchment, as are shown in Fig.2 (a): 

agricultural land (80.51 %), forest-deciduous (6.76 %), forest-evergreen (2.26 %), range-brush (1.09 %), range-grasses 10 

(8.09 %) and water (1.29 %). 

Soil data were obtained from the Harmonized World Soil Database (HWSD) with a spatial resolution of 30 arc-seconds. The 

HWSD also provides an attributed database that contains the physico-chemical characteristics of soil data worldwide 

(Nachtergaele et al., 2012). Since the built-in soil database within the SWAT model does not cover the study area, additional 

soil parameters were calculated using the method proposed by Jiang et al. (2014). Figure 2 (b) exhibits the distribution of soil 15 

types in the study area according to the FAO-90 soil classification. Consequently, Eutric Planosols and Cumulic Anthrosols 

are the two main soil types with area percentages of 24.71 % and 19.95 %, respectively. 

The SWAT model uses a “weather generator” to simulate the climatic characteristics of the catchment. Relative humidity, 

wind speed, solar radiation and the minimum and maximum air temperatures were obtained from the Climate Forecast 

System Reanalysis (CFSR), which was designed based on the forecast system of the National Centers for Atmospheric 20 

Prediction (NCEP) to provide an estimation for a set of climate variability from 1979 to the present day. 

A dense rain gauge network consisting of 138 gauges is distributed throughout the study area, as illustrated in Fig. 1. Daily 

observed rainfall data were retrieved from 1991 to 2010 with coverage during the entire year, while sub-daily (Δ 2 ht  ) 

rainfall data are only available for flood periods from May to September during the years 1991 and 2010. 

3 Methodologies 25 

3.1 Development of a sub-daily event-based SWAT model 

The original SWAT model was designed for continuous simulations using a daily time step. The SWAT model operates 

most effectively during the prediction of long-term catchment responses to land cover changes or soil management practices 

(Jeong et al., 2011). When faced with flood forecasting issues, a finer time scale is required to realistically capture the 

instantaneous changes representative of flood processes. Within the flood forecasting program and technology of China, 30 
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discharges are observed daily during the dry seasons, which is intensified to sub-daily during flooding seasons in order to 

capture the details of flooding hydrographs and provide timely flood warnings (MWR, 2009). 

Therefore, the original daily simulation-based SWAT model first needs to be modified in order to perform sub-daily 

simulations. This modification follows the method proposed by Jeong et al. (2010). Second, the sub-daily SWAT model 

must be applied in such a manner to achieve the simulation of individual flooding events rather than to simulate in a 5 

continuous way, as performed in the original SWAT model. Event-based flood modeling is necessary for these reasons: (1) 

to enable the modelers to acknowledge the detailed information of up-coming floods and (2) to potentially conduct flood 

forecasting within a watershed without possessing continuously recorded hydrologic data. To resolve this problem, a method 

was developed and it is illustrated in Fig. 3. A continuous rainfall sequence with a daily time-step was imported into the 

original SWAT model to perform long-term daily simulations in order to extract the antecedent conditions for the flood 10 

events, including the antecedent soil moisture and antecedent reach storage. To enable the SWAT model to simulate flood 

events, the original source codes were modified and compiled into a new version known as SWAT-EVENT. In the source 

code of SWAT2005, the subroutine "simulate" contains the loops governing the hydrological processes following the 

temporal marching for the entire simulation period. Here, this continuous loop design was broken into several discrete flood 

periods according to different starting and ending dates. 15 

The initialization of variables for the land phase of the hydrologic cycle and channel routing are executed in the "varinit" and 

"rchinit" subroutines, respectively. Water stored within the soil profiles and reaches at the beginning of each flood event are 

set equal to the respective values extracted from the long-term daily simulations of the original SWAT model rather than the 

values of the previous day. This modification is described as follows: 

0 ini

0 t

( , ) ( ) if 1

( , ) ( 1, ) if 1

s i j s j i

s i j s i j i

 

  
                                                                                                                                     (1) 20 

0 ini

0 t

( , ) ( ) if 1

( , ) ( 1, ) if 1

r i k r k i

r i k r i k i

 

  
                                                                                                                                     (2) 

where i  is the current day being simulated for a specific flood event; j  is the HRU number; 
0 ( , )s i j  is the amount of water 

stored in the soil profile in the 
thj  HRU at the beginning of day i  (mm); 

ini ( )s j  is a newly defined variable referring to the 

initial soil moisture in the 
thj  HRU for a specific flood event and is extracted from the daily simulation results in this study 

(mm); 
t ( 1, )s i j  is the final amount of water stored in the soil profile in the 

thj  HRU at the end of the day prior to day i  25 

(mm); k  is the reach number; 
0 ( , )r i k  is the water stored in the 

thk  reach at the beginning of day i  (m
3
); 

ini ( )r k  is a newly 

defined variable referring to the initial water stored in the thk  reach for a specific flood event and is extracted from the daily 

simulation results in this study (m
3
); 

t ( 1, )r i k  is the final amount of water stored in the 
thk  reach at the end of the day prior 

to day i  (m
3
).  
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3.2 Application of Unit Hydrographs with distributed parameters in the SWAT model 

The dimensionless UH method employed in the SWAT model exhibits a triangular shape (SCS, 1972), as shown in Fig. 4, 

wherein the time t  (h) represents the X-axis, and the ratio of the discharge to peak discharge represents the Y-axis. This UH 

is defined as follows: 

uh p

p

b

uh p

b p

if

if

t
q t t

t

t t
q t t

t t

 


 



                                                                                                                                     (3) 5 

where uhq  is the unit discharge at time t , pt  is the time to the peak (h), and bt  is the time base (h). Then, the dimensionless 

UH is expressed by dividing by the area enclosed by the triangle (Jeong et al., 2010). There are two time factors that 

determine the shape of the triangular UH, and they are defined by the following equations: 

b c adj0.5 0.6t t t                                                                                                                                                                     (4) 

p b0.375t t                                                                                                                                                                                (5) 
10 

where ct  is the concentration time for the sub-basin (h), and adjt  is a shape adjustment factor for the UH (h) (Neitsch et al., 

2011). 

The time of concentration 
ct  can be calculated based upon the geographic characteristics of the sub-basin considered, for 

which 
ct  is denoted by the accumulation of the overland flow time 

ovt  (h) and the channel flow time 
cht  (h): 

c ov cht t t                                                                                                                                                                          (6) 15 

0.6 0.6

slp

ov 0.3

sub18

L n
t

S
                                                                                                                                                                         (7) 

0.75

ch 0.125 0.375

ch

0.62 L n
t

A S
                                                                                                                                                          (8) 

where 
slpL  is the average slope length for the sub-basin under consideration (m); n  is the Manning coefficient for the sub-

basin; 
subS  is the average slope steepness of the sub-basin (m m

-1
); L  is the longest tributary length in the sub-basin (km); 

A  denotes the area of the sub-basin (km
2
); and 

chS  is the average slope of the tributary channels within the sub-basin (m m
-

20 

1
). 

The variable 
adjt  is a general basin level parameter possessing a uniform value for all of the sub-basins with the purpose of 

providing more tolerance to adjust the shape of the UH. However, the four sub-basins demonstrate obvious regional spatial 

heterogeneities. As seen in Table 1, the values of the average slope steepness (
subS ) of HC and XX are much higher than 

those of BT and WJB. Meanwhile, the average slope lengths (
slpL ) for HC and XX are shorter than those for BT and WJB. 25 
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Thus, to highlight the differences representative of the UHs between each of the sub-basins, the parameter 
adjt  was modified 

from the basin level to the sub-basin level and renamed 
subadjt . 

3.3 Model calibration and validation 

3.3.1 Sensitivity analysis 

Sensitivity analysis is a process employed to identify the parameters that result in significant changes within a model output 5 

due to disturbances of the input (Holvoet et al., 2005). Generally, sensitivity analysis takes priority over the calibration 

process to reduce the complexity of the latter (Sudheer et al., 2011). Here, a combined Latin-Hypercube and One-factor-At-

a-Time (LH-OAT) sampling method embedded within the SWAT model (Griensven et al., 2006) was used to conduct a 

sensitivity analysis. A total of 26 model parameters related to the flow simulation were involved in sensitivity analysis. Only 

the most sensitive parameters were used for the optimization procedure, while the values of the others parameters were set to 10 

their default values. 

3.3.2 Daily model calibration and validation 

Due to the high spatial heterogeneity within the hydrological processes simulated by the SWAT model, the values of 

numerous parameters will be difficult to determine by manual calibration alone. Therefore, the application of an automatic 

calibration process to estimate the model parameters that minimize the errors between the observed and simulated results is 15 

necessary. The Shuffled Complex Evolution (SCE-UA) algorithm (Duan et al., 1992) is a global optimization technique that 

is incorporated as a module into the SWAT model. In this study, the SWAT-EVENT model employed the same built-in 

automatic calibration subroutine. The SCE-UA algorithm has been applied to multiple physically based hydrological models 

(Sorooshian et al., 1993; Luce and Cundy, 1994; Gan and Biftu, 1996) and has exhibited good performance similar to other 

global search procedures (Cooper et al., 1997; Thyer et al., 1999; Kuczera, 1997; Jeon et al., 2014). 20 

Daily simulations were performed within the time span, from 1990 to 2010, using observed data at the outlet of WJB. One 

year (1990) was selected as the model warm-up period, the period from 1991 to 2000 was used for the model calibration, and 

the remaining data from 2001 to 2010 were employed for validation.  

Multiple statistical values, including the Nash-Sutcliffe efficiency coefficient (
NSE ) (Nash and Sutcliffe, 1970), the 

coefficient of determination ( 2R ) and the percent bias (
BIASP ) (Gupta et al., 1999), were selected in this study to evaluate the 25 

daily model performances. The 
NSE  provides a normalized statistic indicating how closely the observed and simulated data 

match with each other, wherein a value equal to 1 implies an optimal model performance insomuch that the simulated flow 

perfectly matches the observed flow. The 2R  coefficient expresses the portion of the variance in the observed discharge 
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explained by simulated values varying from 0 to 1. An approximation of the maximum value ( 2 =1R ) represents the most 

efficient and well-matched results. The 
BIASP  detects the degree that the simulated data deviates from the observed data. 

3.3.3 Event-based sub-daily model calibration and validation 

Sub-daily simulations in the SWAT-EVENT model were conducted within the same time span as the daily simulation, with 

a primary focus on the flood season with a series consisting of 24 flood events, two-thirds of which were utilized for the 5 

calibration while the rest were used for validation. Preferential implementation was applied to daily calibration from which 

the antecedent conditions were extracted.  

Additional parameters associated with the UH method were added for the sub-daily calibration. To analyze the influence of 

the UH parameters on the SWAT-EVENT model performances, two sets of calibration scenarios were implemented 

separately using 
adjt  and 

subadjt . For the basin level calibration, 
adjt  was consistently updated with uniform values for all of the 10 

sub-basins in each iteration; for the sub-basin level calibration, 
subadjt  was updated with the 4 distributed values for each of 

the sub-basins in each iteration.  

NSE , relative peak discharge error (
RPE ), relative peak time error (

RPTE ) and relative runoff volume error (
RRE ) were 

selected as the performance evaluation statistics for the flood event simulations to comply with the Accuracy Standard for 

Hydrological Forecasting in China (MWR, 2008). 
RPE , 

RPTE , and 
RRE  are specific indicators used to indicate whether the 15 

accuracies of the simulations reach the national standard (MWR, 2008). They are considered to be sufficiently qualified 

when the absolute values are less than 20 %, 20 % and 30 %, respectively. 

4 Results 

4.1 Daily simulation results 

The model performances for the daily streamflow simulations at outlet WJB are summarized in Table 2. The NSE  value is 20 

0.77 for the calibration period and 0.78 for the validation period. These two values of the daily NSE  both exceed 0.65, which 

is considered to be acceptable or good according to performance ratings for evaluation statistics recommended by Moriasi et 

al. (2007). The daily 2R  values are 0.88 and 0.89 for the calibration and validation, respectively, indicating that the 

simulated streamflow is in good agreement with the observed data. The SWAT model overestimates the streamflow during 

calibration with a BIASP  of 14.46 %, and underestimates the streamflow during validation with a corresponding value of -25 

21.90 %. Visual comparisons between the observed and simulated streamflows for both of the calibration and validation 

periods are shown in Fig. 5, from which it can be observed that the SWAT model misses several flood peaks both during 
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calibration and validation. In general, the daily simulation results obtained from the SWAT model at WJB demonstrate 

decent applicability and can consequently represent a preliminary basis for further flood event simulation. 

4.2 Event-based simulation results 

Table 3 displays the model performances of the daily simulations using the SWAT model for specific flood events, as well 

as the sub-daily flood simulations obtained using the SWAT-EVENT model. The simulation results for the 24 flood events, 5 

as shown in Table 3, exhibit reliable performances of the SWAT-EVENT model, with 
NSE  values varying from 0.66 to 0.95. 

Compared to the daily simulation results, most of the 
NSE  values, aside from flood event 20060722, are significantly 

increased in the simulations obtained using the SWAT-EVENT model. 

The peak flows simulated by the SWAT-EVENT model at a sub-daily time scale are much closer to the observed flows 

relative to the predictions obtained from the SWAT model at a daily time scale, especially for flood events with high peak 10 

flows. There are eight flood events (19910610, 19910629, 19960628, 20020622, 20030622, 20050707, 20050822 and 

20070701) that exhibit peak flows greater than 5000 m
3
 s

-1
. The sub-daily simulation results of these eight floods were 

aggregated into daily averages and then compared with those of the daily simulations, the results of which are illustrated in 

Fig. 6. It can be concluded that the daily simulations are likely to miss the high flood peaks. The more effective 

performances of the SWAT-EVENT model are due to rainfall data with a higher temporal resolution, which can capture the 15 

instantaneous changes representative of hydrological processes. 

The aforementioned simulation results indicate that the SWAT-EVENT model can accurately reproduce the dynamics of 

observed flood events based upon antecedent conditions extracted from SWAT daily simulations. 

4.3 Effects of the application of the distributed parameters of the Unit Hydrographs 

To analyze the spatial variability of the UH parameters and their influences on the event-based flood simulation results, the 20 

time characteristics of the sub-basins as well as two sets of optimized UH parameters are displayed in Table 4. From Eq. (7) 

and Eq. (8), in addition to the geographic features of the sub-basins depicted in Table 1, the overland flow time 
ovt  and the 

channel flow time 
cht  were calculated. For each of the four sub-basins in the studied catchment, the values of 

cht  are always 

much greater than those of 
ovt , indicating that the channel flow time 

cht  is the key factor that influences the total time of 

concentration 
ct  in Eq. (6). Sub-basins 1 and 3 have longer channel flow times (

cht ) than sub-basins 2 and 4. This result can 25 

be explained according to Eq. (8), wherein sub-basins with relatively longer tributary lengths demonstrate longer durations 

of the channel flow concentration time, thereby leading to a greater sub-basin concentration time 
ct . 

The sub-basin level UH parameters (
subadjt ) vary from 81.56 h to 137.39 h, while the basin level parameters (

adjt )
 
display a 

uniform value of 75.8 h for each sub-basin. As a result, the time bases (
bt ) of the UHs at the sub-basin level are 79 h, 49 h, 
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92 h and 59 h for sub-basins 1, 2, 3 and 4, respectively, whereas those values at the basin level are very similar to one 

another. Figure 7 illustrates these two situations regarding the UHs within the sub-basins. It can be observed that the UHs in 

sub-basins 1 and 3 are relatively flat, while those in sub-basins 2 and 4 have higher peaks and shorter durations, as is 

illustrated in Fig. 7 (b). However, as shown in Fig. 7 (a), only minor differences exist between the UHs at the basin level. 

The UH can be regarded as the direct flow response to excess rainfall and should exhibit regional characteristics (Tung et al., 5 

1997; Yeh et al., 1997). The UHs derived from the sub-basin level parameters can more effectively represent the spatial 

variability of the study area, as is illustrated in Fig.7 (b), than the UHs derived from the basin level parameters displayed in 

Fig. 7 (a).  

The SWAT-EVENT simulation results using the sub-basin level UH parameters are also presented in Table 3. Compared 

with the basin level situation, the sub-basin level situation induces an increase in the qualified ratio of 
RPE  from 81.25 % to 10 

93.75 % during the calibration period, and from 87.50 % to 100 % during the validation period. This finding indicates that 

the application of sub-basin level UH parameters in the SWAT-EVENT model can improve the simulation accuracies of 

flood peaks. 

The overall distributions of 
NSE  statistics for the 24 flood events for the two calibration scenarios (i.e., the basin level UH 

parameters vs. the sub-basin level UH parameters) are plotted in Fig. 8. The box plots therein exhibit rectangle heights equal 15 

to the interquartile range (IQR), the upper and lower ends of which are separately marked with the upper and lower quartile 

values, respectively. The median is represented by a line transecting either of the two rectangles. The extended whiskers 

denote the range of the batch data (Massart et al., 2005; Cox, 2009). According to Table 3 and Fig. 8, the SWAT-EVENT 

model simulated using sub-basin level UH parameters demonstrates significant improvements for flood simulation. For the 

sub-basin level case in Fig. 8, almost all of the events (except 20070701) exhibit 
NSE  values exceeding 0.85. In addition, 20 

half of the NSE  values range from 0.89 to 0.95, with a median of 0.91, which can potentially represent the highest flood 

forecasting accuracy standard (A) according to MWR (MWR, 2008). However, the basin level case performs comparatively 

poorly with regard to reproducing the flood hydrograph, wherein the majority of NSE  values vary between 0.8 and 0.9.  

In conclusion, the spatial variability of UH parameters have a significant impact on the simulation results using the SWAT-

EVENT model. More precisely, the application of spatially distributed UH parameters allows the SWAT-EVENT model to 25 

simulate the flood events more accurately. 

5 Discussion 

Rainstorms during the flooding seasons typically produce intense and instantaneous flood events. To adequately resolve the 

processes that influence the timing and magnitude of rapidly changing flood events, hydrological models are required to 

operate at a sub-daily time scale for flood simulation (Hapuarachchi et al., 2012). The SWAT (SWAT2005) model has 30 

limited capabilities for the simulation of hydrological processes on sub-daily time scales (Jeong et al., 2010). To solve this 
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issue, new sub-hourly model components were developed by Jeong et al. (2010) to allow the original SWAT model to 

simulate streamflow on any sub-daily time scale. The application of such sub-daily hydrological models relies heavily on the 

availability of historical continuous data observed at a sub-daily time scale (e.g., rainfall and discharge) to calibrate the 

model parameters. However, such intensive observations at a sub-daily time scale are only available during the flooding 

seasons in the study area. Thus, the question then becomes whether continuous simulations in the SWAT model will still 5 

conflict with the event-based observed data in practice. In this regard, further model modifications were made in this study to 

compile a new SWAT-EVENT model, which disrupted the continuous loop within the SWAT model to overcome its 

inherent insufficiency with respect to event-based flood simulations at a sub-daily time scale.  

Antecedent moisture conditions of a coming flood event can influence the flood volume and its duration. The advantage of 

continuous simulation models (e.g., the SWAT model) is that the initial values of the model states are implicitly incorporated 10 

within the modeling framework (Pathiraja et al., 2012). In contrast, event-based models require a separate method to obtain 

the antecedent conditions (Berthet et al., 2009), including the SWAT-EVENT model. The combination of continuous 

simulation (i.e., SWAT model) and event-based simulation (i.e., SWAT-EVENT model) used in this study (Fig. 3) can 

represent a common solution to this issue (Nalbantis, 1995). Take flood event 20030622 as an example, for which the impact 

of the antecedent conditions on the performance of the event-based flood simulation result is presented in Fig. 9. The flood 15 

hydrograph simulated by using the calibrated SWAT-EVENT model is comparatively lower when the antecedent conditions 

are initialized to zero relative to when they are extracted directly from the daily SWAT model. However, this combination 

approach still has deficiencies. On the one hand, the SWAT model suffers from poor simulation and prediction performance 

for low streamflows (Zhang et al., 2015), resulting in an inaccurate estimation of the antecedent moisture conditions. On the 

other hand, inevitable uncertainty regarding the estimated antecedent conditions exists because a model-based approach is 20 

used. Field measurements are highly beneficial, ideally, for initializing the SWAT-EVENT model in this study. Bronstert et 

al. (2012) compared different soil moisture measurement technologies, and subsequently concluded that only Spatial-Time 

Domain Reflectometry (STDR) was capable of acquiring continuous data. Massari et al. (2014) used soil moisture 

observations to improve hydrological modeling at the Valescure experimental catchment in France. Thus, for improving 

event-based flood forecasting results, applying antecedent model states based on field measurements may be promising. 25 

Rainfall is the main driving force for the hydrological cycle. Hence, the temporal resolution of rainfall data could also have 

substantial impact on the simulation of flood processes. The decent performance of the SWAT-EVENT model at peak flows 

as shown in Fig. 6 could be due to the high temporal resolution of the input rainfall. Rainstorms may significantly vary over 

the course of a day, and thus, the use of daily rainfall data might not adequately represent the temporal profile. For example, 

a rainfall event (2 July 2003) prior to the peak of flood event 20030622 (Fig. 6) was characterized by an average daily 30 

rainfall of 80.6 mm for sub-basin 4, 85.24 % of which occurred during the first four time intervals (Δ 2 ht  ) between 0 and 

8 am. The daily surface runoff was calculated using the SCS curve number method, and the sub-daily surface runoff was 

calculated using the Green & Ampt infiltration method in the SWAT model. On a daily basis, the Green & Ampt method 
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will perform more effectively due to rainfall intensity and duration considerations. Similar results were analyzed through the 

comparison of the aforementioned two methods on the Goodwin Creek Watershed (Vol., 1999). 

The UH represents the most widely practiced technique for determining flood hydrographs. Sherman (1932) first proposed 

the UH concept in 1932. However, because the UH proposed by Sherman is based on observed rainfall-runoff data at 

gauging sites for hydrograph derivations, it is only applicable for gauged basins (Jena and Tiwari, 2006). A prominent lack 5 

of observed data promoted the appearance of the Synthetic Unit Hydrograph (SUH), which extended the application of the 

UH technique to ungauged catchments. The triangular dimensionless UH used in the SWAT and SWAT-EVENT models 

denotes the simplest of SUHs, which relates hydrologic responses to the catchment geographic characteristics. There was a 

definite positive effect from the application of the distributed parameters of the UHs on the simulation of flood peaks as 

indicated in Table 3, resulting in a significant improvement of 
NSE  values (Fig. 8), which has been known to be sensitive to 10 

high values within a given dataset. Simply applying different parameters of UHs for different sub-basins has improved flood 

forecasting accuracies greatly, as seen in this research and in other studies (Luxon et al., 2013). This implies that improving 

the application of UHs in the SWAT model may be attractive for further model improvement. This result has similarly been 

reported by Bhunya (2011) and Aron and White (1982), wherein it was suggested that the application of probability 

distribution function-based SUHs would also improve model performances. 15 

6 Conclusions 

The original SWAT model was initially designed to perform well for long-term simulations with daily time-steps. This paper 

developed a SWAT-EVENT model to improve upon the original SWAT model in two aspects: (1) to enable the SWAT 

model to conduct flood forecasting on a flood event basis (i.e., not continuously), as well as on a sub-daily time scale; and (2) 

each sub-basin’s dimensionless triangular UH parameters were assigned with different values, whereas the original SWAT 20 

models assigned each sub-basin with the same value. 

An application of the SWAT-EVENT model in the upper reaches of the Huaihe River exhibited high accuracies of flood 

forecasting, wherein the NSE  values varied from 0.66 to 0.95.  

Assigning each sub-basin with dimensionless triangular UH parameters with different values further improved the model 

performances, following which the qualification ratios of the RPE , 
RPTE  and 

RRE  values for the calibration period increased 25 

from 81.25 %, 87.50 % and 87.50 % to 93.75 %, 87.50 % and 93.75 %, respectively, and those of the validation period 

increased from 87.5 %, 100 % and 100 % to 100 %, 100% and 100 %, respectively. 

These results indicated that the SWAT-EVENT model developed herein can be successfully applied for flood event 

forecasting and that assigning sub-basin model parameters with distributed values is necessary for further model 

performance improvement. 30 
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Data availability 
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Table 1 Geographic features of each of the sub-basins 

Stream gauge 
Sub-basin 

No. 

Drainage 

area 

Mean 

elevation 

Average slope 

steepness 

Average slope 

length 

Longest tributary 

length 

Average slope of the 

tributary 

(km2) (m) (m m-1) (m) (km) (m m-1) 

Bantai (BT) 1 11826.35 51 0.002 121.95 240.93 0.002 

Wangjiaba (WJB) 2 6628.62 44 0.003 121.95 167.15 0.002 

Xixian (XX) 3 10220.41 119 0.071 60.97 216.47 0.001 

Huangchuan (HC) 4 1954.62 149 0.073 60.97 101.59 0.008 

 

Table 2 SWAT model performance statistics for the calibration and validation periods 

  NSE  2R  BIASP  (%) 

Calibration 0.77  0.88  14.46  

Validation 0.78  0.89  -21.90  
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Table 4 Time characteristics of the sub-basins (tc, tb, tp) and the optimized UH parameters for each sub-basin 

Sub-basin Stream gauge 
tov  

(h) 

tch  

(h) 

tc  

(h) 

Basin level  

UH parameters 

Sub-basin level  

UH parameters 

tadj (h) tb (h) tp (h) tsubadj (h) tb (h) tp (h) 

1 
Bantai 

(BT) 
1.97 30.2 32.17 

75.8 

48 17 137.39 79 29 

2 
Wangjiaba 

(WJB) 
1.74 22.18 23.92 46 16 81.56 49 18 

3 
Xixian 

(XX) 
0.36 35.49 35.86 49 18 161.67 92 34 

4 
Huangchuan 

(HC) 
0.36 9.34 9.7 42 15 110.36 59 21 

 

 

Figure 1 The Wangjiaba (WJB) catchment  
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Figure 2 (a) Land use and (b) soil types throughout the study area 

 

 

Figure 3 SWAT-EVENT model for the simulation of event-based flood data based on the initial conditions extracted from daily 5 
simulation results produced by the original SWAT model 
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Figure 4 Shape of the dimensionless triangular UH 

 

Figure 5 Comparisons between the observed and simulated daily discharges for the calibration and validation periods at WJB  5 
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Figure 6 Comparisons of the daily simulations conducted using the SWAT model and the aggregated sub-daily simulations 

conducted using the SWAT-EVENT model 

 

 5 

Figure 7 Plotted dimensionless UHs for each sub-basin with (a) basin level parameters and (b) sub-basin level parameters 
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Figure 8 Box plots of 
NSE  values for the SWAT-EVENT model results for sub-basin level UH parameters and basin level UH 

parameters 

 

 5 

Figure 9 Impact of the antecedent conditions on the performance of the event-based flood simulation results  
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