
����������
�������

Citation: Jin, H.; Rui, X.; Li, X.

Analysing the Performance of Four

Hydrological Models in a Chinese

Arid and Semi-Arid Catchment.

Sustainability 2022, 14, 3677. https://

doi.org/10.3390/su14063677

Academic Editors: Aristeidis

Kastridis and Dimitrios Stathis

Received: 16 February 2022

Accepted: 18 March 2022

Published: 21 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Article

Analysing the Performance of Four Hydrological Models in a
Chinese Arid and Semi-Arid Catchment
Hengxu Jin 1, Xiaoping Rui 2,* and Xiaoyan Li 1

1 School of Geomatics, Liaoning Technical University, Fuxin 123000, China; jin960707@163.com (H.J.);
472120757@stu.lntu.edu.cn (X.L.)

2 College of Earth and Engineering, Hohai University, Nanjing 211100, China
* Correspondence: ruixp@hhu.edu.cn

Abstract: Frequent flood hazards in the Raoyang River Basin in western Liaoning, China, have posed
serious threats to people’s lives and property. In an effort to study the simulation efficiencies of
hydrological models in this arid and semi-arid catchment, this study examined the performance of
the Xin’anjiang model, the Liaoning unsaturated model, and the DHF model in the Dongbaichengzi
station watershed in the upper reaches of the Raoyang River, China. Additionally, this paper proposed
an improved DHF model, which considers the impoundment and regulation of small- and medium-
sized reservoirs in the upper reaches of the basin. The flood simulation results demonstrated that
the Xin’anjiang model was difficult to apply in this area because the average value of its Nash–
Sutcliffe efficiency (NSE) was as low as 0.31. Meanwhile, the simulation efficiencies of the Liaoning
unsaturated model and the DHF model were higher than that of the Xin’anjiang model, but the
relative error of flood peak discharge and runoff depth for most floods were still high and could not
meet the actual forecast requirements by the Reservoir Administration Bureau of Liaoning Province.
Overall, the improved DHF model showed the best efficiency, and the mean value of the NSE reached
0.79. Therefore, the improved DHF model has good applicability in the Dongbaichengzi station
watershed in the upper reaches of the Raoyang River, China.

Keywords: arid and semi-arid regions; flood forecasting; DHF model; impact of small and medium-sized
reservoirs; Raoyang River basin in western Liaoning

1. Introduction

The risk of flooding is expected to rise in the 21st century due to the anthropogenic
environment and the increasing frequency of extreme precipitation events resulting from
climate change [1–3]. Many severe flood events have been reported across the world in the
last two decades [4], for example, New York City, USA, in October 2012, Uttarakhand, India,
in July 2013, Western Japan in July 2018, Northern Queensland, Australia, in February 2019,
Dhaka, Bangladesh, in July 2020 and Zhengzhou, China, in July 2021 [5–8]. Floods are the
most frequent type of natural disasters and pose a huge threat to society [9,10]. Hydrological
forecasting plays an effective role in flood prevention and disaster reduction [11–14]. While
most hydrological models work well in humid areas with frequent floods [15–18], these
models exhibit poor simulation results in arid and semi-arid areas [19,20].

Several reasons explain the poor simulation efficiencies of hydrological models in
arid and semi-arid areas [21–23], including the following: (1) rainfall and runoff in such
areas often display a strongly nonlinear relationship, and most hydrological models have
difficulties describing the complex runoff mechanisms in these areas [24,25]; (2) the soil
water content in this basin is low, making it less likely to be filled by rainfall [26–29]; (3) in
the absence of rain for an extended period, anthropogenic factors such as the small- and
medium-sized reservoirs in the upper reaches of the basin have less water in storage, and
the impact of rainfall is greatly affected by the impoundment of such reservoirs, resulting
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in large flood-forecast errors [30,31]. Several studies contributed to the improvement of
hydrological models in arid and semi-arid regions [32]. For example, Bao et al. [33] and
Luo et al. [34] proposed a vertical mixing model and an interactive model, respectively.
These two models considered runoff yield under excess infiltration and runoff yield under
excess saturation. Jin et al. [35] proved that the Soil Conservation Service curve number
(SCS-CN) model demonstrated a relatively good result for situations with short rainfall
duration but high intensity in the Jianghe watershed, which is located in a semi-arid area
of Northern China. A method based on coupling discrete wavelet transforms (WA) and
artificial neural networks (ANN) for flow forecasting applications in nonperennial rivers
was proposed by Adamowski et al. [36], who showed that coupled wavelet neural network
models were a promising new method of short-term flow forecasting in nonperennial
rivers in semi-arid watersheds. Sharifi Garmdareh et al. [37] compared the support vector
regression (SVR) model with the adaptive neuro-fuzzy inference system (ANFIS), artificial
neural network (ANN), and nonlinear regression (NLR) models in the regional flood
frequency analysis (RFFA) of the Namak Lake watershed. The results showed that the
gamma test (GT) technique improved the models’ performance in arid and semi-arid
regions of Iran. Overall, even though the simulation efficiencies of hydrological models in
arid and semi-arid regions has been improved to some extent [38–40], it is difficult to apply
these models in the Raoyang River Basin because few studies have taken into account
the arid and semi-arid environment and the impact of reservoirs [41–44] for hydrological
modelling in this catchment.

To study the simulation efficiencies of hydrological models in the Raoyang River Basin
in western Liaoning, China, we selected the most widely used Xin’anjiang model, the Liaon-
ing unsaturated model proposed by the Hydrology Bureau of Liaoning Province, China,
the DHF model, and the improved DHF model. The aims of this study are summarized
as follows:

(1) To study the impoundment and regulation effect of small- and medium-sized reser-
voirs in the upper reaches of the research basin, an improved DHF model was proposed.
This model quantifies the impoundment effect of upstream reservoirs by calculating the
prewater storage volume and the reservoir cut-off. In order to calculate the regulation effect
of reservoirs in the upper reaches of the basin, this paper considers the spatial distribution
of rainfall in the basin, the cumulative rainfall and the soil moisture content.

(2) To study the simulation efficiencies of hydrological models in this arid and semi-
arid catchment, this study examined the performance of the Xin’anjiang model, the Liaoning
unsaturated model, the DHF model, and the improved DHF model in the Dongbaichengzi
station watershed in the upper reaches of the Raoyang River, China.

The rest of paper was organized as follows: In Section 2, a description of the research
catchment and data sources is provided; additionally, the widely-used Xin’anjiang model,
the Liaoning unsaturated model, the DHF model, and the improved DHF model are
introduced. In Section 3, the improved DHF model and the other three models are calibrated
for the study catchment, and the simulation results of the four models are compared and
discussed. Section 4 provides a summary and additional discussion on the limitations and
future directions for improvements.

2. Materials and Methods
2.1. Study Area

We focused on the Dongbaichengzi station watershed in the upper reaches of the
Raoyang River. The watershed area is 2138 km2. The land in the basin is barren, and
the soil erosion is severe. According to the flood database of Liaoning Province, the
most notable floods in the past 100 years occurred in 1953, 1962, 1969, 1975, 1984, and
2013 [45]. The annual precipitation in the basin is 455–530 mm, and summer precipitation
accounts for more than 75% of the yearly accumulation. This arid and semi-arid area often
experiences torrential rain and short durations of confluence after a long drought, which
make forecasting more difficult [46]. The study focused on the Dongbaichengzi station
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watershed in the upper reaches of the Raoyang River, calibrating each model according to
the data of upstream small- and medium-sized reservoirs, soil moisture content, and other
available data. Figure 1 illustrates the river network of the Dongbaichengzi watershed,
while Table 1 presents characteristics for the small- and medium-sized reservoirs in the
upper reaches of the Raoyang River.

Figure 1. Map of the Dongbaichengzi station watershed in the upper reaches of the Raoyang River.

Table 1. Characteristics of the reservoirs located in the upper reaches of the Raoyang River.

Station Code Name Type River Name Reservoir Capacity
(km3)

Above Sea Level (m)

Flood Control
Water Level

Design Low
Water Level [47]

21010320 Jianguo (JG) Medium Wuhuanchi 12,050 182.42 176.64
21010625 Sanjiazi (SJZ) Small Erdaohe 7280 158.50 154.89
21011120 Habaqin (HBQ) Small Weitang 4080 44.60 44.40
21200330 Qijiazi (QJZ) Small Weitang 8500 148.00 145.20
21010820 Shijia (SJ) Small Shijiahe 1300 48.50 44.14
21011320 Nanliu (NL) Small Raoyang 1000 44.40 43.24

2.2. Hydrological Data

This paper uses the rain and flood data from 1955 to 2013 from the Liaoning Hy-
drological Yearbook [48]. The rainfall data are from six main rain gauge stations: Hanji-
azhangzi (HJZZ), Shuangmiao (SM), Shangzhaoshugou (SZSG), Dongbaichengzi (DBCZ),
Daxingzhuang (DXZ), and Xujia (XJ). The rain gauge station data include the starting time
of the rainfall, the time to reach the rainfall peak, and the historical precipitation. The
measured data for the hydrological station include data such as the start time of the flood,
the time to reach the flood peak, and the historical discharge. This paper lists 13 floods,
9 of which were used for model calibration, while the remaining 4 were used for model
validation [48].

2.3. Xin’anjiang Model

The Xin’anjiang model was proposed in 1973 to enable Xin’anjiang reservoir inflow
forecasting [49,50]. The generated runoff is separated into three components, which in-
cludes surface runoff, interflow, and groundwater. The Xin’anjiang model is based on
the watershed saturation–excess runoff theory, which asserts that the runoff-generation
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processes usually occur in humid and semi-humid regions. The Xin’anjiang model neglects
the processes of plant interception, filling depressions, evaporation, and infiltration in the
calculation. The formula for the water storage capacity curve in the runoff calculation of
this model is as follows:

δ = 1−
(

1− WM
MWM

)λ

(1)

where δ is a ratio of the runoff-generation area to the total basin area, λ is the exponent of
the curve which needs to be calibrated in modelling, WM and MWM are the water storage
capacity and its maximum value for the soil in the basin, respectively. In the confluence
calculation model, the linear reservoir algorithm is used to calculate the groundwater
runoff and subsurface flow. Detailed descriptions of the principles behind the Xin’anjiang
model can be found in the relevant literature [51–53].

2.4. Liaoning Unsaturated Model

The Liaoning unsaturated model is mainly used in the western Liaoning province,
China. The runoff of this model is controlled by the infiltration capacity of the water-
shed [54]. Runoff occurs when the instantaneous infiltration rate f is less than the rainfall
intensity i. The runoff depth R in period ∆t can be described as

R = ∆t(i− f ) (2)

The Horton formula is used to reflect the change of surface infiltration capacity,
as follows:

f = f 0e−βt + f c
(

1− e−βt
)

(3)

where f, f 0, and fc are the instantaneous infiltration rate, the initial infiltration rate, and the
stable infiltration rate, respectively (all units are mm/h), while β is an empirical exponent,
and its value is 0.5 [54]. For the sake of practicality, let ∆t be the length of the time
period. Through integral calculation, the average infiltration rate f is obtained using the
following formula:

f =
∫ t+∆t

t
[ f c + ( f 0− f c)e−βt]dt = (

1− e−β∆t

∆t
)(Im− Pa) + [1− Im− Pa

βIm
(

1− e−β∆t

∆t
)] f c (4)

where Im is the maximum water storage capacity and Pa is the observed water storage capacity.
The infiltration rate of each point in the watershed is different at different times and in

different spaces. This phenomenon led to proposal of the concept of f ’s spatial distribution [54].
In other words, a method based on the unit area of the watershed is used to solve the problem
of uneven distribution of rainfall intensity. So, the formula for the area of runoff yield is

F0

F
= 1− e−a f (5)

where F0 is the area of runoff yield, F is the area of the entire watershed, and α represents a
parameter that reflects the distribution characteristics of the average infiltration rate.

Let the average rainfall intensity be i0, then the average runoff depth per unit time R0 is

R0 =
∫ i0

0
(1− e−a f )d f = i0− 1

a
(1− e−ai0) (6)

where R0 is the average runoff depth per unit time, f is the infiltration rate, f is the average
infiltration rate, and α represents a parameter that reflects the distribution characteristics of
the average infiltration rate.

When i0 = ∞, the average runoff depth per unit time R0 is

R0 = i0− f (1− e
− i0

f ) (7)
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So, the formula for the runoff depth in period ∆t is

R = R0∆t = (i0− f )∆t = ∆P− f ∆t (8)

where ∆P is the rainfall during that period (expressed in mm as the unit).

2.5. DHF Model

In the 1970s, the DHF Reservoir Administration Bureau of Liaoning Province proposed
the DHF rainfall-runoff model (DHF) for the arid and semi-arid areas in Northern China,
and this model has been widely used in certain northern river basins in recent years. The
model consists of two parts: (1) the confluence calculation model with variable speed
and variable strength and (2) the hyperosmosis runoff calculation model, which describes
the distribution of the lower infiltration rate and surface water storage with a parabolic
function and is calculated using the double-layer infiltration curve. Figure 2 illustrates
the structure of the model. The meanings of the variables in the figure are as follows:
P and PE are the rainfall and net rainfall intensity, respectively; R, RC, and RL are the
infiltration intensity, the infiltration intensity of the lower layer, and the percolation rate of
the groundwater, respectively; S0, U0, and V0 are the maximum value of the surface water
storage capacity, the maximum value of the lower layer water storage capacity, and the
maximum value of the groundwater storage capacity, respectively; Ua and Va represent the
underlying soil water storage and groundwater storage, respectively; ED is the evaporation
between rainfall events; y0 is the runoff from the impervious area; g is the proportion of
the impervious area to the total watershed area; f is the average infiltration rate of the
entire watershed; and KW is the groundwater runoff scaling factor [55]. The particle swarm
optimisation algorithm [56–58], which was widely used in the hydrological model, was
used to calibrate the model’s parameters.

Figure 2. Structure of DHF model.

2.6. Improved DHF Model

In arid and semi-arid regions where there is no rainfall for long stretches of time, the
reservoirs in the upper reaches of the basin lack water storage in the early stage of a rainfall
event. Thus, such reservoirs will intercept a large portion of rainfall, affecting the runoff
yield and confluence of the basin. In view of this phenomenon, we improved the original
DHF model in Section 2.5. This enhanced structure is shown in Figure 3 (the solid-line
frames denote the proposed changes).
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Figure 3. Structure of the improved DHF model considering the influence of upstream reservoirs.

The meaning of the variables in Figure 3 is the same as in the original DHF model
in Section 2.5. The improved model considers the impoundment and regulation effect of
small- and medium-sized reservoirs in the upper reaches of the research basin. Specifically,
as shown in the parts marked in red in Figure 3, the impoundment effect is calculated by the
water balance; as shown in the parts marked in blue in Figure 3, we considered the spatial
distribution of rainfall in the basin, the cumulative rainfall, and the soil moisture content
when calculating the regulation effect of upstream small- and medium-sized reservoirs.
The following is a brief description of the two parts of the proposed changes.

2.6.1. Calculation Method for the Impoundment Effect of Small- and Medium-Sized
Upstream Reservoirs

We quantified the impoundment effect of upstream reservoirs by calculating the
prewater storage volume and the reservoir cut-off. The formula for calculating the prewater
storage volume of the reservoir V0 is

V0 = VXW0/(W1 + W2) (9)

where VX is the storage capacity of the reservoir, W0 is the initial water content of the soil,
and W1 and W2 are the water storage capacity of the upper and lower soil layers of the basin,
respectively. The storage volume Vi(t) of each reservoir and the total retention volume W(t)
of the reservoir according to the water balance are calculated using the following formula:

Vi(t) =

{
i(t)Si + Vi(t− 1) Vi(t− 1) < ViX

0 Vi(t− 1) > ViX
(10)
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W(t) =
i=1

n

∑(Vi(t)−Vi(t− 1)) (11)

where n is the number of reservoirs in the study area, Vi(t) is the water storage capacity
of the reservoir i at time t, i(t) is the net rainfall at time t, and Si and ViX are the catch-
ment area of the reservoir i and beneficial reservoir capacity, respectively. According to
Formulas (10) and (11), the runoff depth and retention depth of the reservoir during each
period of the flood can be calculated, facilitating the calculation for the impoundment of
small- and medium-sized upstream reservoirs.

2.6.2. Calculation Method for the Regulation of Upstream Small- and Medium-Sized Reservoirs

Since the upstream reservoirs change the confluence time and area of a flood, we
considered the spatial distribution of rainfall in the basin, the cumulative rainfall, and
the soil moisture content when calculating the regulation effect of upstream small- and
medium-sized reservoirs:

(1) The uneven spatial distribution of rainfall will inevitably affect the confluence
of the upstream reservoirs. In view of this fact, we adopted the grey relation analysis
model [59]. According to the measured hydrological data of the basin over the years, the
grey relation analysis can be used to calculate the correlation coefficient between each
amount from a rain gauge station (the rainfall data are from six main rain gauge stations)
and the total basin discharge. In addition, this paper analyses the influence of the uneven
spatial distribution of rainfall on the fluctuation of the total basin discharge. Next, the
multiple linear regression model [60] is used to validate the flood discharge and calculate
the optimal correlation coefficient of each rain gauge station.

First, a data matrix is formed by setting a parent sequence x0(t) and several subse-
quences xi(t):

z =


x0(1) · · · xn(1)

... · · ·
...

x0(t) · · · xn(t)

 (12)

where xi(t)(i = 1, 2 . . . n) represents the independent variable (influencing factor) in the
analysis data (amount of rainfall at each rain gauge station) and x0(t) represents the
dependent variable in the analysis data (total basin discharge). To solve the problem of
the unit of the parent sequence and the subsequence being different, the newly formed
expression of the parent sequence x′0(t) and the subsequence x′i (t) is calculated as follows:

x′0(t) =
x0(t)
x0(1)

, x′ i(t) =
xi(t)
xi(1)

(13)

Then, the absolute difference ∆0i(t) between the parent sequence x′0(t) and the sub-
sequence x′i(t) is calculated using Formula (14) to form the different sequence for each
factor. Substituting the maximum values ∆min and ∆max in the absolute value matrix into
Formula (15) facilitates calculating the correlation coefficient δ0i(t) between the parent
sequence and the subsequence:

∆0i(t) =
∣∣x′0(t)− x′ i(t)

∣∣, i = 1, 2 · · · n (14)

δ0i(t) =
∆min + k∆max

∆0i(t) + k∆max
, i = 1, 2 · · · n (15)

where t represents the time, i represents the influencing factor in the watershed, n is the
number of influencing factors in the watershed, and k represents the resolution ratio,
generally between 0 and 1 [59].
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Finally, according to Formula (16), the relational degree ζ0i of each influencing factor
(each amount of a rain gauge station) in the watershed is calculated as follows:

ζ0i =
1
n

n

∑
i=1

δ0i(t) (16)

where n is the number of influencing factors which represents the number of rain gauge
stations in the watershed.

(2) To fully consider the effect of cumulative rainfall over time on the regulation of small-
and medium-sized reservoirs in terms of floods and downstream confluence, we calculated
the cumulative rainfall in each simulated event and divided it into eight rainfall levels: the
first level is the steady infiltration amount, and the second level starts to gradually increase in
steps of 20 mm. Iteratively, the rainfall level is divided, as shown in Table 2.

Table 2. Rainfall classification table. (Taking the stable infiltration volume γ = 5 mm in the watershed
as an example.)

Rainfall Level 1 2 ...... 7 8

Infiltration
amount\mm [0, 5] (5, 25] ...... (105, 125] (125, +∞)

In arid and semi-arid regions, the initial storage capacity of small- and medium-sized
reservoirs will vary with soil moisture content, which leads to the regulation of runoff
yield by small- and medium-sized reservoirs. Moreover, the water content of the soil
also has a large impact on the confluence mechanism. The model divides floods into four
categories—moist, semi-moist, semi-arid, and arid—and then takes them into account
with the rainfall level to determine DD (a confluence parameter that reflects flood peak
discharge) and CC (a confluence parameter that reflects flood peak time) [55] according to
the degree of soil moisture. Taking the stable infiltration volume γ = 5 mm in the watershed
as an example, Table 3 displays the optimal results of the confluence parameters.

Table 3. Optimal results of confluence parameters.

Rainfall Level

Soil Moisture DD 1 2 3 4 5 6 7 8

CC

Moist 0.70 1.0 2.3 2.9 0.7 0.5 2.7 0.9 3.6

Semi-moist 0.70 2.0 2.6 2.5 1.1 3.9 2.2 2.6 3.3

Semi-arid 1.05 2.7 2.1 2.2 1.4 3.7 2.0 3.0 2.2

Arid 1.15 3.2 0.9 1.9 1.6 3.0 3.4 3.3 0.5

2.7. Efficiency Measures

In this paper, the error of flood peak time E1, the relative error of flood peak dis-
charge E2, the relative error of runoff depth E3, and the NSE were selected as efficiency
measures [61]. We used these four indicators to compare the simulation efficiencies of the
different models. The closer E1, E2, and E3 were to 0, and the closer NSE was to 1, the better
the simulation efficiency. An NSE value greater than 0.75 represents good performance of
the model [62]. The calculation formulas are as follows:

E1 =
∣∣Tp,s − Tp,o

∣∣ (17)

E2 = |
Qp,s −Qp,o

Qp,o
| × 100% (18)



Sustainability 2022, 14, 3677 9 of 15

E3 = |Rs − Ro

Ro
| × 100% (19)

NSE = 1−

i=1
n

∑
(
Qp,s,t −Qp,o,t

)2

i=1
n

∑
(
Qp,o,t −Qo

)2

(20)

where Tp,o is the observed flood peak time, Tp,s is the simulated flood peak time, Qp,o is
the observed flood peak discharge, Qp,s is the simulated flood peak discharge, Ro is the
observed runoff, Rs is the simulated runoff, Qp,o,t is the observed instantaneous discharge,
Qp,s,t is the simulated instantaneous discharge, and Qo is the average measured discharge.

3. Results and Discussion
3.1. Flood Simulation Results

Table 4 shows the simulation efficiencies for all flood event simulations (both calibra-
tion and validation periods) by using the Xin’anjiang model, the Liaoning unsaturated
model, the DHF model, and the improved DHF model.

Table 4. Flood simulation results (X, L, D, and I represent the Xin’anjiang model, the Liaoning
unsaturated model, the DHF model, and the improved DHF model, respectively).

Year

Error of Flood Peak
Time/h

Relative Error of Flood Peak
Discharge/%

Relative Error of
Runoff Depth/% Nash–Sutcliffe Efficiency

X L D I X L D I X L D I X L D I

Cali-
bration

1962 4 1 4 1 41.8 50.1 35.1 18.1 66.8 45.5 12.6 2.6 0.52 0.64 0.71 0.85
1963 4 1 4 2 56.7 37.5 25.4 10.4 8.6 6.7 16.0 36.0 0.44 0.67 0.68 0.75
1964 6 0 2 1 28.0 18.1 36.2 16.8 18.8 31.7 30.2 10.1 0.53 0.79 0.78 0.83
1967 4 4 3 3 89.2 54.1 50.6 48.3 51.0 0.71 19.7 10.6 0.09 0.46 0.49 0.59
1969 9 1 3 1 79.8 45.6 30.5 25 40.4 0.8 2.7 22.4 0.11 0.78 0.81 0.89
1975 11 1 1 2 57.6 6.1 27.4 15.6 35.0 17.2 16.4 9.7 0.15 0.84 0.79 0.85
1977 5 1 3 1 24.9 44.5 22.4 2.4 14.1 64.8 22.4 12.8 0.59 0.39 0.78 0.90
1993 6 1 1 0 82.4 35.5 33.6 13.6 47.3 9.4 30.2 10.0 0.20 0.85 0.75 0.89
1998 2 1 2 0 74.9 55.3 57.1 55.0 40.6 32.8 12.4 32.1 0.34 0.62 0.65 0.67

Valida-
tion

1984 1 1 2 1 29.5 29.2 35.3 25.2 56.5 61.7. 13.1 5.3 0.49 0.47 0.50 0.71
2005 4 5 5 4 74.5 13.2 21.9 7.1 62.4 9.1 22.5 2.3 0.06 0.41 0.40 0.69
2009 6 1 2 0 82.3 55.5 29.0 15.6 46.0 9.5 19.1 12.0 0.21 0.77 0.79 0.88
2013 2 1 3 0 74.8 55.2 67.1 55.0 40.5 33.0 54.2 34.1 0.35 0.62 0.56 0.71

Average value 4.9 1.5 2.7 1.2 61.3 38.5 36.3 23.7 40.6 24.8 20.9 15.4 0.31 0.64 0.67 0.79

In the study area, the average value of the NSE of the widely-used Xin’anjiang model
was as low as 0.31, and the average value of the error for flood peak time was 4.9 h.
The average relative error of the runoff depth was 40.6%, which was nearly double the
maximum error allowed by the Reservoir Administration Bureau of Liaoning Province
(20%) [63]. The relative errors of flood peak discharge were all higher than 20%, and the
average value exceeded the allowable error (20%) by almost double. Based on the above
statistical results, the Xin’anjiang model demonstrated very low simulation performance
in the research basin, could not reach the C-level simulation efficiency stipulated by the
Reservoir Administration Bureau of Liaoning Province [63], and showed poor applicability
in the study area. Compared with the Xin’anjiang model, the simulation efficiencies of the
Liaoning unsaturated model and the original DHF model were somewhat improved, as
the NSE and three errors were, to a certain extent, better. However, as Table 4 shows, the
relative error for most floods in the study basin was still high and could not meet the actual
forecast requirements by the Reservoir Administration Bureau of Liaoning Province [63].
The improved DHF model considering the influence of the upstream reservoirs showed
better simulation results: the mean value of the NSE reached 0.79, the error of flood peak
time was significantly reduced, the mean value of the relative error of runoff depth was
15.4%, and the relative error of flood peak discharge was close to the allowable error.
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In comparison to the previous three models, the improved DHF model considering the
influence of the upstream reservoirs showed the best efficiency.

Figures 4–6 illustrate three flood hydrographs simulated by four hydrological models
in the Raoyang River, 1962, 1963, and 1984, respectively.

Figure 4. Flood hydrograph simulated by four hydrological models in 1962.

Figure 5. Flood hydrograph simulated by four hydrological models in 1963.
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Figure 6. Flood hydrograph simulated by four hydrological models in 1984.

Quite obviously, the predictions became far removed from the observed discharge
in the flood simulations by the Xin’anjiang model and the Liaoning unsaturated model,
and the calculated flood hydrographs had large errors. Moreover, for the flood shown in
Figure 6, the flood hydrographs simulated by the original DHF model and the improved
DHF model were highly similar to the measured process, but the flood peak discharge
calculated by the original DHF model was too large and the flood hydrograph simulated
by the improved DHF model was more consistent with reality.

3.2. Discussion

An experiment based on four hydrological models was carried out in the Dong-
baichengzi station watershed in the upper reaches of the Raoyang River. In comparison
to the Xin’anjiang model, the Liaoning unsaturated model, and the DHF model, the im-
proved DHF model, which considers the influence of the upstream reservoirs, showed the
best efficiency.

The large difference in the simulation results of the four hydrological models in the
Dongbaichengzi station watershed in the upper reaches of the Raoyang River spurred
further analysis to discover the reasons for these discrepancies. In the first place, the
study area is located in western Liaoning Province, China, an arid and semi-arid region.
The soil water storage capacity in this area is weak and cannot meet the ideal conditions
for saturation–excess runoff. This finding agreed with other research (Guo et al., 2015;
Bao et al., 1997; Jin et al., 2015) [25,33,35]. Thus, because the Xin’anjiang model is based on
the watershed saturation–excess runoff theory, an accurate simulation efficiency is difficult
to obtain. A similar conclusion was reached by Kan (2017) [23]. Secondly, although the
Liaoning unsaturated model and DHF model in western Liaoning are based on runoff
yield under excess infiltration, their simulation efficiencies were indeed better than that
of the Xin’anjiang model. A similar conclusion was reached by Liu (2019) [39]. However,
these models failed to consider the influence of the upstream reservoirs in the long-drought
region and the flood peak discharge calculated by the original DHF model was too large,
making it difficult for them to meet the prediction requirements of arid and semi-arid areas
in western Liaoning. This finding seemed consistent with other research in this field [39,46].
The improved DHF model, which considers the impoundment and regulation of small- and
medium-sized reservoirs in the upper reaches of the basin, showed the best efficiency in the
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Dongbaichengzi station watershed in the upper reaches of the Raoyang River, China. This
finding agreed with other research [41–44]. However, the flood hydrograph simulated by
the improved DHF model does not accurately express the nonlinear relationship between
rainfall and runoff in detail, suggesting the need for further study.

4. Conclusions

This study investigated the performance of the Xin’anjiang model, the Liaoning unsat-
urated model, the DHF model, and the improved DHF model in western Liaoning, China,
by carrying out a comparative study using data from 13 floods in the Dongbaichengzi
watershed of the Raoyang River. The results revealed the following:

(1) The Xin’anjiang model is based on the watershed saturation–excess runoff theory.
Hence, the model showed poor performance in the Dongbaichengzi station watershed
in the upper reaches of the Raoyang River, which is characterised by runoff yield
under the excess infiltration mechanism.

(2) Although the Liaoning unsaturated model and the DHF model take into account
the spatial differences in the infiltration rate of the watershed, they leave out the
influence of small- and medium-sized reservoirs in the upper reaches of the arid and
semi-arid watershed in western Liaoning. Although the simulation and forecasting
efficiencies of these models were better than that of the Xin’anjiang model, the relative
error of flood peak discharge and runoff depth for most floods was still higher than
the maximum error allowed by the Reservoir Administration Bureau of Liaoning
Province, presenting an obstacle to applying them in this basin.

(3) The improved DHF model, which considers the influence of the upstream reservoirs,
adopts the hyperosmosis runoff mechanism, which comprehensively accounts for
the impoundment and regulation effect of small- and medium-sized reservoirs in the
upper reaches of the research basin. In terms of the value of the NSE in the calibration
and validation periods, the improved DHF model had better performance in this
arid and semi-arid catchment than the other models tested. Therefore, the improved
DHF model can provide new auxiliary information for flood prevention decisions in
this area.

(4) In the arid and semi-arid areas of western Liaoning, China, the influencing factors
of the runoff yield and confluence are very complex. The improved DHF model
has been initially applied to the hydrological project of Liaoning Province, China,
and has realised the monitoring of floods in the Raoyang River Basin. In the future,
additional in-depth research on the regulating effect of reservoirs should include the
characteristics of reservoir flood discharge and terrain features. The findings from
future studies will thus support ongoing improvement of the simulation efficiencies
of hydrological models to reduce the threat of flooding and facilitate the sustainable
development of human society.
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