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A B S T R A C T

Modeling pollutant processes in soil and water is helpful to better understand a pollutant’s potential adverse
impacts on an environmental system. There are many watershed pollution load models; however, their effec-
tivity is generally poor in semiarid and semihumid areas because of the complexity of hydrological processes and
pollutant transport processes. In this paper, a pollution load module was combined with the well-established
HIMS (Hydro-Informatic Modelling System) model for the purpose of simulating the processes of pollution
generation and transport and quantifying the pollution load in semiarid and semihumid areas. The model has the
advantages of a simple structure and low data requirement, and can simulate dissolved and solid-phase nitrogen
and phosphorus. As a demonstration, the HIMS-pollution load (HIMS-PL) model was respectively tested for three
semiarid and semihumid basins in China—the Liuhe and the Yixunhe River basins, two sub-basins of the Luanhe
River basin, and the Chaohe River basin. Model simulations of streamflow and pollution loads at monthly time
step accurately matched the observed streamflow (with NSEs 0.77–0.95 and REs 0.53–11.24%) and pollution
load (with NSEs 0.54–0.83 and REs 2.45–12.72% for total nitrogen loads and with NSEs 0.51–0.79 and REs
2.22–19.70% for total phosphorus loads). In comparison with HSPF and GWLF models, the HIMS-PL model
performed better than the GWLF model in all of the above-mentioned basins and better than the HSPF model in
some of the basins. Overall, the proposed model is generally suitable for simulating streamflow and pollution
load in semiarid and semihumid regions.

1. Introduction

The water pollution issue has become increasingly prominent
worldwide (Shen et al., 2012). Given that pollutant generation and
transport are affected by hydrometeorological factors (such as rainfall,
runoff, and infiltration), natural geographical factors (such as basin
landform, soil, and vegetation), and human factors (such as social
economy and culture), pollution is characterized by random and in-
termittent occurrence, complex mechanisms and processes, uncertain
discharge channels and amounts, spatial and temporal variability, and
difficulties in monitoring and control. These characteristics lead to
difficulties in accurately simulating the watershed pollution load. Wa-
tershed models are popular tools for predicting watershed pollution
loads and for use in management efforts to reduce nutrient and sedi-
ment loads. Watershed process-based models study the characteristics
of form and intensity of non-point source pollutants into surface water
and groundwater systems for the basin as research unit, and combine

hydrological, soil erosion, and pollutant transport processes to form a
relatively complete model system. These models describe the internal
mechanism of the pollution process and are capable of simulating
spatial characteristic distributions.

There are various physically based models designed to simulate
hydrological processes, nutrient transport through surface runoff, in-
terflow, and groundwater flow, as well as further in-stream nutrient
turnover at a small or large scale. The CREAMS model (Knisel, 1980)
developed by the Agricultural Research Institute of the United States
Department of Agriculture was the first model to systematically simu-
late the hydrological, erosion, and pollutant transport processes of non-
point source pollution. Subsequently, many lumped models, such as
GLEAMS (Leone et al., 2009), GWLF (Sha et al.,2014), distributed
watershed models, such as PRZM (Adriaanse et al., 2017), AnnAGNPS
(Zhao and Qiu, 2012), SWAT (Liu et al., 2017), SWMM (Kong
et al.,2017), HSPF (Kim et al., 2014), STORM (Singh, 1995), ANSWERS
(Bouraoui and Dillaha 1996), MIKE SHE (Liu et al., 2007), and some
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large watershed management systems, such as BASINS (Whittemore
1998), emerged.

The application of these process-based, watershed-scale models to
estimate the pollution loads in various basins, reservoirs, and lakes has
recently received a great deal of attention. However, these models share
certain problems that reduce their effectiveness in semiarid and semi-
humid regions, owing to the complexity of watershed hydrological
processes and pollution transport processes. Some of these models (e.g.,
GWLF, AGNPS, CREAMS, STORM, and SWAT) apply the popular SCS
model to determine amounts of infiltration and surface runoff. The SCS
model is a practical rainfall-runoff forecast model, while has several
disadvantages (Liu et al., 2015a,b). For example, the assumption that
the ratio of actual runoff and the maximum potential runoff is equal to
the ratio of actual infiltration amount and the maximum possible in-
filtration quantity is quite subjective and has been questioned
(Maidment, 1993). Moreover, the SCS model was developed based on a
rain event (mainly heavy rain), thus the model is best suited to storm
runoff estimation rather than small rainfall events. In semiarid regions,
rainfall is low and concentrated, and runoff rises up and falls down
steeply, which will affect the simulation results of these models.
Moreover, some models (such as GWLF) only contain the simulation of
surface runoff and underground runoff, without interflow calculation.
In semiarid areas, interflow is a key component of the hydrological
processes and its lateral flow forms the dry season flow. Meanwhile,
interflow has important influence on the output characteristics of nu-
trients. Therefore, models applied to semiarid and semihumid areas
need to contain an interflow simulation module. Finally, complex wa-
tershed models, such as SWAT, HSPF, and BASINS, require a large
amount of input data. However, because of the enormous number of
parameters and limited available information, it is difficult to calibrate
and validate these models, which restricts their use for large-scale re-
gions. An increased amount of input data will also lead to the input
uncertainty, thus reducing the simulation accuracy.

In China, semiarid and semihumid regions account for approxi-
mately 52% of the whole land area. However, the accuracy of European
and American models in these areas is not high, and the researches of
sediment movement and pollution transport does not typically contain
sufficient data for precipitation and runoff processes (Liu et al., 2008),
thus, it is necessary to build a model with a simple structure, a low
requirement for input data, and a suitable mechanism of runoff and
pollutant generation specifically for semiarid and semihumid areas.

The pollutant generation and transport are mainly caused by runoff-
erosion events driven by precipitation. Therefore, accurate estimation
of the hydrological process is the foundation of water quality modelling
(Grayson et al., 1999; Newham et al., 2004). Runoff generation in
semiarid and semihumid area involves two different mechanisms: in-
filtration excess and saturation excess (Scoging, 1979; Gallart et al.,
1994; Taha et al., 1997). Rainfall-runoff modelling of semiarid catch-
ments is a challenging task (Wheater et al., 2007) because of the deli-
cate hydrological balance and different mix of hydrological processes
(Pilgrim et al., 1988). The Hydro-Informatic Modelling System (HIMS)
model was developed by Liu et al. (2006, 2008) based on the energy
conservation law and water balance equation, and includes two runoff
mechanisms: infiltration excess and saturation excess. The model can be
applied to hydrological simulations, flood frequency analyses, and hy-
draulic engineering design. The model has proven very efficient in si-
mulating streamflow for many basins (Wu et al., 2012; Zhang et al.,
2013; Shang et al., 2014; Yang et al., 2014; Guo et al., 2017). Jiang
et al. (2015a,b) applied the model for streamflow simulation of the
Luanhe River watershed to indicate its suitability for semiarid and
semihumid areas. Here we present development of a computationally
efficient watershed pollution load model, which extends the HIMS
model by implementing a pollutant transport module to simulate pol-
lution load. We named it the HIMS-PL model. The developed model has
a relatively simple model structure and modest data input requirement,
but at the same time, is sufficiently complex to provide descriptions of

the main watershed hydrology and water quality processes. The cap-
abilities of HIMS-PL were demonstrated by conducting simulations for
the Liuhe, Yixunhe, and Chaohe River basins to test its applicability in
semiarid and semihumid areas.

This study had the following three objectives: (1) to describe the
development of the watershed pollution load model, including its hy-
drological process, soil erosion and sediment generating processes, and
pollution load simulation process; (2) to conduct a sensitivity analysis
for the input parameters and determine the key parameters of the
proposed model; and (3) to evaluate the suitability of the present model
in semiarid and semihumid basins.

2. Methods and materials

2.1. Model framework

We selected the HIMS model as the framework for this study be-
cause of its computational efficient and distributed routing module that
has been identified as suitable for semiarid and semihumid basins
(Jiang et al., 2015a). However, the HIMS model was only designed as a
runoff generation scheme, and does not include nutrient simulation.
Therefore, we extended the HIMS model to integrate the soil erosion
and sediment module and the pollution load simulation module to ex-
plicitly represent the rainfall-runoff-pollutant process.

The methods for estimating non-point source nutrient in streamflow
include export coefficient, average concentration, and chemical simu-
lation methods. The expert coefficient method is a mathematical model
for calculating the annual average pollution load of a watershed. Expert
coefficients are average annual unit area nutrient loads associated with
watershed land uses, but cannot determine seasonal loads. The che-
mical simulation method can provide the most complete descriptions of
nutrient production, transportation, and loss, but it is data intensive.
The average concentration method involves a compromise between the
empiricism of export coefficient and the complexity of chemical simu-
lation methods. According to the synchronous monitoring data of water
quantity and water quality in each rainfall-runoff process, the average
concentration of pollutants from non-point sources in each rainstorm is
calculated first, and then the weighted average concentration is ob-
tained by taking the runoff generated by each rainstorm as the weight.
Therefore, this approach is applied to estimate non-point source nu-
trient loads in the HIMS-PL model.

The proposed HIMS-PL model is a distributed parameter model with
a simple structure, low input data, and a suitable mechanism for runoff
and pollutant generation. It can quickly and efficiently estimate
streamflow, sediment, and nutrient loads from watersheds with varied
land-use characteristics. The model consists of three parts: the hydro-
logical cycle, the sediment cycle, and the nutrient cycle. Based on to-
pological relationships of channel network and properties of soil, ve-
getation and land use, a basin is divided into a set of sub-basins. Runoff,
sediment, and pollution load are first simulated in different land use
types of each sub-basin and then routed down the channels to the main
basin outlet. In the sediment module, soil erosion is computed using the
modified universal soil loss equation and the sediment yield is the
product of the erosion and sediment delivery ratio. In the nutrient
module, the average concentration method is used to simulate non-
point source pollution load. The concentrations of sediment and nu-
trient are assumed to be constant, regardless of the channel loss and
transformation process.

The nutrient module can simulate dissolved and solid-phase ni-
trogen and phosphorus. The dissolved nutrient loads include the loads
migrated in surface runoff from numerous source areas, interflow and
baseflow, and the loads produced by rural life and livestock breeding.
Point-source nitrogen and phosphorus are assumed to be dissolved. The
nutrient loads of impervious areas are assumed to be entirely solid
phase. The impervious surface mainly refers to urban land use.
Remaining solid-phase nutrients are transported in eroded soil from
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numerous source areas. The total nitrogen (TN) or phosphorus (TP)
output is simply the sum of solid and dissolved nutrients. Here, we
describe the calculations for dissolved and solid-phase nutrients. The
hydrological, sediment, and nutrient cycles of each grid or sub-basin in
the HIMS-PL model are shown in Fig. 1. A block diagram of the HIMS-
PL model operation is shown in Fig. 2.

2.1.1. Hydrological cycle
In the HIMS-PL model, the hydrological module solves the coupled

water and energy balances, and evapotranspiration, infiltration, surface
runoff, interflow, and baseflow (Liu et al., 2006, Li and Mao, 2008, Liu
et al., 2010). Two runoff generation mechanisms: infiltration excess and

saturation excess are considered. Rainfall exceeding the infiltration
capacity modeled using an empirical relationship becomes the in-
filtration excess flow. With the increase of accumulated infiltration
amount, saturation excess flow occurs. According to the runoff gen-
eration mechanism and spatial variability of watershed characteristics,
interflow and groundwater recharge are estimated as linear functions of
soil moisture. Baseflow is simulated based on the linear reservoir as-
sumption (Nash 1960), in which the relationship between groundwater
storage and outflow is linear. Evapotranspiration is estimated using a
conceptual model, which is related to soil moisture storage, storage
capacity, and potential evapotranspiration. Channel routing is achieved
by applying the Muskingum method to successive subreaches. Here, we
briefly describe the calculations for evapotranspiration, infiltration,
surface runoff, interflow, baseflow, groundwater recharge, and channel
routing.

The Liu infiltration formula (Liu and Wang, 1980) is applied to
calculate infiltration, which can be described as follows:

=f R P·kt k t
rk (1)

where fkt is infiltration (mm) for source area k on day t and Pt is pre-
cipitation (mm), and Rk and rk are infiltration parameters for source
area k.

Surface runoff RSkt(mm) for source area k on day t is calculated by:

= − = −RS P f P R P·kt t kt t k t
rk (2)

Interflow RI (mm), groundwater recharge REC (mm), baseflow RG
(mm), and total runoff TR (mm) are determined by:

=RI L SMS SMSC f·( / )·kt a kt kt (3)

∑= −REC R SMS SMSC f RI·( / )·( )t
k

c kt kt kt
(4)

= +RG K GW REC·( )t b t t (5)

∑= + +TR RS RI RG( )t
k

kt kt t
(6)

where La is the interflow coefficient; Rc and Kb are coefficients for
groundwater recharge and baseflow, respectively; SMSC is the max-
imum value of soil moisture storage capacity (mm); SMSkt is actual soil
moisture storage (mm) for source area k on day t ; GWt is groundwater
storage (mm) on day t ; and La, Rc, Kb and SMSC are parameters.

The hydrological module considers the underlying watershed sur-
face as a whole, and evapotranspiration is consumed from soil water.
Potential evapotranspiration, ET0 (mm), and actual evaporation, ETa
(mm), are described as follows:

Fig. 1. Structure of HIMS-PL watershed model.

Fig. 2. A block diagram of HIMS-PL model operation.
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where a and b are empirical parameters; RAmax is maximum radiation
(MJ·m−2·d−1); T , Tmax and Tmin are daily average, maximum and
minimum temperatures, respectively (°C); L is the latent heat of va-
porization (MJ·kg−1); and ε is the evapotranspiration coefficient.

According to the water conservation law, water moisture storage
and groundwater storage are estimated as:

= + − − −+SMS SMS f RI REC ETk t kt kt kt t kt, 1 (9)

= + −+GW GW REC RGt t t t1 (10)

Finally, the Muskingum method (Franchini and Lamberti, 1994) is
used for flow concentration of river channels. The Muskingum formula
is:

= + +Q C Q C Q C Qout in in out,2 1 ,2 2 ,1 3 ,1 (11)

where + + =C C C 11 2 3 ; Qin,1, and Qin,2 are flows into the river at the
beginning and end of a time step (m3·s−1), respectively; Qout,1 and Qout,2
are flows out of river at the beginning and end of a time step (m3·s−1),
respectively; and C1 and C2 are two routing parameters.

2.1.2. Sediment cycle
The sediment module simulates sediment generation and transport

process. In the HIMS-PL model, soil erosion is computed using the
modified universal soil loss equation (MUSLE) (Williams and Berndt,
1977) for different land-use types. The sediment yield is the product of
erosion and sediment delivery ratio.

Erosion Ek from source area k (t) is given by:

= × × × × × × ×E RS pr AR K LS C P11.8 ( ) ( )k k k k k k k k
0.56 (12)

where RSk is the surface runoff from source area k (mm); prk is the peak
runoff from source area k (m3·s−1); ARk is the area for source area
k(ha); K LS C P, ( ) , ,k k k k are the standard values for soil erodibility
(t·ha·h·MJ−1·ha−1·mm−1), topographic, cover and management, and
supporting practice factors. For the calculation method for each factor,
refer to Williams et al. (1983) and Hao et al. (2006).

In the HIMS-PL model, the sediment transport amount was simu-
lated using the Schneiderman algorithm (Schneiderman et al. 2002),
based on two well established empirical relationships.

The first basic empirical relationship is that long term average an-
nual sediment yield Ȳann (t) from a watershed is expressed as a fraction
(the sediment delivery ratio, SDR) of long term average annual erosion
Ēann(t) in the watershed:

= ×Y E SDR¯ ¯ann ann (13)

The second basic empirical relationship is that daily sediment yield
Yt(t) is expressed as a fraction (p) of daily sediment transport capacity
TCt of the stream:

= ×Y p TCt t (14)

where TCt is calculated as surface runoff RSt to a power (5/3) (Meyer
and Wischmeier, 1969): =TC RSt t

5/3.
The long-term annual average sediment yield Ȳann(t) is then calcu-

lated by:

= ×Y p TC¯ ¯ann ann (15)

where TC̄ann is the average annual transport capacity over a long-term
multi-year period.

Combining the above functions, the final equation for calculating
daily sediment yield Yt(t) is derived by:

= × ×Y E SDR TC
TC

¯
¯t ann

t

ann (16)

2.1.3. Nutrient cycle
The pollution load module can simulate dissolved and solid-phase

nitrogen and phosphorus. The dissolved nutrient loads migrated in
surface runoff from numerous source areas, interflow, and baseflow are
obtained using the average concentration method. The dissolved nu-
trient loads produced by rural life and livestock breeding are calculated
using the export coefficient method. Urban nutrient loads are modeled
by the mean concentration method. Remaining solid-phase nutrients
are transported in eroded soil from numerous source areas, which are
given by the product of sediment yield and average sediment nutrient
concentrations. Here, we describe the calculations for dissolved and
solid-phase nutrients.

2.1.3.1. Surface runoff dissolved nutrient load. Surface runoff dissolved
loads of nutrient i are calculated by multiplying surface runoff by
dissolved concentrations from numerous source areas:

= × ×LS cs RS ARikt ik kt k (17)

where LSikt is the dissolved load of nutrient i from source area k on day t
(kg), csik is the dissolved concentration of nutrient i from source area
k(mg·L−1), and RSkt is the surface runoff for source area k on day
t(mm).

2.1.3.2. Interflow dissolved nutrient load. Interflow dissolved load of
nutrient i is calculated by multiplying interflow by dissolved
concentrations from numerous source areas:

= × ×LI ci RI ARikt ik kt k (18)

where LIikt is the dissolved load of nutrient i from source area k on day t
(kg), ciik is the dissolved concentration of nutrient i from source area
k(mg·L−1), and RIkt is the interflow for source area k on day t(mm).

2.1.3.3. Baseflow dissolved nutrient load. The baseflow dissolved load of
nutrient i is calculated by multiplying interflow by dissolved
concentrations:

= × ×LG cg RG ARit i t (19)

where LGit is the dissolved load of nutrient i on day t(mg), cgi is the
dissolved concentration of nutrient i (mg·L−1), and RGt is the baseflow
on day t(mm).

2.1.3.4. Rural domestic and livestock breeding nutrient load. In this
module, the export coefficient method (Johnes, 1996) is used to
calculate the yearly nutrient loads of the two kinds of pollution
sources, which is then allocated to daily nutrient loads according to
the proportion of daily rural runoff accounted of annual runoff. Rural
domestic pollution generally includes rural life sewage, rural domestic
waste, and human feces and urine. Livestock types include large
livestock, pigs, sheep, and poultry. For different pollution sources,
different export coefficient and loss rates into the river are used to
calculate the nutrient loads. The export coefficient formula is adopted
as follows:

∑= × ×
=

LV d A E( )i i
j

m

j ij
1 (20)

where LVi is loss of nutrient i (kg), Aj is a number of livestock type j or
of rural people, Eij (kg·a−1) is the export coefficient of nutrient i for
nutrient source j, and di is the loss rate into river of nutrient i. In
general, the number of rural population and livestock can be gained by
region statistical yearbook. The export coefficient and loss rate into the
river can be gained through the literature and general references.

Rainfall and runoff represent the motive force for non-point source
production, especially under the condition of strong rainfall-runoff
events, when a large amount of pollutants are transported into the
water. Therefore, according to the daily runoff accounted for the
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proportion of annual runoff, we can allocate the yearly nutrient loads to
the daily load. The calculation expression is as follows:

∑= × × ×
=

LV RS
RS

d A E( )it
t

a
i

j

m

j ij
1 (21)

Where LVit is the daily loss of nutrient i on day t(kg); and RSt and RSa
are daily rural runoff and yearly rural runoff, respectively.

2.1.3.5. Sediment solid-phase nutrient load. The sediment solid-phase
nutrient load LSSit(kg) of nutrient i on day t is calculated from daily
sediment yield Yt(t) and an average sediment nutrient concentration
css(mg·kg−1):

= × ×−LSS css Y10it i t
6 (22)

where cssi can generally be estimated by the watershed soil nitrogen
and phosphorus content and enrichment coefficient.

2.1.3.6. Urban runoff solid-phase nutrient load. The urban runoff
nutrient load simulation was based on the general accumulation and
wash off relationships proposed by Amy et al. (1974) and Sartor and
Boyd (1972). Nutrients accumulate on urban surfaces during dry
periods and are washed off by runoff events. The exponential
accumulation function and the wash-off function (Overton and
Meadows, 1976) are used in the module.

Supposing the urban runoff nutrient load Wt is the accumulated
nutrient load on impervious surface ARu on day t (kg·ha−1), then the
daily urban runoff load SUit of nutrient i on day t (kg) is thus given by:

= ×SU W ARit it u (23)

where Wt is the first-order wash-off function, suggested by Amy et al.
(1974):

= − − ×W e1t
RU1.81 t (24)

where RUt is the urban runoff on impervious surface ARu on day t,
which is computed using the runoff coefficient method.

2.2. Model parameters and input and output data

The HIMS-PL model includes three kinds of parameters: hydro-
logical parameters, sediment parameters, and pollutant parameters.
The description of parameters and the potential range of values are
presented in Table 1, in which the infiltration coefficient R r, and the
dissolved concentration cs ci, are calibrated respectively according to
the different land-use type. The sediment parameters K LS C P, ( ), , do
not require calibration and can be calculated directly according to the
underlying surface situation from the source area.

Watershed spatial and attribute data are required to run the HIMS-
PL model. The spatial data include the digital elevation model (DEM),
land use, and soil type data. DEM can be used to extract the river
network and carry out hydrological analysis. Land-use data consist of
areal extent the areas of the various rural and urban runoff sources. The
soil data are necessary for sediment load calculations. The attribute
data include various meteorological and precipitation data. In addition,
the point-source pollution data and numbers of livestock type and of
rural people are required for nutrient load calculations. Daily stream-
flow, monthly sediment, and monthly water quality data are required to
calibrate the model parameters. Table 2 summarizes the data employed
within the HIMS-PL model. Table 3 summarizes the major simulation
processes for commonly used watershed pollution load models and the
HIMS-PL model.

The HIMS-PL model can estimate daily and monthly streamflow,
monthly dissolved nitrogen and TN, and dissolved phosphorus and TP
loads in streamflow. In addition, the model can provide actual evapo-
transpiration, infiltration, surface runoff, interflow, baseflow, ground-
water recharge, channel routing, soil erosion, and sediment yield

values.

2.3. Study area and data

The Luanhe River located at 115°30′E–119°45′E and
39°10′N–42°40′N in northern China is the main water source for the
cities of Tianjin and Tangshan in northern China. It rises on the
Mongolia Plateau and passes through the Yanshan Mountains, ulti-
mately emptying into Bohai Bay. The river length is about 888 km, and
the total basin area is 44,070 km2, of which 98% is mountainous. The
average annual temperature is 5–8 °C, with a maximum of 43.3 °C and
minimum of −28.4 °C. The average annual precipitation is 535mm. In
recent years, water resources in the river basin have increasingly uti-
lized become heavily committed. Rapid economic development and
population growth in this region have caused serious concerns over the
future adequacy of quantity and quality of water withdrawn from the
river. The Luanhe River basin consists of eight main tributaries: Liuhe,
Baohe, Sahe, Laoniuhe, Wuliehe, Xingzhouhe, Yimatuhe, and Yixunhe
Rivers. We selected the Liuhe River sub-basin and the Yixunhe River
sub-basin as the study areas (Fig. 3).

The Liuhe River is a typical tributary of the Luanhe River, origi-
nating in the Liuping mountain of Xinglong county, Chengde, Hebei
province. It passes through the Xinglong county, Chengde county and
Chengde city, ultimately emptying into the Luanhe River. The river
length is about 130 km, and the total basin area is 1169 km2. The basin
is located in the typical semi-arid monsoon climate zone. The average
annual temperature is 8.4 °C and the average annual precipitation is
650mm. Precipitation and streamflow varies monthly and annually.
Precipitation in flood season (June–September) generally accounts for
60–70% of annual precipitation, and is concentrated in several rain
events during July and August. The average slope is 12%, with a highest
elevation of 1924m and lowest elevation of 224m. The main land use
type is forest, accounting for 58.9% of the basin area. Other land use
types include cultivated land (5.7%), orchard (9.8%), grassland
(18.5%), cities and towns (1.8%), villages (3.9%), and water (1.5%).
The soil types include brown soil, cinnamon soil, chao soil, calcareous
rocky soil, leached drab soil and thick bone soil, among which the main
soil type is brown soil, accounting for 44% of the total area of the basin.

The Yixunhe River is the largest tributary of the Luanhe River,
originating in Weichang county of Chengde. It passes through Longhua
county, Luanping county and Chengde city, ultimately emptying into
the Luanhe River. The river length is about 195 km, river slope is 6.8‰
and the total basin area is 6750 km2. The basin is located in the con-
tinental climate zone, which is windy and prone to drought. The
average annual temperature is 5.8 °C and the average annual pre-
cipitation is 505mm. The annual variability of precipitation is high;
precipitation in flood season (June–September) generally accounts for
80% of the annual precipitation. The basin is covered by forest, ac-
counting for 64.25%. Moreover, there are other land use types in-
cluding cultivated land (13.46%), orchard (2.83%), grassland
(13.66%), cities and towns (2.15%), and villages (3.66%). The soil type
is mainly divided into the brown soil (59.3%), cinnamon soil (23.5%),
and chao soil (13.4%), and other soils, such as meadow soil, forest soil,
and sand.

The Chaohe River basin is located at 116°10′E–117°34′E,
40°27′N–41°40′N in northern China (Fig. 4). The Chaohe River rises on
the Hara trench watershed of upper Huangqi town, Fengning county,
Hebei province and passes through the Fengning and Luanping coun-
ties, ultimately flowing into Miyun reservoir. The river length is about
253 km, river slope is 5.7‰, and total basin area is 5340 km2. The
climate type of this study area is the continental monsoon climate with
the transition from semiarid to semihumid. The average annual tem-
perature is 6–10 °C, with maximum of 37.8 °C and minimum of
−28.6 °C. The average annual precipitation is 493mm and precipita-
tion varies monthly and annually. Precipitation in flood season (Ju-
ne–September) generally accounts for 80% of the annual precipitation,
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especially in July and August. The variability of annual precipitation is
very high, with the maximum double the value of the minimum. This is
closely related to the unstable characteristics of the subtropical high
pressure over the northern Pacific in summer. Runoff in the flood
season accounts for 75% of the annual total. The average annual eva-
poration is 956mm, and the aridity index is 1.94. The main type of the
land use is forest, accounting for 64.73% of the basin area. Other land
use types include cultivated land (19.69%), grassland (13.03%), cities
and towns (1.8%), and villages (0.75%). The most common soil types
are brown soil and cinnamon soil, accounting for over 80% of the total
area. The vegetation is mainly composed of coniferous and broad-
leaved mixed forests, and the coverage of forest and grassland reaches
40%.

In this study, the measured data for Liying monitoring station in the
middle lower reaches of the Liuhe River were selected for calibration

and validation of the HIMS-PL model. The data from Hanjiaying and
Xiahui monitoring stations in the lower reaches of the Yinxunhe River
and Chaohe Rver were used. Considering the reliability and integrality,
the observed data for 2004–2011 were selected in the Liuhe River
basin, the data for 1998–2008 were used in Yixunhe River basin, and
the data for 2000–2008 were used in the Chaohe River basin.
Meteorological data were collected from the China meteorological data
sharing network. Precipitation data were collected from the Chengde
Bureau of Hydrology and the Water Resources Survey of Hebei
Province. The DEM data with the resolution of 30m in the basins were
obtained and downloaded from the International Scientific Data Service
Platform, Chinese Academy of Sciences (http://datamirror.csdb.cn/).
The land-use data were obtained for the Institute of Geographic
Sciences and Natural Resources Research, Chinese Academy of
Sciences. The Soil data were obtained from the Institute of Soil Science,

Table 1
Description of HIMS_PL model parameters and allowable ranges.

Type Parameter Range Description

Hydrology SMSC 50–1000 The maximum soil storage capacity (mm)
R 0.1–2.0 The infiltration coefficient for farmland

0.1–2.0 The infiltration coefficient for grassland
0.1–2.0 The infiltration coefficient for garden
0.1–2.0 The infiltration coefficient for forest

r 0.1–1.0 The infiltration coefficient for farmland
0.1–1.0 The infiltration coefficient for grassland
0.1–1.0 The infiltration coefficient for garden
0.1–1.0 The infiltration coefficient for forest

La 0.1–2.0 The interflow coefficient
Rc 0.01–2.0 The groundwater recharge coefficient
C 0.01–10.0 The evapotranspiration coefficient
Kb 0.01–1.0 The baseflow coefficient
C1 0.01–1.0 The Muskingum coefficient
C2 0.01–1.0 The Muskingum coefficient

Sediment K / The soil erodibility factor
LS / The topographic factor
C / The cover and management factor
P / The supporting practice factor
SDR 0.01–1.0 The sediment delivery ratio

Nutrient Surface runoff cs 0.1–10.0 Dissolved N concentration in surface runoff from framland
1.0–10.0 Dissolved N concentration in surface runoff from grassland
1.0–10.0 Dissolved N concentration in surface runoff from garden
0.1–10.0 Dissolved N concentration in surface runoff from forest
0.01–10.0 Dissolved P concentration in surface runoff from framland
0.01–1.0 Dissolved P concentration in surface runoff from grassland
0.01–10.0 Dissolved P concentration in surface runoff from garden
0.001–0.1 Dissolved P concentration in surface runoff from forest

Interflow ci 0.1–20.0 Dissolved N concentration in interflow
0.01–10.0 Dissolved P concentration in interflow

Baseflow cg 1.0–20 Dissolved N concentration in baseflow
0.01–0.02 Dissolved P concentration in baseflow

css 1000–10000 Solid-phase N from sediment
100–1000 Solid-phase P from sediment

η 0.01–0.1 Solid N accumulation and wash off on urban surfaces
0.001–0.01 Solid P accumulation and wash off on urban surfaces

Table 2
Data sources and characteristics used to build the HIMS_PL model.

Data type Data sources Data description

DEM the International Scientific Data Service Platform, Chinese Academy of Sciences A grid size 30× 30m
Land use Institute of Geographic Sciences and Natural Resources Research, Chinese Academy of

Sciences
Land use classifications (1:10,000)

Soil type Institute of Soil Science, Chinese Academy of Sciences Scale of soil map (1:200,000)
temperature China Meteorological Data Sharing Service System Daily mean temperature
precipitation China Meteorological Data Sharing Service System Daily precipitation
Point sources Hydrological Bureau Nutrient data of sewage outlets
Streamflow Hydrological Bureau Daily streamflow
Sediment Sediment Bulletin Monthly sediment
Nutrient Hydrological Bureau or monitoring Monthly nutrient
numbers of livestock type and of rural people statistical yearbook Annual data
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Chinese Academy of Sciences.

2.4. Sensitivity analysis

When the structure of the model is determined, the successful ap-
plication of model depends on how well the parameters are calibrated.
Most watershed models are highly complex and the number of para-
meters is large, thus calibration may lead to a high computational cost
and only produce a local optimal solution. Therefore, it is necessary to
conduct a sensitivity analysis of parameters before calibration, which
can reduce uncertainty and lead to a more satisfactory simulation.
Sensitivity analysis is defined as the study of how uncertainty in model
output can be apportioned to different sources of input (Saltelli et al.,
2004). Global sensitivity analysis, especially the Morris screening
method (Morris, 1991) and the Sobol method (Sobol', 1993) have be-
come widely used in recent years. Shin et al. (2013) used the Morris and
Sobol methods to analyze model parameter sensitivities of IHACRES,
GR4J, Sacramento, and SIMHYD models. Therefore, we applied the
Morris method, with low computational cost, to conduct the global
sensitivity analysis in the current study.

Consider a model with k independent inputs = ⋯x i k, 1, 2, ,i col-
lectively by the k-element row vector x the output f x( ) is a target
function of the parameter value x For a given value of x , the elementary
effect of the i-th input factor is defined as:

=
⋯ + ⋯ −− +d x

f x x x x x x f x
( )

( , , , , Δ, , , ) ( )
Δi

i i i k1 2 1 1
(25)

where Δ is value in − − ⋯ − −p p p{1/( 1), 2/( 1), , 1 1/( 1)} and p is the
number of levels. = ⋯ ⋯− +x x x x x x x( , , , , , , , )i i i k1 2 1 1 is a random sample
in the parameter space so that the transformed point

⋯ + ⋯− +x x x x x x( , , , , Δ, , , )i i i k1 2 1 1 is still within the parameter space.
The di calculation is repeated a number of times (r). The mean (μ) and
standard deviation (σ) values of the r samples of di are used as sensi-
tivity indices by Morris (1991). Campolongo et al. (2007) proposed an
improved measure, ∗μ in place of μ, using the following formulas:

∑=∗

=

μ
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(27)

The ∗μi and σi indicate the influence of each parameter on the target
function. A high ∗μi value implies that a parameter has an important
overall influence on the target function, and a high σi value implies that
a parameter has strong interactions with other parameters or that the
effect of the parameter is nonlinear (van Griensven et al., 2006;
Neumann, 2012; Touhami et al., 2013).

2.5. Model calibration and assessment criteria

Calibration is used to modify input parameters to a numerical model
until the output from the model matches the observed data. Jiang et al.
(2015a) analyzed the advantages and disadvantages of the parameter
calibration methods that have become widely used in recent years and
proposed a new method to calibrate model parameters, master-slave
swarms, a shuffling evolution algorithm based on self-adaptive dynamic
particle swarm optimization (MSSE–SDPSO). The calibration can be
executed via an automatic process, and this process continues until a
condition is satisfied. The termination criterion is determined according
to whether the maximum iteration is reached. In the current study,
MSSE–SDPSO was used to calibrate the model against observed data to
achieve the smallest possible objection function, which was defined as
the sum of squares of the differences between observed and calculated
results, including streamflow, sediment and nutrient data. To avoid the
influence of randomicity, the calibration took 10 trials and the averageTa
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of all solutions was selected as the optimal parameter set. We firstly
calibrated hydrological parameters, and then sediment parameters. The
nutrient parameters were calibrated last. A general flowchart for cali-
bration process using MSSE–SDPSO for the HIMS–PL hydrological
model is presented in Fig. 5.

The data for a 5–year period (1 January 2004 to 31 December 2007)
were used for calibration in Liuhe River basin, for which daily data of
precipitation, maximum, and minimum temperature, and catchment
streamflow and yearly data for sediment and monthly data for TN and
TP were available. The data for a 4-year period (1 January 2008 to 31
December 2011) were used for validation. In Yixunhe River basin, the
calibration period of the model was set from January 1998 to December
2004, and the validation period was set from January 2005 to
December 2008. In the Chaohe River basin, the calibration period of
model was set from January 2000 to December 2005, and the valida-
tion period was set from January 2006 to December 2008.

Bennett et al (2013) proposed direct and indirect methods for
characterizing the performance of environmental models. In this study,

the Nash–Sutcliffe efficiency (NSE) criterion (Nash and Sutcliffe, 1970)
and the cumulative relative error (RE) given by Eqs. (28) and (29), were
used as error metrics of the HIMS-PL model. The range of NSE is fro
−∞ to 1, where 1 indicates a perfect model and the optimal value of
NSE is expected to be near 1 (Dawson et al., 2007). The RE measures
the tendency of the simulated output to over predict or under predict
relative to the observed data. The optimal value of RE is expected to be
near zero for an accurate model simulation (Moriasi et al., 2007).

= −
∑ −

∑ −
=

=

NSE
Q Q

Q Q
1

( )

( ¯ )
i
N

obs i sim i

i
N

obs i obs

1 , ,
2

1 ,
2 (28)

= − ×RE Q Q
Q

| ¯ ¯ |
¯ 100%obs sim

obs (29)

Where Qobs,i and Qsim,i are measured and simulated data, respectively,
and N is the number of the time series.

Fig. 3. Map showing the Liuhe and Yixunhe River subbasins.

Fig. 4. Map showing the Chaohe River basin.
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3. Results and analysis

This study mainly aimed to present a watershed pollution load
model HIMS-PL to simulate runoff and pollution processes in semiarid
and semihumid basins. Before calibration, a sensitivity analysis of
parameters was made. In this case, only sensitivity parameters were
calibrated with the other parameters fixed.

To test the performance of the HIMS-PL model, it was compared
with the GWLF and HSPF models for the Liuhe, Yixunhe, and Chaohe
River basins. Du et al. (2014) used the GWLF model to simulate
monthly streamflow and nutrient loads in the Liuhe River watershed.
The calibration period was from 2004 to 2007 and the validation period
was from 2008 to 2011, which is consistent with the periods of cali-
bration and validation of this paper. The HSPF model was used for the
Yixunhe River basin by Wang (2013), in which the calibration period
was from 1998 to 2004 and the validation period was from 2005 to
2009. The HSPF model was also used for the Chaohe River basin by
Geng et al. (2016), in which the calibration period was from 2000 to
2005 and the validation period was from 2006 to 2010. In both cases,
the calibration period were regularly consistent, but the verification
period were longer than that of this paper.

3.1. Sensitivity analysis

This study selected the NSE as the target function to make para-
meter sensitivity analysis. A typical setting with

= = − =p p p4, Δ /2( 1) 2/3 and =r 10 was applied (Neumann, 2012),
so a total of = × +N k10 ( 1) simulations was required. Table 4 pre-
sents the results of average ∗μ and the associated ranking of the three
basins for NSE objective function, considering the HIMS-PL model
parameters in Table 1. The Morris screening measures can be shown
graphically by screening plots, which have as the x - and y-axes the
modified means ∗μ and standard deviations σ , respectively (Zhang
et al., 2013). Fig. 6 shows the global sensitivity analysis results of the
three basins for the parameters of different modules, and reveal how
strongly an output variable was influenced by the parameters. Table 4
and Fig. 6 show that infiltration coefficients R and r , evapotranspiration
coefficient C and interflow coefficient La in hydrological cycle were the

Fig. 5. Flowchart of MSSE-SDPSO for HIMS-PL model calibration.

Table 4
Average ∗μ and associated ranking of Morris method for NSE for HIMS_PL
model in three basins.

Type Parameter Liuhe river
basin

Yixunhe river
basin

Chaohe river basin

∗μ R ∗μ R ∗μ R

Hydrology SMSC 0.84 12 8.90 7 0.48 11
R_farmland 0.94 11 8.44 8 1.09 8
R_grassland 2.78 4 9.09 6 0.78 10
R_garden 1.83 6 1.78 13 0.00 14
R_forest 6.76 2 33.79 2 2.71 2
r_farmland 1.57 8 11.48 4 2.68 3
r_grassland 3.42 3 9.43 5 1.46 6
r_garden 1.76 7 1.40 14 0.00 14
r_forest 8.93 1 50.57 1 5.38 1
La 1.47 9 7.24 9 0.79 9
Rc 1.08 10 5.05 10 0.03 13
C 2.75 5 13.95 3 1.77 4
Kb 0.01 15 0.25 15 0.28 12
C1 0.40 13 4.91 11 1.24 7
C2 0.36 14 3.74 12 1.68 5

Nutrient cs_N_farmaland 0.49 6 1.26 6 8.36 3
cs_N_grassland 0.54 5 1.29 5 2.88 6
cs_N_garden 0.01 7 0.00 8 0.00 7
cs_N_forest 1.05 4 1.46 3 12.01 2
ci_N_interflow 1.31 3 1.52 2 6.13 5
cg_N_baseflow 7.99 2 1.31 4 8.36 3
css_N 8.07 1 2.37 1 17.62 1
η N_ 0.01 7 0.01 7 0.00 7
cs_P_farmaland 0.77 5 4.32 6 3.68 4
cs_P_grassland 1.41 2 4.46 5 1.32 6
cs_P_garden 0.20 7 0.03 8 0.00 8
cs_P_forest 1.04 4 11.46 2 11.19 2
ci_P_interflow 0.76 6 8.67 3 5.97 3
cg_P_baseflow 1.10 3 4.82 4 3.03 5
css_P 2.09 1 13.96 1 66.47 1
η P_ 0.00 8 0.05 7 0.03 7
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sensitive parameters for all basins. In the Liuhe River basin, the land use
mainly includes forest, grassland, and garden, thus the infiltration
coefficients for these land uses were sensitive. Moreover, in the Yixunhe
River and Chaohe River basins the land use mainly includes forest,
grassland, and farmland, thus the infiltration coefficients for these land
uses were sensitive. At the same time, in the Chaohe River basin,
routing parameters C1 and C2 were also sensitive. In the nutrient cycling
module, the parameters cs, ci, cg, and css were all sensitive. Therefore,
all of the above sensitivity parameters must be calibrated carefully,
whereas the insensitive parameters can be fixed.

3.2. Validation of hydrology simulations

The proposed HIMS-PL model was applied to the Liuhe, Yixunhe
and Chaohe River basins to evaluate the effectiveness of the conceptual
framework of the model. Statistical and visual comparisons of observed
and simulated streamflow were performed. The daily streamflow hy-
drograph for these basins in the calibration and validation periods
(Fig. 7) indicates that the trends of the observed streamflow hydrograph
were satisfactorily simulated by the developed model. Statistical per-
formance measures for model simulations of daily and monthly
streamflow are presented in Table 5, alongside the statistics of simu-
lations by the GWLF and HSPF models. The values indicate good model
performance with NSEs of 0.61–0.74 and REs of 2.97%–17.34% for

daily streamflow and with NSEs 0.77–0.95 and REs 0.53%–11.24% for
monthly streamflow in both the calibration and validation period for
the three basins (Moriasi et al., 2007). Except for the simulation of
monthly streamflow in the Chaohe River basin, the HIMS-PL model
predictions of streamflow in the Liuhe and Yixunhe River basins were
superior to those of GWLF and HSPF models in the calibration and
validation periods.

Table 5 also shows that monthly performance measures were better
than the daily values, a result which can be visualized by the monthly
flow hydrographs in Fig. 8 for the Liuhe, Yixunhe, and Chaohe River
basins and is often observed in hydrological model applications
(Rathjens et al., 2015; Vema and Sudheer, 2017). At the same time, the
simulation accuracy of Liuhe River basin was better than that of Yix-
unhe and Chaohe River basins. In general, the non-uniform degree is
bigger for a larger basin area. However, a set of model parameters
cannot reflect the non-uniform degree of variables such as topography,
soil type, land use, and climate, which reduces the simulation effect.
The areas of the Yixunhe and Chaohe River basins are bigger than that
of Liuhe River basin, and the average annual precipitations are less than
that of Liuhe River basin, and thus the model performance was poorer.

To evaluate model capabilities for simulating the dynamics of
streamflow series, simulated streamflow was analyzed and correlated
with the observed values using a linear regression equation. A scatter
plot and regression results are shown in Fig. 9. This figure shows that

Fig. 6. Morris sensitivity index of parameters for three basins.
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HIMS-PL model predictions correlated well with observed values,
giving coefficients of determination (R2) of 0.75, 0.638, and 0.716 at
the 0.01 significance level for the Liuhe, Yixunhe, and Chaohe River
basins respectively. Runoff simulation error showed the same regularity
in the three basins. Namely, observed data points located above the 1:1
line for small runoff events and streamflow in these basins were over-
estimated. However, for large runoff events, observed data points lo-
cated below the 1:1 line and streamflow were underestimated. The
Liuhe, Yixunhe and Chaohe River basins are mountain basins with a
large average slope and soil sediment concentration and poor water
retention. When small rainfall events occur, the soil permeability is
relatively large and thus little runoff is produced. However, for

rainstorm events, the poor soil retention ability produces large surface
runoff and interflow, leading to rapid production of large streamflow
and flood peaks in the basin outlet. This may also be driven by the low
effectiveness of the simulation of baseflow by the model, which affects
the saturation level of the soil and the delay in reaching the ground-
water.

3.3. Validation of sediment simulations

The comparison of measured and simulated yearly sediment loads
for the Liuhe, Yixunhe, and Chaohe River basins are given in Table 6.
An positive correlation was observed between yearly sediment loads

Fig. 7. Observed and simulated daily streamflow.

Table 5
The results of hydrological simulation.

Basin HIMS_PL model Other models

Period Daily Streamflow Monthly Streamflow Period Monthly Streamflow
NSE RE(%) NSE RE(%) NSE RE(%)

Liuhe Calibration(2004–2007) 0.74 4.17 0.95 11.24 Calibration(2004–2007) 0.88 −5.3
Validation (2008–2011) 0.70 8.79 0.88 7.35 Validation (2008–2011) 0.77 9.9

Yixunhe Calibration(1998–2004) 0.61 2.97 0.77 1.77 Calibration(1998–2004) 0.67 5.54
Validation (2005–2008) 0.64 7.35 0.83 0.53 Validation (2005–2009) 0.72 10.19

Chaohe Calibration(2000–2005) 0.72 9.35 0.81 9.50 Calibration(2000–2005) 0.89 10.0
Validation (2006–2008) 0.69 17.34 0.78 6.10 Validation (2006–2010) 0.88 20.8

Y. Jiang, et al. Journal of Hydrology 579 (2019) 124179

11



Fig. 8. Observed and simulated monthly streamflow.

Fig. 9. Scatter plot of simulated vs. observed streamflow.
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and average annual streamflow. Because the influence factors of sedi-
ment, such as streamflow, vegetation coverage, DEM, soil corrosion,
land use, surface slope, and soil and water conservation measures, are
relatively complex, the simulation relative error was high. However, it
can be controlled within 55%, which is considered to be a satisfactory
performance (Moriasi et al, 2007). Table 6 shows that the sediment
simulation values in most years were lower than the measured values
and the sediment simulation effect in years with large runoff was less
than that in years with small runoff. This is because the heavy rainfall in
high-flow years causes a considerable difference of the underlying
surface parameters, such as soil erosion and vegetation cover, from
those in low-flow years, but the parameters adopted in the model are
averages. The model cannot capture the difference between high- and
low-flow years.

These findings clearly indicate that the accuracy of sediment si-
mulation is lower than that of streamflow. There was a strong corre-
lation between sediment and runoff, but they were relatively in-
dependent for sediment events and runoff events. The reasons for the
low sediment simulation precision may include model design flaws, the
accuracy of data, and model evaluation method. The HIMS-PL model
does not consider the sediment yield from baseflow, whereas this
cannot be ignored in practice. In addition, the sediment transport in the
river network was not considered. In further research, we should add
this transport process to the sediment simulation. Owing to the lim-
itations of the monitoring method, sediment data may contain large
errors or mistakes. The measurement results for sediment load are
greatly influenced by external factors, especially heavy rain and river
diversions. Sediment cannot be monitored in the low-water period and
output of sediment loads was small in the flat-water period. However,
in the abundant-water period, output of sediment loads was large,
suggesting a large release of sediment into the river, especially after a
storm. If the observation error is bigger in the abundant-water period, it
will lead to a large error in the observation data throughout the whole
year.

Simulated monthly sediment loads for the Liuhe, Yixunhe, and
Chaohe River basins are shown in Fig. 10. The sediment loads of flood
season accounted for 75.18%, 83.48%, and 85.97% of the total sedi-
ment loads for the Liuhe, Yixunhe, and Chaohe River basins, respec-
tively, which conforms to the characteristics of sediment transport in
these three basins.

3.4. Validation of pollution load simulations

Statistical and visual comparisons of observed and simulated nu-
trient loads were performed to evaluate performances of the proposed
model. Observed and simulated TN and TP loads for the three basins in
the calibration and validation periods are shown in Figs. 11 and 12,
respectively. Statistical performance measures for the model simula-
tions of TN and TP loads are presented in Table 7. Table 7 also sum-
marized the statistics of simulations by the GWLF and HSPF models.
The values indicate good model performance with NSEs of 0.54–0.82
and REs of 2.45%–12.72% for TN loads and NSEs of 0.51–0.79 and REs
of 2.22%–19.70% for TP loads in both the calibration and validation
periods for all the three basins. The simulated nutrient loads are con-
sistent with the trend of the observed values. Comparison with the
GWLF and HSPF models revealed that, except for the simulation of TP
in the Chaohe River basin, HIMS-PL model predictions of TN and TP
were superior to those of GWLF and HSPF model not only in the cali-
bration period, but also in the validation period. Overall, HIMS-PL
model predictions of streamflow were superior to those of the GWLF
and HSPF models.

The simulation results for TN and TP (Table 7) reveal that the si-
mulation performance for the Liuhe River basin was superior to those
for Yixunhe and Chaohe River basins in both the calibration period and
the validation period. This is consistent with the simulation results for
streamflow, which directly affect the simulation results of nutrient
loads. In addition, the performance of TN load simulation was superior
to that of TP load simulation. Other relevant literature also revealed
this conclusion (Li et al., 2010; Chen et al., 2017). For some months in
the flood season, the peak nutrient simulations were significantly lower
than the measured values for all the three basins. Because the HIMS-PL
model is a daily model, when short duration and high intensity rainfall
events occur, the simulations of streamflow, sediment loads, and pol-
lution loads may be underestimated. Other daily models, such as the
SWAT model, also underestimate peak value, indicating that this is a
disadvantage of the daily model (Shang et al., 2012).

The results of this study show that the monthly precision of nutrient
simulations was considerably lower than that of streamflow (Tables 5
and 7). There are many potential causes of low nutrient simulation
precision, such as errors in the monitoring data system and errors in the
model parameter values. The accumulation errors of streamflow and
sediment simulation will also affect the accuracy of nutrient simulation.
In general, the yield loads of non-point-source TN and TP from hill-
slopes should be greater than those of the measured values from the
basin outlet. This is because dissolved non-point source pollutants
produced from hillslopes in the process of transport under the action of
rainfall erosion are affected by many factors including interception of
soil and vegetation, biochemical reaction, emanation to the atmo-
sphere, seepage to groundwater, channel deposition, and sediment
adsorption. The combined effect of these factors may indicate that the
nutrients do not arrive at the control section of the basin outlet and
thereby transport losses of nutrient loads should be considered in the
model. Therefore, in further research, calculation of the transport
process of nutrient pollutants should be included in the nutrient load
simulation.

Table 6
Comparison of measured and simulated yearly sediment loads for the Liuhe,
Yixunhe and Chaohe river basins.

Basin Year Average annual
streamflow (m3/s)

Measured
(ton)

Simulated
(ton)

RE (%)

Liuhe 2004 2.05 / 14,090 /
2005 2.87 10,312 10,556 2.36
2006 1.05 / 5241 /
2007 1.25 / 8705 /
2008 1.89 / 9978 /
2009 1.15 / 9844 /
2010 1.11 / 7323 /
2011 3.50 37,527 30,926 17.58

Yixunhe 1998 10.44 264,706 119,279 54.94
1999 4.70 44,466 34,706 21.95
2000 2.13 14,590 11,473 21.36
2001 5.28 283,067 184,789 34.72
2002 2.47 21,810 15,787 27.61
2003 4.94 38,159 23,752 37.75
2004 3.43 132,136 93,532 29.22
2005 5.42 283,193 199,846 29.43
2006 3.43 23,557 26,359 11.89
2007 2.03 28,067 36,123 28.70
2008 3.68 23,589 15,675 33.55

Chaohe 2000 1.85 / 2.07 /
2001 5.22 / 2.15 /
2002 1.86 0.58 0.83 43.10
2003 2.16 0.503 0.77 53.08
2004 2.46 2.77 1.50 45.85
2005 4.68 0.399 0.66 65.41
2006 3.04 0.18 0.29 61.11
2007 2.03 0.28 0.22 21.43
2008 3.52 / 0.70 /
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Fig. 10. Simulated monthly sediment load.

Fig. 11. Observed and simulated monthly TN load.
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4. Discussion

4.1. Model structure evaluation

The output process of pollutants, especially non-point source pol-
lution, has the characteristics of a complex formation process, large
randomness, ambiguous mechanism, wide distribution, and complex
influencing factors. The pollution load model is an important tool for
quantitative simulation and assessment of pollutants. However,
common watershed models (e.g., SWAT and the HSPF model) are
complex in structure with a high number of parameters and high re-
quirement for input data, which can limit the application of such
models, especially in a data-scarce region. As the model structure is
considerably complex and the number of model parameters is excessive,
the uncertainty of model simulation can be expected to increase. It is
therefore of great importance to balance the complexity of the pollution
process and the simplicity of model structure when constructing a

watershed pollution load model.
In this paper, we presented the development of the HIMS-PL wa-

tershed pollution load model, which aimed to improve simulations of
streamflow and pollution load in semiarid and semihumid regions. The
new model provided a considerable boost in model performance for
validation watersheds (Tables 5 and 7).

Non-point source pollution is mainly caused by rainfall-runoff
driven by rainfall events. Accurate hydrological simulation is the key to
accurate simulation of pollution load. The HIMS model was proposed
via analysis of data measured in a number of small experimental wa-
tersheds in China (Liu, 1978; Liu and Wang, 1980). It has the ad-
vantages of simple structure and low data requirement. The HIMS-PL
model was created to extend the HIMS model by implementing a pol-
lutant transport process module to simulate pollution load. In the pol-
lution load module, the average concentration method and output
coefficient method were used to simulate pollution load. Therefore, the
proposed HIMS-PL model solves the coupled water and energy balances

Fig. 12. Observed and simulated monthly TP load.

Table 7
The results of TN and TP loads simulation.

Basins HIMS_PL model Other models

Period TN TP Period TN TP

NSE RE(%) NSE RE(%) NSE RE(%) NSE RE(%)

Liuhe River Calibration (2004–2007) 0.72 6.64 0.74 7.11 Calibration (2004–2007) 0.76 −2.1 0.71 4.6
Validation(2008–2011) 0.82 12.72 0.79 19.70 Validation (2008–2011) 0.61 8.9 0.66 6.1

Yixunhe River Calibration (1998–2004) 0.73 4.91 0.63 14.73 Calibration (1998–2004) 0.55 10.52 0.51 24.2
Validation (2005–2008) 0.79 2.45 0.70 8.60 Validation (2005–2009) 0.53 8.99 0.49 4.09

Chaohe River Calibration (2000–2005) 0.78 10.58 0.65 16.60 Calibration (2000–2005) 0.79 2.8 0.74 16.0
Validation (2006–2008) 0.54 6.77 0.51 22.20 Validation (2006–2010) 0.53 25.3 0.52 27.6
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with a simple model structure and modest data input requirement. In
comparison with the HSPF and GWLF models, the HIMS-PL model
performed better than the GWLF model in all three basins and better
than HSPF model in some basins (Tables 5 and 7). Although the
structure of the proposed model is simple, its simulation effect is as
good as, or better than complex models.

4.2. Suitability evaluation

The core of the HIMS model is the infiltration formula, the LCM
model, which contains infiltration excess and saturation excess runoff
mechanisms and has good applicability. Li et al. (2014) compared the
LCM and SCS models and found that SCS model is a linear re-
presentation of the LCM model. It has been used successfully in the
Yellow River and in the Heihe River basin (an arid continental basin)
(Wu et al., 2012) and Luanhe River basin (a semiarid and semihumid
basin) (Jiang et al., 2015a). Moreover, the model has been proven very
efficient for many humid basins in Australia (Liu et al., 2008). The
HIMS-PL was developed based on the basis of the HIMS model. Al-
though the purpose of this paper was to propose the HIMS-PL model for
semi-arid and semi-humid watersheds, it may also be applicable in arid
and humid regions, which should be determined in future studies. The
HIMS-PL model should also be validated in more catchments to support
a sound conclusion. Moreover, because the model system has only been
preliminarily established, many details must be considered and re-
searched in the further study to improve this model. For example, the
HIMS-PL model cannot capture the difference between high- and low-
flow years. How to solve this problem needs further study. Meanwhile,
in further research, calculation of the transport process of nutrient
pollutants should be included in the nutrient load simulation.

4.3. Parameter calibration

The successful application of a hydrological model depends on how
well the parameters are calibrated (Duan et al., 1992). In automatic
calibration, parameters are adjusted automatically according to a spe-
cified search scheme and numerical measures of the goodness-of-fit
(Madsen, 2000). In the literature (Jiang et al., 2015a), the value of NSE
was 0.73 for the Yixunhe River basin for daily streamflow in the vali-
dation period (2005–2008); however, in this paper, the value of NSE
was 0.64 for River in this period. The simulation effect of daily
streamflow is therefore substantially lower in this paper than in the
literature. There may be two reasons for this. First, the calibration
period (1995–2004) in the literature is 10 years for the two basins,
covering all kinds of hydrological years with normal flow, wet, and dry
years. Normally, the more comprehensive the data used to calibrate
parameters, the better the forecast accuracy. Secondly, the infiltration
parameters R and r that need to be calibrated are classified according to
land use types in the HIMS-PL model, which leads to an increase in the
parameter numbers needed to be calibrated. In this paper, we applied
an optimization technique to calibrate parameters automatically. The
increase of the optimization decision variables will cause a “dimension
disaster” to obtain the optimal parameter values. Therefore, the opti-
mization performance decreased substantially with increase of the
variables. Therefore, in further research, a better method should be
developed for parameter calibration, or the test method should be used
to obtain key parameters that better conform to the basin character-
istics.

5. Conclusions

This study had the following main aims: (1) development of a wa-
tershed pollution load HIMS-PL model, (2) analysis of model parameter
sensitivities, and (3) suitability of the HIMS-PL model for semiarid and
semihumid basins. The model has a relatively simple structure and
modest data input requirement, but was sufficiently able to describe the

processes of hydrological, sediment, and nutrient cycles. In all three
study basins, R, r, C, La, cs, ci, cg, and css, were the sensitive parameters.
However, in the Chaohe River basin, C1 and C2 were also sensitive
parameters. Streamflow, sediment, and nutrients in the three study
basins were well simulated by the HIMS-PL model compared with the
GWLF and HSPF models. The HIMS-PL model is therefore suitable for
simulating streamflow, sediment, and pollution load in semiarid and
semihumid regions.
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