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s u m m a r y

Water shortage and water pollution are two major water issues in Northern China. In recent decades, the

decrease in inﬂow and the deterioration of water quality in the Miyun Reservoir have affected the water

supply in Beijing. This paper presents a geomorphology-based non-point source pollution (GBNP) model

that links the processes of rainfall–runoff, soil erosion, sediment routing, and pollutant transport. On the

basis of long-term simulation of the GBNP model, annual runoff presented a decreasing trend from 1980

to 2005. Total nitrogen (TN) and total phosphorus (TP) loads increased from the early 1980s to the mid-

1990s, and then decreased after 1999. The decrease in precipitation and increase in air temperature were

the dominant factors in runoff decrease. Afforestation, a water–soil conservation practice, positively

affected the reduction of non-point source pollution; however, it also caused a reduction of streamﬂow.

A comparison between 1980–1998 and 1999–2005 showed that land-use changes accounted for 39.1%

and 23.7% of the decrease in TN and TP, respectively, as well as 6.6% and 9.2% of the decline in streamﬂow

and sediment load, respectively. Although annual sediment, as well as TN and TP loads decreased after

1999, their long-term accumulation in the reservoir continues to diminish water quality.


 2011 Elsevier B.V. All rights reserved.

1. Introduction

The decrease in ﬂow discharge and the increase in contaminant

concentration in streamﬂow are common global phenomena, especially for the water-limited regions of developing countries. To

understand these phenomena, researchers focus on the effect of

climate variability and land-use change in catchment hydrology.

Many researches have found that a strong relationship between

land use and water quantity (Bultot et al., 1990; Krause, 2002; Li

et al., 2007; Ranjan et al., 2006), as well as water quality (Ahearn

et al., 2005; Baker, 2003; Heathwaite et al., 2005; Tong and Chen,

2002). Land use is tightly linked to evapotranspiration, initiation

of surface runoff, washout of nutrients from soil, and other hydrological processes. Land-use changes pertain to variations in surface

roughness, soil aggregate structure, stomatal conductance, and soil

organic content and nutrients, including nutrient input from manure and fertilizer (Hormann et al., 2005). In general, these changes

affect water and nutrient cycles in watersheds. For example, converting grazing lands or farmlands into woodlands decreases water

and nutrient discharge (Dagnachew et al., 2003; Guo et al., 2008).

The observed changes in streamﬂow, sediment, and pollutant

concentration in rivers are often a result of multiple factors such

as climate variability, land-use changes, and other human activities. In many watersheds or regions, land-use changes and climate

variability are the major forces behind hydrological variability

(Chang, 2004; Mander et al., 1998; Tomer and Schilling, 2009). Given the complex effect of these factors on hydrological responses,

especially on hydro-chemical responses, the direct effects of land

use and climatic variability on streamﬂow or non-point source pollution are difﬁcult to separately identify (Juckem et al., 2008; Kent,

1999; Lettenmaier et al., 1994).

The methods for detecting the effect of land-use changes on

streamﬂow include historical data analysis and numerical modeling. In general, numerical models are commonly used for hydrological simulation, these are simple and effective tools even under

changing conditions (Andersen et al., 2006; Ewen and Parkin,

1996; Manus et al., 2009). Using lumped or distributed hydrological models, most past research has focused on the inﬂuences of

land-use changes on river discharge and water balance, as well

as the different effects of climatic ﬂuctuation (Chen et al., 2005;

Dagnachew et al., 2003; Samaniego and Andras, 2006; Wang

et al., 2006). In China, Li et al. (2009) studied the effects of landuse changes and climate variability on hydrology in an agricultural

catchment of the Heihe Basin in the Loess Plateau. Guo et al. (2008)

studied annual and seasonal streamﬂow responses to climate and

land-cover changes in the Poyang Lake Basin in Southern China.

Using a monthly based water balance model, Wang et al. (2009)

studied the effects of climate variations and human activities on
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runoff in the Miyun Reservoir and its catchment. Ma et al. (2010)

quantitatively estimated the contribution of climate variability

and human activity to decreased inﬂow into the Miyun Reservoir.

Nevertheless, these studies focused only on the inﬂuence of land

use and climate variation on streamﬂow.

In analyzing the effect of land-use changes on sediment and

nutrient ﬂuxes in streams, Ferrier et al. (1995) used Quality Simulation along Rivers (a mass balance model) to estimate the effect of

land-use and climate changes on river water quality. Barlage et al.

(2002) examined the effects of variations in land use and climate

on a regional watershed in Southeastern Michigan using the

modiﬁed biosphere–atmosphere transfer scheme model. Using

the L-THIA hydrological model and export coefﬁcient modeling

method, Zhang et al. (2009) studied the inﬂuence of land-use

changes on non-point pollutant loads (TN and TP) in the Liuyanghe

Watershed. Studies on the effects of land management practices on

streamﬂow, sediment, and agricultural chemical yields were also

conducted using the soil and water assessment tool, SWAT model

(Chen et al., 2005; Chu et al., 2004; Guo et al., 2008; Qin et al.,

2009; Wu and Johnston, 2007). Typically, water resource protection and land-use management require the integrated consideration of water quantity and quality under variable land uses and

climate conditions, even if the hydrological processes identiﬁed

in the models mentioned earlier are relatively simple.

In Northern China, water shortage and water pollution are the

two main water-related issues. With the decrease in river discharge, water pollution and eutrophication can cause serious problems for the water supply in the region. For example, the Guanting

Reservoir in Northern China had to be excluded as a source of

drinking water in Beijing in 1997 because of severe contamination.

In effect, the Miyun Reservoir became the only source of surface

water supply for Beijing. According to observed data, inﬂow into

the Miyun Reservoir declined from 88.15 m3

/s in 1954–1959 to

15.83 m3

/s in 1980–1990 (Gao et al., 2002). Water chemical concentration in the Miyun Reservoir increased, with TN ranging from

0.76 mg L


1

in 1987–1988 to 3.283 mg L


1

in 2003–2005, and TP

ranging from 0.017 to 0.076 mg L


1

(Chen et al., 2007). A national

water–soil conservation program has been carried out since the

1990s to reduce soil erosion and nutrient losses. The catchment

of the Miyun Reservoir was selected as one of the pilot areas following the national policy of The Return of Agricultural Lands to Forest in 1999. To pursue this national water–soil conservation

program, quantitatively evaluating the effect of the water–soil conservation on streamﬂow, sediment, and nutrient loads is necessary.

Understanding the interaction among hydrological processes,

land-use changes, and climatic variability is not only useful for

after-fact analysis, but also for predicting the potential hydrological consequences of existing or planned (i.e., future) land-use practices. The major objectives of this paper are to (1) simulate water

movement, soil erosion, sediment routing, and nutrient transport

processes using a coupled water–sediment–nutrient model, and

(2) detect the effect of land-use changes on streamﬂow, sediment

yield, and nutrient losses through distributed hydrological simulation in the catchment of the Miyun Reservoir.

2. Study area and dataset

2.1. Study area

The Miyun Reservoir is located about 100 km north of Beijing,

China. Its total storage capacity is about 4.4 billion m3

. Built in

1960, it now functions as the major surface water supplier for Beijing. Its upper basin, the Chaobai River Basin, has a catchment area

of 15,788 km2

. There are two tributaries, namely, the Chao and Bai

Rivers, with catchment areas of 6960 km2

and 8824 km2

, respectively (Fig. 1). The study basin is located in a warm, semiarid continental monsoon climate with a mean annual temperature of 9–

10 
C and an annual mean precipitation of 489 mm. Precipitation

varies in terms of spatial and temporal distribution. It sharply declines from southeast (700 mm/a) to northwest (300 mm/a), and

summer precipitation from June to September accounts for 80–

85% of the annual precipitation.

According to statistical data, the current total population in the

catchment is about 878,000, of which 805,000 is made up of the

agricultural population (91.7% of the total). Population density in

the Chao River Basin is about 72 persons per km2

, higher than that

in the Bai River Basin, which stands at 42 persons per km2

. Industrial development in the upper basin is strictly controlled to

protect the headwater of reservoir. In this area, the level of industrialization is low, and agriculture and forestry are the main industries. Two medium-scale reservoirs can be found in the Bai River

catchment, namely, the Yunzhou Reservoir (built in 1972, with a

storage capacity of 102 million m3

) and the Baihebu Reservoir

(built in 1983, with a storage capacity of 90.6 million m3

). The

Chao River Basin, on the other hand, comprises several small reservoirs, with a total storage capacity of 10.5 million m3

. Average in-

ﬂow into the Miyun Reservoir (including discharge from the

Fig. 1. Study basin.
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Chao and Bai Rivers) from 1960 to 2005 was about 708 million m3

per year.

2.2. Datasets

Daily precipitation data were collected from 76 rainfall gauges

distributed in the study area (Fig. 1). Daily meteorological data

(including precipitation, wind speed, relative humidity, hours of

sunshine, as well as maximum, minimum, and mean air temperatures) at eight stations were obtained from the China Administration of Meteorology. Datasets covering 1980–2005 were used as

inputs for hydrological simulation.

Monthly streamﬂow data from the two hydrological stations

(i.e., Zhangjiafen and Xiahui) were obtained from the Hydrological

Year Book published by the Hydrological Bureau of the Ministry

of Water Resources. Monthly water quality data (e.g., sediment

yield, and TN and TP concentrations) from the same hydrological

stations were obtained from Beijing Water Authority. These discharge data were used in calibrating and validating the hydrological model.

Geographical information (e.g., topography, land use, soil type,

and vegetation) was used for the geomorphology-based non-point

source pollution (GBNP) model. Digital elevation data were obtained from the global topography database (http://telascience.sdsc.edu/tela_data/SRTR/version2/SRTM3/), presenting a

3-arc-second (about 90 m) spatial resolution. Soil type information

was extracted from a 1:1,000,000 digital soil map of China that was

published by the Chinese Soil Survey Ofﬁce (http://www.soil.csdb.

cn/~showEntity[cn.csdb.soil. soilmap100.prov].vpage). Related soil

properties and chemical content were obtained from the Chinese

Academy of Sciences (CAS). Two sets of land-use data (1985 and

2000) were obtained from the Resources and Environment Data

Center of CAS (http://www.resdc.cn/data_Resource/dataResource.

asp). Land-use was regrouped into eight categories, namely, water

body, urban area, bare land, forest, cropland, grassland, wetland,

and shrub (Fig. 2). Table 1 shows the changes in land-use data,

and that the forest area has increased by about 15.6%, whereas

grassland and farmland areas have decreased by 10.6% and 4.6%,

respectively. Monthly NDVI data with a spatial resolution of 8 km

were obtained from the global dataset of the NOAA/ANHRR Data

Center.

Agricultural management data, including crop planting, fertilization, and irrigation, were obtained from the ﬁeld survey. For

the major rotation crops, winter wheat and summer corn, the

nitrogen fertilizer applied was about 320 kg/ha per year and

220 kg/ha per year, respectively. According to the agricultural statistics of Beijing, the amount of nitrogen fertilizer used is about

195–372 kg/ha per year for winter wheat and about 165–375 kg/

ha per year for summer corn (Jia et al., 2001; Zhao et al., 1997).

The fertilizer is applied to farmlands in October, March and April

for winter wheat, and June and August for summer corn. The point

source pollution of domestic and industrial discharge was extracted from the prefecture statistics and a previous study (Pang,

2007).

3. Methodology

3.1. Model used in the study

The geomorphology-based hydrological model (GBHM) is a distributed hydrological model developed by Yang et al. (1998, 2002).

It has been successfully used in studies on the upper Tone River of

Japan (Yang et al., 2000, 2004), and the Yellow and Yangtze River

Basins of China (Cong et al., 2009; Xu et al., 2008). The GBHM uses

a basin subdivision scheme, a sub-grid parameterization scheme, a

physically based hillslope hydrological simulation, and a kinematic

wave ﬂow routing in river network (Yang et al., 1998, 2002).

In the present study, 81 sub-basins were identiﬁed in the upstream of the Miyun dam site. Because the GBHM uses a 1-km grid

in this study, the sub-grid parameterization includes representations of the sub-grid variabilities in topography and land cover.

The topographical parameterization uses catchment geomorphologic properties, which represents a grid by a number of hillslopes.

The hillslopes located in a 1-km grid are grouped according to land

cover types. A hydrological simulation is carried out for each land

cover group. The hillslope is a fundamental computational unit for

hydrological simulation. A physically based model is used for simulating hillslope hydrology. The hydrological processes included in

this model are snowmelt, canopy interception, evapotranspiration,

Fig. 2. Land-use map in (a) 1985 and (b) 2000.

Table 1

Land-use changes in the study basin.

Land-use type Area (km2

) Change

In 1985 In 2000 In km2

In %

Water body 313 239 
74 
0.46

Urban area 136 154 +18 +0.12

Forest 7792 10,270 +2478 +15.59

Farmland 3383 2643 
740 
4.65

Grassland 4249 2557 
1692 
10.65

Bare land 23 32 +9 +0.06

Note: ‘
’ means decrease, ‘+’ means increase.
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inﬁltration, surface ﬂow, subsurface ﬂow, and the exchange between the groundwater and the river (Yang et al., 2002). The actual

evapotranspiration is calculated from potential evaporation by

considering seasonal variations in LAI, root distribution and soil

moisture availability. This is computed individually from the canopy water storage, root zone, and soil surface. Inﬁltration and

water ﬂow in the subsurface in a vertical direction and along the

hillslope are described in a quasi-two-dimensional subsurface

model. The vertical water ﬂow in the topsoil is represented by

the Richards’ equation and solved using an implicit numerical solution scheme. The surface runoff ﬂows through the hillslope into the

stream via kinematic wave. The groundwater aquifer is treated as

an individual storage corresponding to each grid. The exchange between the groundwater and the river water is considered as a steady ﬂow and calculated using Darcy’s law (Yang et al., 2002). The

runoff generated from the grid is the lateral inﬂow into the river

at the same ﬂow interval. Flow routing in the river network is

solved using the kinematic wave approach.

Soil erosion and nutrient transportation were incorporated into

the GBHM to simulate the non-point source pollution in a catchment, the result of which is referred to as the GBNP. On a hillslope,

soil erosion and nutrient (nitrogen and phosphorus) dynamics

were incorporated with the rainfall–runoff processes; in the river

network, sediment transport, and dissolved and adsorbed pollutant

loads were simulated together with ﬂow routing. Fig. 3 shows the

GBNP model structure indicating the relationship among the

hydrological, sediment, and pollutant modules.

In the sediment module, soil erosion on a hillslope was estimated using the mass conservation equation and considering both

rill and inter-rill erosions. The movement of eroded sediment is

represented by the following equation:

qs




@ðCsvhÞ

@t

þ
@qs

@x

¼ Dr þ Dl

ð1Þ

where Csv is the volume concentration of eroded sediment, m3

m
3

;

qs

is the density of the eroded sediment, kg m
3

; qs

is the sediment

yield per unit width along the ﬂow direction, kg m
1

s


1

; and

qs = qs


Csv
q; q is the runoff per unit width along the ﬂow direction,

m2

s


1

. In addition, Dr and Dl denote the capability for inter-rill and

rill erosion, respectively; these are deﬁned by rainfall power, soil

erodibility, and crop management factors, kg m
2

s


1

.

Sediment transportation in a river segment was calculated

using a one-dimensional equation, without considering sediment

diffusion. Eq. (2), it considers both sediment settling and bank

erosion.

@ðCsrAÞ

@t

þ
@ðQ 
 Csr

Þ
@x

¼ a 
 x 
 BðC




s


 Csr

Þ þ ql


 Csl

ð2Þ

where Csr

is the sediment concentration in the river section, kg m
3

;

A is the wet section area, m2

; Q is the river discharge, m3

s


1

; a is

the coefﬁcient of saturation recovery, reﬂecting the contribution

of inlet and outlet sections to river sediment concentration; x is

the settling velocity of sediment, which is a function of particle

diameter and ﬂow velocity, m s


1

; B is the width of the river section, m; ql

is the lateral inﬂow from the hillslope per unit width,

m2

s


1

; and Csl

is the sediment concentration in lateral inﬂow,

kg m
3

; Sediment-carrying capacity, C




, is a function of ﬂow velocity v, hydraulic radius R, and settling velocity of sediment x,

kg m
3

. Here we used an empirical equation proposed by Zhang

(1998) to estimate the sediment-carrying capacity thus:

C




¼ K 
 ð

v3

gRx

Þ
m

. When Csr

is greater than C




, the suspended solids

are deposited onto the riverbed; otherwise, the river bank is eroded.

In the nutrient module, the pollution processes were simulated

on hillslopes and in river segments. For the hillslope, transportation and transformation processes were both incorporated into

the model. In the river segment, only transportation was considered because of short routing time.

For the hillslope, the movement of pollutants was divided into

two parts: the exchange between soil and runoff in the rainfall–

runoff duration, and the movement in soil proﬁle. Vertical direction was divided into three layers (Gao et al., 2005), namely, the

runoff, exchange, and soil layers. The equations for each layer are

represented by Eqs. (3)–(5):

In the runoff layer:

@ðdwCwÞ

@t

þ
@ðqCwÞ

@x

¼ er

ðCe 
 kCwÞ 
 iCw ð3Þ

Climate: rainfall, air temperature 

GIS data: DEM, land use, soil type, vegetation  

Management: fertilizer, irrigation, point source pollution… 

Inflow 

Hillslope processes 

River routing 

Hydrological 

module

Soil erosion from hillslope: 

Rill erosion 

Inter-rill erosion 

Nutrient loss from hillslope: 

Exchange between soil and runoff

Loss by erosion 

Sediment transport in river 

Pollutant module Sediment module 

Pollutant transport in river: 

Dissolved by water 

Absorbed by sediment 

Pollutant load  Sediment yield 

Reservoir 

Fig. 3. Model structure chart.
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In the exchange layer:

@ðhdeCeÞ

@t

¼ J þ er

ðkCw 
 CeÞ þ iðCw 
 CeÞ ð4Þ

In the soil layer:

@hCs

@t

¼
@

@z

Ds

@Cs

@z


 iCs


 


þ Ss

ð5Þ

where Cw is the pollutant concentration in the runoff layer, mg L


1

;

dw is the surface water depth in each hillslope, calculated using the

GBHM, m; q is the runoff per unit width, m2

s


1

; h is the soil water

content; er

is the water release rate from soil to runoff, m s


1

, estimated by a function of precipitation, soil erodibility and soil water

content, thus: er ¼

ar P

qs

h, where ar

is soil erodibility and P is rain

intensity; Ce

is the pollutant concentration in the exchange layer,

mg L


1

; i is the inﬁltration rate, calculated by solving the Richards

equation in the GBHM, m s


1

; k is the factor reﬂecting the solution

concentration in the runoff effect on soil solution concentration at

0–1 values (here, we assumed that the solution concentration in

runoff has no effect on the soil solution, i.e., k = 1); de

is the exchange layer depth, m; Cs

is the solution concentration in the soil

layer, mg L


1

; J is the diffusion from the soil layer to the exchange

layer; Ds

is the diffusion coefﬁcient in soil, including molecular diffusion and dispersion, m2

s


1

; and Ss

is the source or sink term in

the soil layer (e.g., fertilization, residue decomposition, and other

processes, according to different land uses).

In the river segment, pollutants are divided into two phases, i.e.,

dissolved and adsorbed phases, without considering the exchange

between these two. The movement of dissolved pollutants in a river segment is represented by the following equation:

@ðACdis

Þ
@t

þ
@ðQCdis

Þ
@x

¼
@

@x

ðAEx

@Cdis

@x

Þ þ Sr

ð6Þ

where Cdis

is the dissolved pollutant concentration in the river,

mg L


1

; A is the wet section area, m2

; Q is the river discharge,

m3

s


1

; x denotes length along water ﬂow direction, m; Ex

is the

longitudinal dispersion coefﬁcient, m2

s


1

; and Sr

is the term for

the source or sink in the river, such as pollutants ﬂowing in from

the lateral hillslopes, and released from the bottom mud or transformed by bio-chemical interaction, g m
1

s


1

.

Absorbed pollutants were assumed to be transported with suspended sediments in the river, as represented by the following

equation:

Cs

@ðACsorbÞ

@t

þ Cs

@ðQCsorb

Þ
@x

¼ ql

CsorblCsl þ axBðC




s


 Cs

Þ 
 Ck ð7Þ

where Csorb is the adsorbed pollutant concentration in the river,

mg kg


1

, whereas Csorbl

is the adsorbed pollutant concentration in

lateral runoff, mg kg


1

. In addition, Ck is the pollutant concentration

in sink or source terms. Speciﬁcally, when the suspended sediment

is deposited, Ck is equal to Csorb; when ﬂushed, it is equal to the pollutant concentration of bed sand, kg m
3

.

Due to the limitation of data available, this study only considered total nitrogen (TN) and total phosphorus (TP) as major pollutants, ignoring the different forms of them. The main parameters

used in the GBNP model are listed in Table 2.

3.2. Model calibration and validation

In a previous study by Ma et al. (2010), the GBHM was calibrated and validated for the periods 1956–1965 and 1966–1975.

The parameters of the GBHM used in the present study catchment

were obtained from the work of Ma et al. (2010). Additional calibration and validation of streamﬂow simulation using the GBNP

model was carried out in the current study for 1991–2005. This

period corresponds to wet years (e.g., 1991, 1994, and 1998) and

dry years (e.g., 1993, 1997, and 1999), as determined by precipitation anomaly analysis (Fig. 4). Taking into account the availability

of data, the monthly discharge data for 1991–1997 were used to

calibrate streamﬂow simulation. Meanwhile, 1998–2005 data were

used for validation.

A 6-year sediment dataset (2000–2005) was provided by the

Xiahui gauge; accordingly, its ﬁrst half was used for calibrating

the sediment simulation and the second half was used for validation. A 5-year dataset (2001–2005) was obtained for TN and TP.

For these inclusive years, the ﬁrst 2 years were dedicated to calibration, whereas the next three were used for validation. From

the Zhangjiafen gauge, only a 2-year dataset (2001–2002) was obtained for sediment, TN and TP. The ﬁrst year was used for calibration and the following year for validation. The main parameters

required for calibration (Table 2) were initialized by empirical values, and then adjusted according to the observed sediment and

pollutant concentrations at different river sections.

Figs. 5 and 6 show the comparison of the observed and simulated monthly discharge during the calibration and validation periods in the Xiahui and Zhangjiafen gauges, respectively. The

observed and simulated mean monthly sediment concentrations,

as well as TN and TP loads are shown in Figs. 7–9. Table 3 shows

the model performance. The coefﬁcients of determination of

monthly streamﬂow between the simulated and observed values

were larger than 0.9 (signiﬁcance level of a = 0.01), except in the

Table 2

Main parameters used in the GBNP.

Parameter Method of estimation

Hydrological parameters Refer to Ma et al.(2010)

Erosion and sediment routing parameters

Inter-rill and rill erosion capability Estimated according to soil type and land use using an empirical function of rain intensity,

slope, soil erodibility and factor of agricultural management

Soil erodibility Estimated for each soil type according to the soil database of China

Parameters in the calculation of sediment-carrying capacity,

K and m

Estimated by a function of ﬂow velocity, hydraulic radius, and settling velocity of sediment

Sediment settling velocity Estimated by particle diameter of suspended sediment and ﬂow velocity

Coefﬁcient of saturation recovery Calibrated for each river segment

Pollutant parameters

Longitudinal dispersive coefﬁcient in river Calibrated for each river segment

Residue decomposition coefﬁcient Estimated according to land-use type

Release rate of bottom mud and bio-chemical interaction Calibrated for each river segment

Other parameters

Exchange layer depth Calibrated for each subbasin

Water release rate from soil to runoff Estimated by a function of soil erodibility, rain intensity
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validation period for the Zhangjiafen station. The coefﬁcients of

determination of monthly sediment and pollutant loads were larger than 0.6 (signiﬁcance level a = 0.05), except the validation period for the Zhangjiafen station. A relatively higher simulation error

at the Zhangjiafen gauge may have been caused by the effect of the

reservoir on the upper basin of Bai River. The effect cannot be

incorporated into the simulation because of lack of detailed information. In the upper basin of Chao River, the small reservoirs had

limited effect on natural streamﬂow (Sun et al., 2007). Table 3

shows the performance of the GBNP, indicating sufﬁcient accuracy

for the long-term simulation of rainfall–runoff and non-point

source pollution processes.

3.3. Method for detecting the effect of climate variability and land-use

changes

A ‘‘ﬁxing–changing’’ method (Wang et al., 2009; Zhang, 2004)

was carried out to detect the effect of land-use and climate changes

on streamﬂow, sediment yield, and pollutant discharge. In terms of

the effect of climate variability, the GBNP model was employed under changing climate conditions, as observed from the 1980–2005

dataset and the ﬁxed pattern of land use based on the land-use

map of 1985. In terms of the effect of land-use change, the simulation using the GBNP model was carried out using changes in land

use under the same historical climate conditions (i.e., according

to the 1999–2005 dataset).

4. Results and discussion

4.1. Changes in streamﬂow, sediment, and pollutant load for 1980–

2005

Using long-term simulation (1980–2005), we obtained the

yearly and accumulated streamﬂow, sediment yield, and TN and

TP loads discharged into the Miyun Reservoir (Fig. 11). Fig. 11

shows that the annual streamﬂow, sediment yield, and TN and

TP loads presented high variability. Annual streamﬂow decreased

sharply after 1999 because of the decrease in precipitation and

the increase in air temperature. Sediment load showed a similar

temporal variation. A rapid increase in TN and TP loads was found

from the early 1980s to the mid-1990s possibly due to the rapid increase in population and urbanization in this period. A sharp decrease in TN and TP loads after 1999 might have been caused

mainly by the effect of water–soil conservation practice, as well

as streamﬂow reduction in addition.
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Fig. 4. Precipitation anomaly percentages for 1980–2005.
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On the basis of the accumulated rainfall and runoff at the two

main discharge gauges (i.e., Xiahui and Zhangjiafen) from 1980

to 2005 (Fig. 10), 1999 is pegged as a turning point on drier weather compared with the previous year. In terms of climate conditions,

the study period was split into two sub-periods, namely, Period-I

for 1980–1998 and Period-II for 1999–2005. Table 4 summarizes

the changes in rainfall and temperature, as well as the streamﬂow

and sediment discharged into the reservoir for the two periods.

According to statistical data, from Period-I to Period-II, mean annual precipitation decreased by about 38.7 mm, while temperature

increased by about 1.6 
C. Consequently, annual runoff decreased

by 33.3 mm (33.2 mm by simulation), and sediment load decreased by about 946,800 tons (952,000 by simulation). TN and

TP loads decreased by 1115 tons and 48.6 tons, respectively. However, the long-term accumulation of inﬂow pollutants signiﬁcantly

diminished the water quality in the reservoir.

4.2. Differentiation of effect by climate variability and land-use

changes

4.2.1. Effect on streamﬂow

Table 5 shows the results obtained from running the model under different scenarios using the ‘‘ﬁxing–changing’’ method. Based

on the same land-use data for 1985, average annual runoff was

51.2 mm from 1980 to 1998 and 20.2 mm from 1999 to 2005. Climate variability reduced the runoff by 31.0 mm, accounting for

approximately 93.1% (31.0 mm/33.3 mm) of the total change between the two periods. In addition, using the same data for historical climate in 1999–2005, and by replacing 1985 land-use data

with 2000 data, we determined that the simulated mean value of

annual runoff decreased from 20.2 to 18.0 mm. The 2.2-mm decrease simulated under different land-use conditions accounted

for approximately 6.6% (2.2 mm/33.3 mm) of the total change in

runoff between the two periods.

Ma et al. (2010) used a climate elasticity model to assess the effect of climate variability on streamﬂow. Using the same method,

we estimated that mean annual runoff between the two periods

(1980–1998 and 1999–2005) decreased by 31.8 mm, which is close

to the simulated value obtained using the GBNP model. This con-

ﬁrms our assessment regarding the effect of climate variability

on runoff.

4.2.2. Effect on sediment load

Based on the same land-use data for 1985, the simulated annual

sediment discharged into the Miyun Reservoir was about

1078,800 tons for Period-I and 214,000 tons for Period-II. The effect

of climate variability accounted for about 864,800 tons (91.3%) of

the total decrease in sediment load between the two periods. Using

the same historical climate data for 1999–2005, and by replacing

1985 land-use data with 2000 data, we determined that the mean

annual sediment load decreased from 214,000 tons to

127,300 tons. The effect of land-use changes accounted for 9.2%

of the total decrease in sediment load.

4.2.3. Effect on TN and TP loads

Based on the same land-use data for 1985, the simulated annual

TN load discharged into the Miyun Reservoir was 1493 tons for

Period-I and 814 tons for Period-II. The simulated annual TP load

was 60.3 tons and 23.2 tons over the two periods, respectively.

Based on the same historical climate data for Period-II, and by
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replacing 1985 land-use data with 2000 data, the simulated annual

TN load decreased from 814 to 378 tons, whereas the simulated

annual TP load decreased from 23.2 to 11.7 tons. Table 5 shows

that climate variability and land use caused 60.9% and 39.1% of

the decrease in TN, and 76.3% and 23.7% of the decrease in TP load

in Period-I and Period-II, respectively.

4.2.4. Understanding the effects of climate and land-use changes

Based on the observation and model simulation, the stream-

ﬂow, sediment, and pollutants discharged into the Miyun Reservoir

from 1980 to 2005 presented a marked decrease. The decrease in

streamﬂow was caused by the decrease in precipitation, as well

as the increase in air temperature and human activity (e.g., landuse changes and artiﬁcial water intake). Climate variability was,

therefore, a dominant factor—a result also reported in a previous

study (Ma et al., 2010). Inasmuch as the sediment and pollutant

transport processes were dominantly controlled by river routing,

the changes in sediment and pollutant loads were also strongly

inﬂuenced by climate variability. This was demonstrated by the

1985–2005 simulation using the GBNP.

The simulation results of the GBNP also showed different effects

of land-use changes on runoff, sediment, TN, and TP. Land-use

changes had a relatively minimal effect on runoff and sediment

yield, but demonstrated a more considerable effect on pollutant

load. Changes in land use, from farmlands and grasslands to forests

in the 1980s to the 1990s, considerably reduced the runoff, soil

erosion, and nutrient loss from hillslopes. The decrease in stream-

ﬂow reduced the transport capability of sediment and pollutants.

Therefore, the reduction of pollutant loads caused by land-use

changes presented a more substantial effect than did runoff and

sediment yield.

From the abovementioned analysis, the decrease in precipitation, as well as the increase in air temperature (climate variability),

was the major cause of the changes in catchment hydrology, especially the decrease in streamﬂow. Soil–water conservation practices positively affected the reduction of non-point source

pollution. However, it also caused the reduction of streamﬂow.

4.3. Discussion on parameter sensitivity and simulation uncertainty

Parameters related to rainfall–runoff processes have been discussed in previous studies (Ma et al., 2010; Yang et al., 2002). In

the present study, parameters related to sediment and pollutant
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simulation were the main focus of evaluation. Table 6 lists the results of sensitivity analysis at ±10% change in parameter values.

Based on these results, the simulated pollutant load was more

sensitive to in-river parameters than hillslope parameters. The

convection and dispersion of contaminants, as well as sediment

settling, had signiﬁcant effects on the transportation of nitrogen

Table 3

Coefﬁcient of determination (r

2

) in the model calibration and validation periods.

Item r

2

in the Xiahui gauge r

2

in the Zhangjiafen gauge

Calibration period Validation period Calibration period Validation period

Runoff 0.91 0.94 0.90 0.71

Sediment 0.87 0.60 0.65 0.69

TN load 0.89 0.68 0.74 0.16

TP load 0.61 0.72 0.88 0.48

Note: r

2

¼
Pn

i¼1

ðQsi
Qsi

ÞðQoi 
Qo Þ

Pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
n

i¼1

ðQoi 
Qo Þ

p ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2

Pn

i¼1

ðQsi 
Qs Þ

p 2

  !2

is the coefﬁcient of determination, where, Qsi

is the simulated monthly values of runoff, sediment, TN, or TP loads, Qs

is the mean of

the simulated values, Q0 is the monthly observed values of runoff, sediment, TN, or TP loads, and Qo is the mean of the observed values.

1984 1998:

y = 0.1089x - 4.569

R

2

 = 0.9968
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y = 0.0409x + 30.436
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 = 0.9922
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and phosphorus in rivers. A similar result was reported by McIntyre et al. (2005). In the present work, the simulated pollutant load

was only minimally sensitive to most of the parameters except for

sediment settling velocity and longitudinal dispersive coefﬁcient,

thereby enhancing conﬁdence on effect assessment.

The major sources of simulation uncertainty in the GBNP model

may have arisen from input data, model parameters, and structure.

In general, the development of the distributed hydrological model

can reduce uncertainty in the model structure because of its

physically based representation of hydrological processes. Previous

studies have shown that uncertainty in climate forcing can inﬂuence hydrological model calibration and simulation. Some uncertainties persist in the simulation of the non-point source

pollution model, thus, further research is needed to quantify these

in the future.

5. Conclusion

The decrease in inﬂow and the deterioration of the water quality in the Miyun Reservoir in Northern China have been reported

over recent decades. These have caused severe problems in the

water supply in Beijing. In this study, we developed a physically

based non-point source pollution model to simulate the long-term

variations in runoff, sediment, and pollutant processes in the upper

catchment of the reservoir and analyzed the effects of climate

variability and land-use changes.

Based on observations and model simulation, the periods

1980–2005 reﬂected annual runoff declined primarily caused by

the decrease in precipitation and the increase in air temperature.

However, pollutants discharged into the reservoir manifested

different temporal variations. Two opposite trends were found before and after 1999. TN and TP loads increased from the early

1980s to the mid-1990s because of the rapid increase in population

and urbanization, these loads then decreased after 1999 because of

the effect of water–soil conservation practices, as well as the

reduction in streamﬂow. Annual runoff decreased by 33.3 mm

from Period-I (1980–1998) to Period-II (1999–2005). Meanwhile,

annual sediment yield, and TN and TP loads decreased by

947,000, 1115, and 48.5 tons, respectively. However, the long-term

accumulation of inﬂow pollutants signiﬁcantly diminished the

water quality in the reservoir.

The simulation results also showed that land-use changes had

different effects on runoff, sediment, TN, and TP. In the study basin,

the forest area increased by 15.6%, whereas farmlands and grasslands decreased by 4.6% and 10.6%, respectively. Land-use changes

caused 6.6% and 9.2% of the decrease in runoff and sediment load,

respectively, from Period-I (1980–1998) to Period-II (1999–2005).

Land-use changes caused 39.1% and 23.7% of the total decrease in

TN load and TP load, respectively.

The sensitivity analysis showed that pollutant loads were

only minimally sensitive to most of the parameters, except for

sediment settling velocity and longitudinal dispersive coefﬁcient,

thereby enhancing conﬁdence on effect assessment. However,

Table 4

Variations in climate, observed inﬂow, and sediment discharged into the Miyun Reservoir.

Annual mean

precipitation (mm)

Annual mean

temperature (
C)

Annual mean

inﬂow (mm)

Annual mean

sediment (10

4

tons)

Period-I: 1980–1998 476.3 9.1 51.7 105.3

Period-II: 1999–2005 437.6 10.7 18.4 10.6

Change between two periods 
38.8 +1.6 
33.3 
94.7

Table 5

Effects of land-use changes and climatic variability on streamﬂow, sediment yield, and pollutant loads.

Item 1980–1998 1999–2005 Change between two periods Relative contribution to the change

Streamﬂow (mm) Observed 51.7 18.4 33.3 –

Simulated 51.2 (LU1) 20.2 (LU1) 31.0 93.1% (by climate variability)

18.0 (LU2) 2.2 6.6% (by land-use change)

Sediment yield (10

4

ton) Observed 105.3 10.6 94.7 –

Simulated 107.9 (LU1) 21.4 (LU1) 86.5 91.3% (by climate variability)

12.7(LU2) 8.7 9.2% (by land-use change)

TN (ton) Simulated 1493.3 (LU1) 814.0 (LU1) 679.3 60.9% (by climate variability)

378.1 (LU2) 435.9 39.1% (by land-use change)

TP (ton) 60.3 (LU1) 23.2 (LU1) 37.1 76.3% (by climate variability)

11.7 (LU2) 11.5 23.7% (by land-use change)

Note: LU1 and LU2 denote the land-use data in 1985 and 2000, respectively.

Table 6

Result of parameter sensitivity at ±10% change in parameter values.

Parameter Sensitivity Parameter description

TN TP

Sediment parameter a 0.1 0.2 Coefﬁcient of saturation recovery of sediment in river [in Eq. (2)]

x 0.6 1.2 Sediment settling velocity, m s


1

[in Eq. (2)]

Pollutant parameter de 0.1 0.01 Exchange layer depth, m [in Eq. (4)]

Ds 0.01 0.005 Diffusion coefﬁcient in soil, m2

s


1

[in Eq. (5)]

Ex 0.8 0.5 Longitudinal dispersive coefﬁcient in river, m2

s


1

[in Eq. (6)]

Note: Sensitivity ¼ j

DX=X

Dk=k

j; where, Dk=k is the relative change in parameters (±10% in this study), Dk=k is the simulated relative change in TN or TP.
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uncertainties from model input, parameters, and structure

may have inﬂuenced the simulation results. Therefore, further

analysis regarding this matter should be performed in future

research.
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