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Abstract

Hydrological simulation in regions with a large number of water storages is difficult
due to the inaccurate water storage data, including both topologic parameters and
operational rules. To address this issue, this paper presents an improved version of
SWAT2005 (Soil and Water Assessment Tool, version 2005) using the satellite-based5

dataset Landsat, an empirical storage classification method, and some empirical rela-
tionships to estimate water storage and release from the various levels of flow regula-
tion facilities. The improved SWAT2005 is characterised by three features: (1) a real-
istic representation of the relationships between the water surface area and volume of
each type of water storage, ranging from small-sized ponds for water flow regulation10

to large-sized and medium-sized reservoirs for water supply and hydropower genera-
tion; (2) water balance and transport through a network combining both sequential and
parallel streams and storage links; and (3) calibrations for the physical parameters and
the human interference parameters. Both the original and improved SWAT2005 are ap-
plied to the upper Fengman Reservoir Basin, and the results of these applications are15

compared. The improved SWAT2005 accurately models small- and medium-sized stor-
ages, indicating a significantly improved performance from that of the original model in
reproducing streamflows.

1 Introduction

Water storages, including reservoirs and ponds, are important management tools in20

the exploitation and utilisation of water resources (Gross and Moglen, 2007; Lopez-
Moreno et al., 2009). The small- and medium-sized water storages mentioned in this
study refer to small- and medium-sized reservoirs and ponds.

Different approaches have been developed to account for the impacts of water stor-
ages on runoff in hydrological simulations. Individual water storage simulation mod-25

els (e.g. Jayatilaka et al., 2003; Saxton and Willey, 2004) have been developed for
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small-sized river catchments. The results of previous studies suggest that these mod-
els could be used to develop a useful tool for optimising the usage of limited water
resources in similar regions with a small amounts of water storages, i.e. less than ten
interconnected water storages.

Distributed, physically based models such as SWAT2005 (Neitsch et al., 2002a,5

c) are typically used for the hydrological simulation of large-sized river catchments.
SWAT2005 uses hydrological responding units (hrus) as the basic modelling units to
explicitly consider the water storages by appropriately parameterising their correspond-
ing hrus (Payan et al., 2008). For example, to assess the impacts of water storages on
streamflow in the Huai River Basin of China, Wang and Xia (2010) spatially represented10

61 water storages in SWAT2000 by modifying the outflow calculation method for water
storages. However, distributed, physically based models often require a great amount
of input data and intensive computation due to the small scales of measurements, such
as hrus for SWAT2005 (Sophocleous and Perkins, 2000).

To reduce the computational requirement, Payan (2008) proposed a way to account15

for man-made reservoirs in a lumped hydrological model. This model could not explic-
itly simulate the key processes in reservoirs (infiltration, evaporation, operation, and
so on); instead, it used the observed volume variations to represent these processes.
Obviously, the model simplifications may not reasonably reflect various reservoir pro-
cesses, particularly those in a large-scale, complex river catchment.20

To represent several thousands of reservoirs located in the State of Ceará in semi-
arid Northeast Brazil, Güntner et al. (2004) presented a simple deterministic water
balance modelling scheme within a distributed model. The key component of the
scheme was a cascade-type approach, within which the reservoirs were grouped into
six classes according to storage capacity, each with different rules for flow routing.25

Water uses were considered for irrigation and livestock, as well as domestic, indus-
trial and tourist uses. The scheme assumed that the smaller-sized reservoirs were
located upstream of larger-sized reservoirs and that the outflows from smaller-sized
reservoirs were equally discharged into all of the larger-sized reservoir classes located
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downstream. To cope with data scarcity, particularly regarding water use and water
surface area, the scheme used empirical data of water use and an empirical formula
to calculate water surface area. Additionally, reservoir operation rules were not consid-
ered in the scheme. Refinements of the model should primarily focus on an improved
definition of the basin area fractions contributing to individual reservoir classes by using5

more detailed data on topography and reservoir locations from remote sensing studies.
Furthermore, a better knowledge of reservoir operation rules promises to significantly
improve the model’s performance.

Therefore, the basin hydrologic cycle must be simulated accurately with all of the
available information and reasonable modelling simplifications of the numerous water10

storages in catchments with a large number of water storages. Given the limitations of
SWAT2005, the aim of this paper is to present an improved version of SWAT2005 to
allow water storages in a large-scale river catchment to be simulated more accurately.
There have been several studies on obtaining the surface areas of small-sized reser-
voirs with satellite images (White, 1978; McFeeters, 1996; Frazier and Page, 2000).15

Optical (i.e. Landsat, Spot, Aster and ISS) or radar satellite systems (i.e. Envisat, ERS,
and Radarsat) could be used to obtain the surface areas of small-sized reservoirs. En-
visat ASAR (C-band radar) and Landsat TM/ETM+ data (multispectral imagery) now
provide images at spatial resolutions of 30 and 15 m, respectively (Gardini et al., 1995).
In India, the storage volumes of small-sized reservoirs were estimated with Landsat20

images (Mialhe et al., 2008). Envisat advanced synthetic aperture radar (ASAR) was
used to obtain the surface areas of reservoirs (Liebe et al., 2009). The main charac-
teristics of the improved SWAT2005 are summarised as follows: (1) a realistic repre-
sentation of the relationships between the water surface area and volume of each type
of water storages, ranging from ponds for water regulation to large- and medium-sized25

reservoirs for water supply and hydropower generation with the satellite-based dataset
Landsat; (2) water balance and transport through a network combining both sequen-
tial and parallel streams and storage links to more accurately define the basin area
fractions contributing to individual water storage classes; and (3) calibrations for the

4004

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/4001/2012/hessd-9-4001-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/4001/2012/hessd-9-4001-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
9, 4001–4043, 2012

Integrated
hydrological

modelling of water
storages

C. Zhang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

physical parameters and the human interference parameters to gain a better under-
standing of reservoir operation rules.

The improved SWAT2005 is applied to the upper Fengman Reservoir Basin, which
has many small- and medium-sized water storages for irrigation, industrial, and domes-
tic uses. The impoundment and release of these storages have a significant influence5

on the inflows to the Fengman Reservoir, thus making the Fengman Reservoir increas-
ingly difficult to operate, particularly during flood seasons. During non-flood seasons
and the preliminary stage of a flood season, inflows to the Fengman Reservoir are
reduced due to the impoundment of water storages, and power generation is affected.
In the middle of flood seasons, inflows to the Fengman Reservoir increase due to the10

release of water storages, and flood control is affected. There are so many small-
and medium-sized water storages in the upper Fengman Reservoir Basin that it is
difficult to obtain their detailed design and running information. Furthermore, comput-
ing time increases substantially when all of the water storages in the upper Fengman
Reservoir Basin are added to the models. The simulation results from the improved15

SWAT2005 model small- and medium-sized water storages more accurately than the
original SWAT2005.

2 Methodologies

The framework for the improved SWAT2005 is shown in Fig. 1, and the grey area is the
location of the improvements.20

In view of the hundreds or thousands of water storages that may be located in a large-
scale river catchment, it is not feasible to describe each water storage individually in
a large-scale model. Thus, the focus of this paper is not to exactly represent the be-
havior of each water storage, but rather to accurately model the water storage system
on an aggregated level to allow water storages in a large-scale river catchment to be25

more accurately simulated. Detailed design and running information are known for all
large- and medium-sized reservoirs. For small-sized reservoirs, only their geographic
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positions, drainage areas, emergency storage volumes, and principal storage volumes
are known at the level of administrative units (municipalities). For ponds, only their
total drainage areas and storage volumes are known at the basin level. Therefore, wa-
ter storages are grouped into rmax = 5 classes depending on their storage capacities
Vmax (Table 1). Large-sized reservoirs are the water storages of class 5, medium-sized5

reservoirs are the water storages of class 4, small-sized reservoirs are the water stor-
ages of classes 2 and 3 based on their storage capacities, and ponds are the water
storages of class 1.

SWAT is a nearly ideal model for basin-scale water resources applications due to its
reservoir and pond modules. SWAT has been widely used in a variety of investigations,10

such as hydrological simulation and assessment, non-point pollution, climate change
impact, parameter sensitivity, and model calibration and uncertainty analysis (Borah
and Bera, 2004; Arnold and Fohrer, 2005; Gassman et al., 2007).

The water balance used in the reservoir and pond modules to simulate water stor-
ages is15

V = Vstore+Vflowin−Vflowout+Vpcp−Vevap−Vseep (1)

where V is the volume of water in reservoirs and ponds at the end of the day (m3);
Vstored is the volume of water stored in reservoirs and ponds at the beginning of the
day (m3); Vflowin is the volume of water entering reservoirs and ponds during the day
(m3); Vpcp is the volume of precipitation falling on reservoirs and ponds during the day20

(m3); Vevap is the volume of water removed from reservoirs and ponds by evaporation

during the day (m3); and Vseep is the volume of water lost from reservoirs and ponds by

seepage during the day (m3).
The surface areas of water storages are needed to calculate the amount of precipi-

tation falling on water storages and the amount of evaporation and seepage removed25

from water storages in SWAT. Surface area varies with the water volume of the water
storages.
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In SWAT2005, surface area is updated daily using the following equations

SA = βsa ·V exsa (2)

exsa =
log10(SAem)− log10(SApr)

log10(Vem)− log10(Vpr)
(3)

βsa =
(

SAem

Vem

)exsa

(4)

where SA is the surface area of the water storage (ha); V is the volume of water in the5

water storage (m3); SAem is the surface area of the water storage when filled to the
emergency spillway (ha); SApr is the surface area of the water storage when filled to
the principal spillway (ha); Vem is the volume of water held in the water storage when
filled to the emergency spillway (m3); and Vpr is the volume of water held in the water

storage when filled to the principal spillway (m3).10

Güntner et al. (2004) calculated water surface area as a function of the actual storage
volume with

ARL =cRL · (Vt)dRL (5)

where cRL and dRL are reservoir-specific constants depending on its geometry.
Liebe et al. (2005) estimated storage volume as a function of surface area with15

V =0.00857 ·A1.4367
Res (6)

where V is the volume of the water storage (m3), and ARes is its area (m2).
Because the surface area of a water storage is related to its scope, storage and

drainage area, the relationship between surface area and storage volume varies for
the different water storage classes. It is not reasonable to use a definite relationship20

between surface area and storage volume to calculate the surface areas of different
water storage classes, as done previously by Güntner et al. (2004), Liebe et al. (2005)
and SWAT2005. In this paper, an approach for obtaining more precise relationships
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between the surface area and storage volume of different water storage classes is
proposed.

Water balance and transport through a network combining both sequential and par-
allel streams and storage links is proposed, incorporating surface runoff and routing
mechanisms based on the spatial topological relationships among water storages, wa-5

ter impoundment and the release regulations of water storages with water uses.
The reservoir module in SWAT can simulate water storages with detailed design and

running information. The pond module in SWAT is an aggregate model of water bodies
within any sub-basin. Therefore, in this paper, minor large- and medium-sized reser-
voirs (classes 4 and 5) are added to SWAT2005 and simulated by the reservoir mod-10

ule of SWAT2005. Small-sized reservoirs and ponds (classes 1–3) are not added to
SWAT2005; instead, they are simulated by the pond module of SWAT2005. The pond
module of SWAT2005 treats all small-sized reservoirs and ponds within a sub-basin as
one water storage, and surface runoff and routing processes among the storages are
not considered. Obviously, the pond module of SWAT2005 is a reasonable simplifica-15

tion but must be improved to more accurately simulate large catchments.
Water consumption is considered to be lost from the system. SWAT allows water to

be removed from the shallow aquifer, the deep aquifer, the reach, or the water storage
within any sub-basin. Water consumption is allowed to vary from month to month. The
average daily volume of water removed from the source needs to be specified for each20

month. Because the related water-use data, such as source location, are difficult to
collect and variable for water uses in different places and during different years, the
water-use distribution approach is proposed in this paper.

Because numerous water storages within the basin significantly influence the basin’s
hydrologic cycle, the impacts of water storages must be included in the parameters and25

calibrated in the hydrological simulation process with hydrological models. Therefore,
calibration of the physical parameters and then the human interference parameters is
proposed in the parameter calibration process to allow the water storages in a large-
scale river catchment to be more accurately simulated.
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2.1 Relationships between water surface area and storage volume for water
storages

2.1.1 Surface area

The principal storage volumes and emergency storage volumes of water storages were
collected from the Hydrological Administration of Jilin Province in China. In this pa-5

per, the reservoir surface areas are extracted from Landsat TM/ETM+ data from 1986
to 2006 with the bands relationship. The Landsat TM/ETM+ data are collected from
the International Science Data Service Platform (http://datamirror.csdb.cn). Because
Landsat TM/ETM+ provides high-resolution spatial data for every 16 days, the Landsat
TM/ETM+ data for flood seasons in wet years are used to extract the surface areas of10

water storages within the basin. The extracted surface areas of flood seasons in wet
years are assumed to correspond with the water storages’ principal storage volumes.
Because 2005 is a wet year and the flood season is from June to August, Landsat
TM/ETM+ data from 9 September 2005, are used to extract the surface areas of the
water storages within the basin.15

2.1.2 Classifications of water storages and relationship between water surface
area and principal storage volume for each water storage class

Water storages with different slopes, storages, and drainage areas have different re-
lationships between their surface area and storage volume. Therefore, the three ele-
ments (slope, storage, and drainage area) should be considered when developing the20

relationships between water surface area and principal storage volume for each water
storage class. The ratio of drainage area to storage volume (drainage area/storage
volume) is set as an index to classify water storages. For larger ratios, the storage vol-
ume increases more rapidly and there is a higher probability of reaching the principal
storage volume during wet periods. The approach to classifying water storages and25

acquiring the relationships between water surface area and principal storage volume
for each water storage class is described below.
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Step 1 Set the water storages’ initial classifications according to the value distribu-
tions of their classification indexes (slope, drainage area/storage volume, and principle
storages).

Step 2 Calculate each water storage class’ mean characteristics, such as the mean
storage volume, mean drainage area, and mean slope, and find the medium-sized5

reservoir in the basin with similar mean characteristics. Because detailed design and
running information are known for the medium-sized reservoirs, use the ratio of the
storage volume of the medium-sized reservoir from 9 September 2005, to its principle
storage volume to adjust the principle storage volume of the water storages in the water
storage class.10

Step 3 Calculate the correlation coefficients between the water surface area and
principal storage volume of the water storages for each water storage class.

Step 4 Adjust the classification indexes and repeat step 2 until the correlation coeffi-
cients no longer improve.

2.2 Water balance and transport through a network combining both sequential15

and parallel streams and storage links

In this paper, a sequential and parallel routing scheme is developed to approximately
describe the upstream-downstream positions of different water storage classes within
the sub-basin and the redistribution of runoff among them. The major difference be-
tween the cascade scheme and the sequential and parallel routing scheme is the way20

in which the inflow and outflow of water storages are calculated. More specifically, the
latter divides the water storages into two simulation classes: classes 4–5 (large- and
medium-sized reservoirs) and classes 1–3 (small-sized reservoirs and ponds). Addi-
tionally, to show the variabilities of water uses in different places and during different
years, the water-use distribution approach based on parameter calibration is proposed25

and presented below.
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2.2.1 Large- and medium-sized reservoirs

The water balance for large- and medium-sized reservoirs is represented explicitly by
the reservoir module of SWAT2005 because (1) they are of great importance to water
supplies and (2) they are the only reservoirs with detailed reservoir characteristics.
The location of their dams is the criterion by which the entire basin is subdivided into5

sub-basins that are linked via the river network.

2.2.2 Small-sized reservoirs and ponds

The pond module of SWAT2005 is improved in this paper. The large number of small-
sized reservoirs and countless ponds (classes 1–3) are represented in the improved
SWAT2005 in an aggregated manner (Fig. 2).10

– Simplification and spatial distribution

Because the geographic position of each small-sized reservoir is known, the spa-
tial topology of small-sized reservoirs within an individual sub-basin is determined.
From a detailed survey of the spatial topology of small-sized reservoirs in an in-
dividual sub-basin, it is reasonable to assume that small-sized reservoirs of the15

same class are interconnected in a parallel scheme, and small-sized reservoirs of
different classes are interconnected in a sequential scheme (Fig. 2).

Given that the number, nr , of water storages in each class, r , is known for each
sub-basin, the water balance of each water storage class, r , within each sub-basin
is calculated for one hypothetical representative reservoir, RM, with the mean20

characteristics for that water storage class within the corresponding sub-basin,
i.e. with its storage capacity being equal to the mean value of the water storages
belonging to that class in the corresponding sub-basin. The water balance of RM
within each sub-basin was calculated with a daily time step according to

VRMr,t = VRMr,t−1+
Qin,r

nr
−Qout,RMr +Vpcp,RMr−Vevap,RMr −Vseep,RMr (7)25
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where VRMr,t is the storage volume of the hypothetical mean reservoir RM in wa-
ter storage class r at day t; Qin,r is the daily inflow to water storage class r ; nr is
the number of water storages in class r ; Qout,RMr is the daily outflow from reser-
voir RM; Vpcp,RMr is the daily precipitation to reservoir RM’s water surface; and
Vevap,RMr and Vseep,RMr are the daily evaporation and seepage from reservoir RM,5

respectively (all in m3). The values of Vpcp,RMr , Vevap,RMr , and Vseep,RMr are cal-
culated with SWAT2005, and the total actual storage volume Vr,t of water storage
class r within each sub-basin is obtained by

Vr,t = VRMr,t ·nr (8)

– Inflow10

The total sub-basin area is distributed as runoff contributing areas among the
different water storage classes according to their drainage areas. The inflow Qin,r
of water storage class r comprises direct inflow and additional inflow. The direct
inflow to water storage class r is the fraction frr of the total sub-basin runoff Qgen
and is generated in a time step as the difference between the fraction frr of the15

sub-basin area that drains into water storage class r and the fraction frx of the sub-
basin area that drains into water storage class x < r within the drainage of water
storage class r . Additional inflow to a water storage class r is provided by the
fraction frr of outflow Qout,x of all water storage classes x < r within the drainage
of water storage class r . This approach accounts for the fact that a water storage20

could be upstream of any larger water storage (not necessarily a water storage of
the next larger class) and have no other smaller water storage in the downstream
direction. Additionally, outflow from one water storage class is attributed to any
larger water storage class within the sub-basin in the same time step.

– Inflow of class 125

The pond category (class 1) is located on the top of the sequential and par-
allel routing scheme for water storages. The inflow of class 1 is the runoff
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generated in its drainage.

Qin,1 = fr1 ·Qgen (9)

– Inflow of class 2
The inflow of class 2 is the sum of its direct inflow and additional inflow. Its
direct inflow is the difference between the runoff generated in the drainage of5

class 2 and that generated in the drainage of class 1 within the drainage of
class 2. Its additional inflow is the outflow of class 1 within the drainage of
class 2.

Qin,2 = (1− fr1) · fr2 ·Qgen+ fr2 ·Qout,1 (10)

– Inflow of class 310

The inflow of class 3 is the sum of its direct inflow and additional inflow. Its
direct inflow is the difference between the runoff generated in the drainage
of class 3 and that generated in the drainage of classes 1 and 2 within the
drainage of class 3. Its additional inflow is the outflow of classes 1 and 2
within the drainage of class 3. However, the runoffs generated in the drainage15

of class 1 within the drainage of class 2 and the outflows of class 1 within the
drainage of class 2 are not considered.

Qin,3 = (1− fr1− fr2+ fr1 · fr2) · fr3 ·Qgen+ fr3 · (Qout,1+Qout,2− fr2 ·Qout,1) (11)

– Outflow

Because classes 1–3 (small-sized reservoirs and ponds) are simulated with the20

pond module of SWAT2005, they are referred to below as ponds. In the pond
module of SWAT2005, the volume of pond outflow may be calculated with the
target storage approach. The target storage varies with flood season and soil
water content. The target volume is calculated as

Vtar = Vem If monfld,beg <mon<monfld,end (12)25
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Vtar = Vpr+

(
1−min

[
SW
FC ,1

])
2

· (Vem−Vpr) (13)

If mon≤monfld,beg or mon≥monfld,end

where Vtar is the target pond volume for a given day (m3); Vem is the volume
of water held in the pond when filled to the emergency spillway (m3); Vpr is the

volume of water held in the pond when filled to the principal spillway (m3); SW is5

the average soil water content in the sub-basin (mm); FC is the water content of
the sub-basin soil at field capacity (mm); mon is the month of the year; monfld,beg
is the beginning month of the flood season; and monfld,end is the ending month of
the flood season.

Once the target storage is defined, the pond outflow is calculated as10

Vflowout =
V −Vtar

NDtar
(14)

where Vflowout is the volume of water flowing out of the pond during the day (m3);
V is the volume of water stored in the pond (m3); Vtar is the target pond volume for
a given day (m3); and NDtar is the number of days required for the pond to reach
its target storage.15

The outflow regulations of ponds are not considered in the target storage calcu-
lation. Güntner et al. (2004) assumed that outflows from the small- and medium-
sized reservoirs only occur if the storage capacities are exceeded. Because the
small-sized reservoirs within the study area presented in Güntner et al. (2004)
were mainly simple earth dams without any outflow regulation devices, the out-20

flow calculations proposed by Güntner et al. (2004) were valid. However, in China,
different outflow regulations are used in the different pond classes (classes 1–3)
and during the different periods, including the non-flood season, the beginning
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of the flood season, the middle of the flood season, and the end of the flood
season. Due to the lack of information on outflow regulations, in the target stor-
age calculation, four principal storage volume adjustment parameters are set for
the non-flood season, the beginning of the flood season, the middle of the flood
season, and the end of the flood season.5

– Target storage for class 1

Vtar = Vem (15)

– Target storage for classes 2 and 3

Vtar = βfld,beg ·Vpr (16)

If May<mon< Jun (the beginning of the flood season)10

Vtar = βfld,mid ·Vpr If Jul<mon<Aug (the middle of the floodseason) (17)

Vtar = βfld,end ·Vpr If Sept<mon<Oct (the end of the flood season) (18)

Vtar = βnonflod ·Vpr+

(
1−min

[
SW
FC ,1

])
2

· (Vem−Vpr) (19)

If mon≤monfld,beg or mon≥monfld,end

where Vtar, Vem, Vpr, SW, FC, mon, monfld,beg, and monfld,end have been de-15

scribed above and βfld,beg, βfld,mid, βfld,end, and βnonflod are the four principal
storage volume adjustment parameters set for the beginning of the flood sea-
son, the middle of the flood season, the end of the flood season, and the
non-flood season, respectively.

2.2.3 Water-use distribution based on the parameter calibration20

If the detailed water-use data of a given year are treated as the baseline, the water-
use data of each sector (irrigation, livestock, domestic, industrial, and tourist water
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use) are distributed spatially and temporally with land use and annual precipitation, re-
spectively. Referred to the sources of water uses, six fraction parameters are set for the
three sources (water storages, reaches, and shallow aquifers) during two separate time
periods (October to April and May to September), i.e. αpnd,octapr and αpnd,maysep are set
for the water storages in October to April and May to September, respectively, αrch,octapr5

and αrch,maysep are set for the reaches in October to April and May to September, re-
spectively, and αgw,octapr and αgw,maysep are set for the shallow aquifers in October to
April and May to September, respectively.

2.3 Physical parameter and human interference parameter calibrations

2.3.1 Calibration approach10

The physical parameter calibration is first processed with minimal human activities.
The human activity parameter calibration is then processed with stable human activi-
ties. Distinguish the natural and stable periods, apply the parameters calibrated during
the natural period to the hydrological simulation during the stable period, and avoid
the phenomenon of “the same effect of different parameters”. In this paper, the sen-15

sitivity analysis and calibration helper module of SWAT2005 are used to calibrate the
parameters during the two periods.

2.3.2 Evaluation criterion

The mean relative error (MRE), the coefficient of determination (R2), and the Nash-
Sutcliffe efficiency (NSE) are used to evaluate the simulated streamflows with the ob-20

served streamflows.
The MRE is computed according to Eq. (20).

MRE=
P mean−Qmean

Qmean
×100% (20)
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where P mean and Qmean are the means of the simulated streamflows and the observed
streamflows, respectively. “MRE values of 0 indicate a perfect fit. Positive values in-
dicate model overestimation bias, and negative values indicate model underestimation
bias (Hao et al., 2006).”
R2 is computed according to Eq. (21).5

R2 =

∑n
i=1

(
Pt−P mean)(Qt−Qmean)√∑n

i=1 (Pt−P mean)2∑n
i=1 (Qt−Qmean)2

(21)

where Pt is the i th simulated value for the streamflows; Qt is the i th observation for the
streamflows; P mean is the mean of the simulated streamflows; Qmean is the mean of the
observed streamflows; and n is the total number of observations. “R2 describes the
portion of the variance in measured data explained by the model. R2 ranges from 0 to10

1, with lower values indicating more error variance, and typically R2 = 1 is considered
the optimal value (Moriasi et al., 2007).”

NSE is computed according to Eq. (22).

NSE=1−
∑n

i=1(Qt−Pt)
2∑n

i=1 (Qt−Qmean)2
(22)

where Qt is the i th observation for the streamflows; Pt is the i th simulated value for15

the streamflows; Qmean is the mean of the observed streamflows; and n is the total
number of observations. The NSE ranges between −∞ and 1.0, with NSE=1.0 as the
optimal value. “Values between 0.0 and 1.0 are generally viewed as acceptable levels
of performance, whereas a value less than 0.0 shows that the mean observed value is
a better predictor than the simulated value, which indicates unacceptable performance”20

(Luo et al., 2008).
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3 Datasets

3.1 Study site

The Fengman Reservoir, which has a storage volume of more than 112×108 m3, is lo-
cated in the Second Songhua River, situated in the southeast of Jilin province in China.
Its basin drains an area of 42 500 km2, occupying 55 % of the total drainage area of the5

Second Songhua River and consisting of approximately 2000 reservoirs and count-
less ponds. Approximate 9335 water storages, each with a water area of more than
4000 m2, could be identified in the basin with the 2002 satellite remote sensing images.
In 1995, due to impoundment and the release of water storages, the unpredictable in-
flows to the Fengman Reservoir were approximate 4×108 m3 during the flood season.10

Therefore, the basin hydrologic water cycle simulation is becoming increasingly diffi-
cult, and the impact rules of impoundment and the release of water storages on runoff
are difficult to obtain. Given that the Fengman Reservoir is a multipurpose reservoir
serving flood control, power generation, and water supply, the Fengman Reservoir op-
eration has become increasingly difficult recently, particularly during the flood season.15

The study area is limited to the upper-middle stream region of the Fengman Reser-
voir above the Wudaogou hydrologic station, referred to as the Fengman Reservoir
Basin in this study. The basin drains an area of 12 411 km2. Its mean annual precipita-
tion is 720 mm, and its mean annual precipitation during the flood season is 510 mm,
accounting for more than 70 % of its mean annual precipitation. The water storages20

within the basin drain an area of 7421.27 km2, accounting for 63.98 % of the basin
drainage area.

Ten rain gauges (Liuhe, Huifacheng, Fumin, Hailong, Sanyuanpu, Xiangyang, Mei-
hekou, Gushanzi, Jiangjiajie, and Yangmulin) and four hydrologic stations (Panshi,
Dongfeng, Yangzishao, and Wudaogou) are within the basin (Fig. 3). The ten rain25

gauges provide daily precipitation data, whereas the four hydrologic stations provide
daily precipitation and streamflow data. The spatial topology of water storages in the in-
dividual sub-basin above the Panshi hydrologic station (Fig. 4) justifies the assumptions
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that small-sized reservoirs of the same class are interconnected in a parallel scheme
and that small-sized reservoirs of different classes are interconnected in a sequential
scheme.

Based on the survey, one large-sized reservoir (class 5), i.e. the Hailong reser-
voir, twelve middle-sized reservoirs (class 4), approximately 500 small-sized reservoirs5

(classes 2 and 3), and countless ponds (class 1) were built from the 1950s to the 1980s
in the Fengman Reservoir Basin. The total storage volume of classes 2–5 is approx-
imately 9.58×108 m3. The storage volume of the Hailong Reservoir is approximately
3.70×108 m3. The total storage volume of classes 2–4 is approximately 5.88×108 m3.
Therefore, the numerous water storages significantly influence the runoff within the10

basin. The drainage area and storage volume of each water storage class within the
basin are shown in Table 1. The small-sized reservoirs (classes 2 and 3) have the
largest drainage area and storage volume, while the numerous ponds (class 1) have
the smallest storage volume. Numerous water storages were built from the 1960s to
the 1990s, and a few water storages were built before 1956 or after 1990. Therefore,15

the pre-1956 and post-1990 periods are treated as natural and stable periods, respec-
tively.

3.2 Data collection

Next, a short description of the data gathered for the Fengman Reservoir Basin is
provided, and the way in which the data were processed for the application of the20

improved SWAT2005 is described.

1. DEM data (raster resolution: 90 m×90 m) were obtained from
http://srtm.csi.cgiar.org.

2. Soil data (scale= 1 : 106) were collected from the Data Center for Resources and
Environmental Sciences Chinese Academy of Sciences (RESDC).25

3. Land use data for the 1980s and 2000s (scale= 1 : 105) were collected from the
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Data Center for Resources and Environmental Sciences Chinese Academy of
Sciences (RESDC). Because several water storages were built before 1956 or
after 1990 in the Fengman Reservoir Basin, basin land use data for the years
before 1956 and after 1990 are also needed. Previous studies show that from
1954 to 1976, the main land use change was the decrease in the area of upstream5

mountains, and the decreased forest area was mainly used for crops and grasses
(Zhang et al., 2006; Kuang et al., 2006). The population of the eastern mountain
area of Jilin Province increased from 1950 to 2000. The population was 219 600
in 1954 and 2.12 times that in 1976. The population in 2000 was 2.62 times
the population in 1956. Therefore, to obtain basin land use data for the years10

before 1956, the basin land use data for the 1980s are modified as follows: (1)
the basin water storage land use is modified to forest, and (2) according to the
basin population distribution, the basin grass and crop land uses in the locations,
where the population in 1980 is dense and the population in 1956 is sparse are
modified to forest.15

4. Digital river network data (scale = 1 : 2.5×105) were obtained from the 1 : 4 M-
scale Topographic Database of the National Fundamental Geographic Information
System of China.

5. Daily precipitation data for 14 stations over a 54 yr period (1953–2006) and daily
streamflow data for 4 stations over a 53 yr period (1954–2006) were obtained from20

the Hydrological Administration of Jilin Province, China. Daily meteorological data
(temperature, solar radiation, weed speed, and relative humidity) for 4 stations
over a 54 yr period (1953–2006) were obtained from the China Meteorological
Data Sharing Service System.

6. All of the individual water storage characteristics were obtained from the Hydro-25

logical Administration of Jilin Province, China. Detailed design and running in-
formation are known for the large- and medium-sized reservoirs (classes 4 and
5). For small-sized reservoirs (classes 2 and 3), only their geographic positions,
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drainage areas, emergency storage volumes, and principal storage volumes are
known at the level of administrative units (municipalities). For ponds (class 1),
only the total drainage area and storage volume are known at the basin level.

7. Water-use data for the 2000s were obtained from the Hydrological Administration
of Jilin Province, China, and were used as a baseline.5

4 Results and discussions

4.1 Results of the water storage classification and the relationship between wa-
ter surface area and principal storage volume for each water storage class

The classifications and relationships between the water surface area and principal stor-
age volume for each water storage class within the basin, obtained with the aforemen-10

tioned method, are given in Table 2.

4.2 Calibration and validation results

The improved SWAT2005 is used to simulate streamflow in the Fengman Reservoir
Basin. Because hydrologic stations within the basin are scarce in the streamflow
data for the 1950s, the Yangzishao and Wudaogou hydrologic stations were chosen15

as calibration stations during the natural periods, and the streamflow data from the
pre-1960 period were used to calibrate the physical parameters. Because the main
human activities, taking place in the upper part of the Panshi and Dongfeng hydro-
logic stations were water storages, the Panshi and Dongfeng hydrologic stations were
chosen as calibration stations during the stable period, and the streamflow data from20

the 1990–1995 period were used to calibrate the human activity parameters, and the
streamflow data from the post-1996 period were used to validate the human activity
parameters. The Yangzishao and Wudaogou hydrologic stations were chosen as the
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improved SWAT2005 validation stations during the stable period, and the streamflow
data from the post-1990 period were used to validate the improved SWAT2005.

To compare the performance between the original and improved SWAT2005, three
scenarios are designed: S0 (considering human activities according to the original
SWAT2005 with the calibrated physical parameters), S1 (considering human activities5

according to the improved SWAT2005 with the calibrated physical and human activity
parameters described aforementioned), and S2 (considering water balance and trans-
port through a network combining both sequential and parallel streams and storage
links and ignoring the human activity parameters).

4.2.1 First-stage calibration results10

Figure 5 shows the observed and simulated monthly streamflows during the physical
parameter calibration period (before 1960) at the Yangzishao and Wudaogou hydro-
logic stations, and the calibrated physical parameters are shown in Table 3.

4.2.2 Second-stage calibration results

Figure 6 shows the observed and simulated monthly streamflows by S0 and S1 dur-15

ing the human activity parameter calibration period (1990–1995) at the Panshi and
Dongfeng hydrologic stations, and the calibrated human activity parameters are shown
in Table 4.

4.2.3 Validation results

Figure 7 shows the observed and simulated monthly streamflows by S0 and S1 over20

the validation periods at the Panshi, Dongfeng, Yangzishao and Wudaogou hydrologic
stations. There is a clear improvement in the simulation at the Panshi and Dongfeng
hydrologic stations, while the simulation at the Yangzishao and Wudaogou hydrologic
stations improved less significantly. Over the validation periods, the mean model per-
formance rises from 0.855 (R2) and 0.665 (NSE) to 0.914 and 0.816 at the Panshi and25
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Dongfeng hydrologic stations, respectively, while the mean model performance rises
from 0.922 (R2) and 0.829 (NSE) to 0.953 and 0.903 at the Yangzishao and Wudao-
gou hydrologic stations, respectively.

From Fig. 7, there are six larger flood processes in the validation periods, which are
in 1996, 1998, 2003, 2004, 2005, and 2006, and the years before 1998 and 2004 are5

drier and wetter, respectively, than average. Therefore, Fig. 8 shows the evaluation
criterion for the flood seasons over the validation periods as well as the observed and
simulated monthly streamflows by S0 and S1 for the 1998 and 2004 flood seasons at
the Panshi, Dongfeng, Yangzishao and Wudaogou hydrologic stations. Figure 8 also
shows that there is a clear improvement in the simulation at the Panshi and Dongfeng10

hydrologic stations, while the simulation at the Yangzishao and Wudaogou hydrologic
stations improved less significantly for the flood seasons over the validation periods.
For the flood seasons over the validation periods, the mean model performance rises
from 0.842 (R2) and 0.638 (NSE) to 0.916 and 0.826 at the Panshi and Dongfeng
hydrologic stations, respectively, while the mean model performance rises from 0.92115

(R2) and 0.812 (NSE) to 0.956 and 0.909 at the Yangzishao and Wudaogou hydrologic
stations, respectively.

Figure 9 compares the evaluation criterions of S0, S1, and S2 for the flood seasons
over the validation periods at the Panshi and Dongfeng hydrologic stations. For the
flood seasons over the validation periods, the mean model performance rises from20

0.842 (R2) and 0.638 (NSE) by S0 to 0.885 and 0.774 by S2 at the Panshi and
Dongfeng hydrologic stations, respectively, and the R2 and NSE in S2 are improved
by 58.122 % and 72.208 %, respectively, compared to those in S1.

Figure 10 shows the water balance and transport through a network combining both
sequential and parallel streams and storage links above the Panshi hydrologic station25

over the validation periods. The results indicated that approximately 9.0 % of the an-
nual total inflows to small-sized reservoirs (class 2) were derived from ponds (class
1), and approximately 9.2 % and 7.7 % of the annual total inflows to small-sized reser-
voirs (class 3) were derived from ponds (class 1) and small-sized reservoirs (class 2),
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respectively. The results indicated that the annual water supplies from ponds (class 1),
small-sized reservoirs (class 2) and small-sized reservoirs (class 3) are 9.79×106 m3,
6.62×106 m3, and 9.39×106 m3, respectively.

4.3 Discussions

The results indicate that the simulation precision is improved at all four hydrologic sta-5

tions in the improved SWAT2005 relative to the original SWAT2005. There is a clear im-
provement in the simulation of the Panshi and Dongfeng hydrologic stations, while the
simulation of the Yangzishao and Wudaogou hydrologic stations improved less signifi-
cantly over the validation periods. There is a clear improvement in the simulation of the
Panshi and Dongfeng hydrologic stations, while the simulation of the Yangzishao and10

Wudaogou hydrologic stations improved less significantly for the flood seasons over the
validation periods. The Panshi and Dongfeng hydrologic stations are located in the up-
per stream region of the Fengman Reservoir Basin, and water storages are the main
human activities within their drainages. The Yangzishao and Wudaogou hydrologic
stations are located in the lower stream region of the Fengman Reservoir Basin, and15

multiple human activities influence the hydrologic cycle within their drainages. There-
fore, the simulation precision improved more at the Panshi and Dongfeng hydrologic
stations. The improvements over the validation periods are mostly due to the improve-
ments in the flood seasons over the validation periods, and the improvements in the
flood seasons over the validation periods are mainly due to the consideration of the20

water balance and transport through a network combining both sequential and parallel
streams and storage links.

The two-stage parameter calibration strategy and the three scenarios are used to
compare the performances of the original and improved SWAT2005 in the regions with
numerous small- and middle-sized water storages. The results indicate that using the25

improved SWAT2005, water balance and transport through a network combining both
sequential and parallel streams and storage links reflects the basin charateristics rea-
sonably well and significantly improves the precision of the simulation, especially in the
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flood seasons. Through calibrating the physical and human activity parameters, the
observed flows and simulated flows correspond well.

5 Conclusions

It becomes increasingly difficult to hydrologically simulate a catchment with a large
number of water storages. In this paper, an improved version of SWAT2005 was devel-5

oped to consider water storages with all of the available information in the basin hydro-
logical simulation. The main characteristics of this model are summarised as follows:
(1) a realistic representation of the relationships between the water surface area and
volume of each type of water storages, ranging from small-sized ponds for water flow
regulation to large- and medium-sized reservoirs for water supply and hydropower gen-10

eration, (2) water balance and transport through a network combining both sequential
and parallel streams and storage links, and (3) calibrations for the physical parameters
and then the human interference parameters.

The two-stage parameter calibration strategy and the three scenarios are used to
compare the performance between the original and improved SWAT2005 in the regions15

with numerous small- and medium-sized water storages. Compared to the original
SWAT2005, the precision of the simulation during the stable period is improved at
each hydrologic station in the improved SWAT2005. The results indicate that using
the improved SWAT2005, water balance and transport through a network combining
both sequential and parallel streams and storage links reflects the basin charateristics20

reasonably well and significantly improves the precision of the simulation, especially
in the flood seasons. Through calibrating the physical and human activity parameters,
the observed flows and simulated flows correspond well.

Therefore, compared to the original SWAT2005, the small- and medium-sized water
storages are accurately modelled in the improved SWAT2005, which can be used in25

other basins or regions similar to the Fengman Reservoir Basin, particularly in the
northeast of China, where there is a large number of water storages.
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Table 1. Classification of water storages and the total drainage area and storage volume of
each class in the Fengman Reservoir Basin.

Class 1 2 3 4 5 Total

Storage capacity (106 m3) <0.1 0.1–1.0 1.0–10.0 10.0–50.0 >50.0
Total drainage area (km2) 2252 1989 1902 730 548 7421
Total storage volume (106 m3) 54.62 152.63 255.07 179.82 316.00 958.14
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Table 2. Classification of water storages and correlations between the water surface area (A;
m2) and principal storage volume (V ; 104 m3) of each water storage class within the basin.

Classification indexes

Drainage area (km2)/principal Principal storage Correlation coefficient
Slope (%) storage volume(104 m3) volume (104 m3) between A and V

≥0.14 ≥10 0.80
0–15 0–10

<0.14 ≥10 0.74

≥0.1 ≤17 0.90
17–77 0.63

>15 ≥77 0.73
<0.1 <77 0.63

≥77 0.73
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Table 3. Calibrated physical parameters.

Parameter name Original value Calibrated value

Alpha Bf 0.048 0.200
ESCO 0.95 0.98
Gw Delay 31 15
SFTMP 1.00 0.73
SMTMP 0.500 4.441
SMFMX 4.500 3.136
TIMP 1.000 0.048

2.8 (crop)
CANMX 4.8 (forest)

4.1 (grass)
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Table 4. Calibrated human activity parameter values, including the principal storage volume
adjustment parameters and the fraction parameters for different water sources.

Calibrated principal storage volume adjustment parameter values

Parameter βfld,beg βfld,mid βfld,end βnonflod
Calibrated value 0.9 1.0 1.1 1.0

Calibrated fraction parameter values for different water sources

Parameter αpnd,maysep αrch,maysep αgw,maysep
Calibrated value 0.587 0.391 0.022
Parameter αpnd,octapr αrch,octapr αgw,octapr
Calibrated value 0.0 0.0 1.0
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Fig. 1 Framework for the improved SWAT2005. 

 

 

 

 

 

 

 
 
 
 
 
 
 

Water balance and transport through a network combining both sequential and parallel stream and storage links 

Relationships between Water Surface Area and Volume of Water Storages 

Seepage 
Computation

Evaporation 
Computation 

Precipitation 
Computation 

 
 
 
 
 
 

Minor Large and 
Middle-sized Reservoirs 

(Classes 4-5) Are Simulated 
by Reservoir Module

 

 

 

 
 

Large Number of Small Reservoirs and Ponds (Classes 1-3) 
Are Simulated by Modified Pond Module 

Pond Module in 
SWAT

Simplification, Spatial 
Distribution, Inflow, and 

Outflow for Smaller 
Reservoirs and Ponds 

(Classes 1-3) 

Reservoir Module 
in SWAT 

Water Use Module 
in SWAT

Two-stage Parameter 
Calibration Strategy

Fig. 1. Framework for the improved SWAT2005.
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Fig. 2 Sequential and parallel routing scheme for water storages in the improved 

SWAT2005. 
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Fig. 2. Sequential and parallel routing scheme for water storages in the improved SWAT2005.
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Fig. 3 The Fengman Reservoir Basin Fig. 3. The Fengman Reservoir Basin.
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Fig. 4 Spatial topology of the water storages in the Panshi sub-basin Fig. 4. Spatial topology of the water storages in the Panshi sub-basin.
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Fig. 5 Observed and simulated monthly streamflows during the physical parameter 

calibration period (before 1960) at two discharge gauges: (a) Yangzishao and (b) 

Wudaogou, where 

R2 is the coefficient of determination; NSE is the Nash-Sutcliffe efficiency; and MRE 

(%) refers to the mean relative error. 

 

Fig. 5. Observed and simulated monthly streamflows during the physical parameter calibration
period (before 1960) at two discharge gauges: (a) Yangzishao and (b) Wudaogou, where R2

is the coefficient of determination; NSE is the Nash-Sutcliffe efficiency; and MRE (%) refers to
the mean relative error.
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Fig. 6 Observed and simulated monthly streamflows during human activity parameter 

calibration period (1990-1995) at two discharge gauges: (a) Panshi and (b) Dongfeng. 

S0 refers to the consideration of human activities by the original SWAT2005 with 

calibrated physical parameters, while S1 refers to the consideration of human 

activities by the improved SWAT2005 with the calibrated physical and human activity 

parameters described above. 

Fig. 6. Observed and simulated monthly streamflows during human activity parameter calibra-
tion period (1990–1995) at two discharge gauges: (a) Panshi and (b) Dongfeng. S0 refers to
the consideration of human activities by the original SWAT2005 with calibrated physical param-
eters, while S1 refers to the consideration of human activities by the improved SWAT2005 with
the calibrated physical and human activity parameters described above.
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Fig. 7. Observed and simulated monthly streamflows over the validation periods at all four
discharge gauges: (a) Panshi (1996–2006), (b) Dongfeng (1996–2006), (c) Yangzishao (1990–
2006) and (d) Wudaogou (1990–2006).
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Fig. 7 Observed and simulated monthly streamflows over the validation periods at all 

four discharge gauges: (a) Panshi (1996-2006), (b) Dongfeng (1996-2006), (c) 

Yangzishao (1990-2006) and (d) Wudaogou (1990-2006). 

 

Fig. 7. Contined.
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Fig. 8 Observed and simulated monthly streamflows for the 1998 and 2004 flood 

seasons at all four discharge gauges: (a) Panshi, (b) Dongfeng, (c) Yangzishao and (d) 

Wudaogou, where 

the evaluation criteria (R2, NSE, and MRE) within each sub-figure refer to all of the 

flood seasons over the validation periods. 

 

Fig. 8. Observed and simulated monthly streamflows for the 1998 and 2004 flood seasons
at all four discharge gauges: (a) Panshi, (b) Dongfeng, (c) Yangzishao and (d) Wudaogou,
where the evaluation criteria (R2, NSE, and MRE) within each sub-figure refer to all of the flood
seasons over the validation periods.
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Fig. 9 Comparisons of the evaluation criterions for the flood seasons over the 

validation periods: (a) R2, (b) NSE and (c) MRE. In S2, considering the water balance 

and transport through a network combining both sequential and parallel streams and 

storage links while ignoring the human activity parameters. 

Fig. 9. Comparisons of the evaluation criterions for the flood seasons over the validation peri-
ods: (a) R2, (b) NSE and (c) MRE. In S2, considering the water balance and transport through
a network combining both sequential and parallel streams and storage links while ignoring the
human activity parameters.
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Fig. 10 Water balance and transport through a network combining both sequential and 
parallel streams and storage links above Panshi hydrologic station over the validation 
periods: (a) Inflow, (b) Outflow and (c) Water Use. 

 51

0.0E+00

5.0E+06

1.0E+07

1.5E+07

2.0E+07

2.5E+07

3.0E+07

3.5E+07

4.0E+07

Ponds (Class 1) Small reservoirs 
(Class 2)

Small reservoirs 
(Class 3)

V
ol

um
e 

/ (
m

3 )

additional inflows from 
small reservoirs (Class 2)

additional inflows from 
ponds (Class 1)

direct inflows

 

0.0E+00

5.0E+06

1.0E+07

1.5E+07

Ponds (Class 1) Small reservoirs (Class 2)

V
ol

um
e 

/ (
m

3 )

outflows that flow into 
small reservois (Class 2)

outflows that flow into 
small reservois (Class 3)

others

 

0.0E+00

5.0E+06

1.0E+07

1.5E+07

Ponds (Class 1) Small reservoirs 
(Class 2)

Small reservoirs 
(Class 3)

V
ol

um
e

/ (
m

3 )

water use

 
Fig. 10 Water balance and transport through a network combining both sequential and 
parallel streams and storage links above Panshi hydrologic station over the validation 
periods: (a) Inflow, (b) Outflow and (c) Water Use. 

 51

0.0E+00

5.0E+06

1.0E+07

1.5E+07

2.0E+07

2.5E+07

3.0E+07

3.5E+07

4.0E+07

Ponds (Class 1) Small reservoirs 
(Class 2)

Small reservoirs 
(Class 3)

V
ol

um
e 

/ (
m

3 )

additional inflows from 
small reservoirs (Class 2)

additional inflows from 
ponds (Class 1)

direct inflows

 

0.0E+00

5.0E+06

1.0E+07

1.5E+07

Ponds (Class 1) Small reservoirs (Class 2)

V
ol

um
e 

/ (
m

3 )

outflows that flow into 
small reservois (Class 2)

outflows that flow into 
small reservois (Class 3)

others

 

0.0E+00

5.0E+06

1.0E+07

1.5E+07

Ponds (Class 1) Small reservoirs 
(Class 2)

Small reservoirs 
(Class 3)

V
ol

um
e

/ (
m

3 )

water use

 
Fig. 10 Water balance and transport through a network combining both sequential and 
parallel streams and storage links above Panshi hydrologic station over the validation 
periods: (a) Inflow, (b) Outflow and (c) Water Use. 

Fig. 10. Water balance and transport through a network combining both sequential and par-
allel streams and storage links above Panshi hydrologic station over the validation periods:
(a) inflow, (b) outflow and (c) water use.
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