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There exist two types of direct runoff generation mechanisms in semihumid watersheds: saturation-excess mechanism and
infiltration-excess mechanism. It has always been a difficult problem for event hydrological simulation to distinguish the two types
of runoff processes. Based on the concept of dominant runoff processes, combinedwithGIS and RS techniques, this paper proposed
an event-based spatial combination modeling framework and built two spatial combination models (SCMs) accordingly. The CN
parameter and topographic index, both of which are widely used in hydrological researches, are adopted by the SCM to divide the
entire watershed into infiltration-excess dominated (IED) areas and saturation-excess dominated (SED) areas. Dongwan watershed
was taken as an example to test the performances of infiltration-excess model, saturation-excess model, and SCM, respectively.The
results of parameter optimization showed that the parameter values and state variables of SCMaremuchmore realistic than those of
infiltration-excess model and saturation-excess model. The more accurate the divisions of infiltration-excess and saturation-excess
dominated areas, the more realistic the SCM parameter values. The simulation results showed that the performance of SCM was
improved in both calibration and validation periods. The framework is useful for flood forecasting in semihumid watersheds.

1. Introduction

Floods are one of themost commonnatural hazards through-
out the world. Therefore, as a crucial flood protection tool,
flood simulation model has received increasing attention.
In order to increase the model’s predictive power, model
realism is always considered as an important topic in the
model development process [1–4]. As early as 1970, Nash
and Sutcliffe stated that if it was hoped to use the model
for watersheds without records, it was essential to obtain
some guide to the realism of model parts and the accuracy
of parameter values [5].

The physically based hydrological model is a powerful
tool to reflect the physical reality of watershed hydrological
response. However, it needs highly detailed and abundant
data (e.g., high-resolution land use data, soil data, and
groundwater data) to represent the hydrophysical processes.
Such data are usually unavailable or difficult to obtain. In

addition, due to the use of bottom-up approach, the physi-
cally based hydrological model is more applicable for small
watersheds, which cannot meet the requirements of flood
forecasting.

The conceptual hydrological model is more suitable for
flood forecasting. The difficulty is that how to increase the
realism and the predictive power of a conceptual model. The
flexible model framework proposed recently is a useful way
to configure a realistic conceptual model structure for a given
watershed [6–8].

Traditionally, conceptualmodel cannot represent the het-
erogeneity and complexity of hydrological processes within
a watershed. To solve this problem, Savenije proposed the
spatially distributed conceptual structure using the flexible
approach [9]. He believed that, among landscape factors,
terrain factor is the most critical factor affecting runoff
generation and routing, followed by vegetation factor and
soil factor. He took a typical western European watershed as
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an example to elaborate his methodology.The watershed was
divided into three parts: wetlands, hillslopes, and plateaus.
Wetlands close to the rivers are dominated by saturation-
excess runoff, hillslopes which are usually forested are domi-
nated by lateral runoff, and plateaus are dominated by deep
percolation, sometimes accompanied by infiltration-excess
runoff. Gao et al. applied this methodology to the watershed
of the upperHeihe River inChina and found that the hillslope
should be further subdivided into grassland and woodland
[4]. For more researches, the reader is referred to [10–12].

Such frameworks are suitable for continuous simulation
rather than event simulation. In the continuous simulation,
evapotranspiration, and subsurface flow are important com-
ponents, whereas in the event simulation, they can be ignored
to some extent. Therefore, frameworks for continuous and
event hydrological simulation should largely differ.

This study aims to develop a spatially distributed con-
ceptual structure for flood event simulation. As is generally
known, at the point scale, runoff generation can be repre-
sented exactly by differential equations [13]. However, at the
watershed scale for flood simulation, the differential equa-
tions should be simplified into two runoff generation mech-
anisms: saturation-excess mechanism [14] and infiltration-
excess mechanism [15]. Saturation-excess runoff is dominant
in humid areas and infiltration-excess runoff is dominant in
arid and semiarid areas [16–19]. Nevertheless, in semihumid
areas, there is no dominant runoff generation mechanism. In
other words, saturation-excess and infiltration-excess runoff
may exist simultaneously during a storm, which can be called
mixed runoff generation.

Currently, conceptual saturation-excess runoff model is
maturely developed and widely used. Flood forecasting using
this type of model can meet the accuracy requirements in
humid areas in China. On the contrary, great difficulties have
hindered accurate forecasts of infiltration-excess runoff in
arid and semiarid areas, which are mainly due to the lack
of high-resolution observational data. Despite the problem
of data shortage, the understanding of the processes of
infiltration-excess runoff generation is still clear. However,
in semihumid areas, there is no clear understanding of the
mixed runoff generation, and the main difficulty is how to
identify the saturation-excess and infiltration-excess runoff
that coexist within a watershed.

The current popularmixed runoffmodels are constructed
in the light of the vertical combination of saturation-excess
module and infiltration-excess module, such as Sacramento
model [20]. These mixed runoff models partly avoid the
defects of single runoff models and are able to improve
the forecast accuracies of flood events. However, their
performances overly depend on parameter calibration and
optimization. Consequently, the problem of identification of
saturation-excess runoff and infiltration-excess runoff is not
solved and the model realism is limited.

To some extent, the spatial distribution of infiltration-
excess and saturation-excess runoff is regular. For example,
Burns et al. found that the runoff from the outcrop, which
occupied about one-third of the catchment area, was most
likely as infiltration-excess runoff and contributed more
than half of the peak streamflow [21]. Buda et al. found

that, in upslope positions without a fragipan, runoff was
generated primarily via the infiltration-excess mechanism
(96% of events) [22]. As a preliminary study, based on
the concept of dominant hydrological processes, we tried
to divide the watershed into saturation-excess dominated
(SED) areas and infiltration-excess dominated (IED) areas for
event simulation and then validate whether this division can
increase model realism and improve simulation accuracy.

Based on the landscape factors, a parallel-featured spatial
combination modeling framework is proposed for event
hydrological simulation in this paper. In this framework, the
runoff curve number (simply called CN) [23] is employed to
delineate the IED areas, and the topographic index (simply
called TI) [24] is employed to delineate the SED areas. The
spatial combination model (SCM) is built accordingly, in
which the saturation-excess module and infiltration-excess
module are used in SED and IED areas, respectively.The total
runoff is the sum of infiltration-excess and saturation-excess
runoff.

2. Study Area and Data

2.1. Study Area. Dongwan watershed is located in the source
area of Yihe River Basin in Henan Province, China (Figure 1).
The annual precipitation in Yihe River Basin ranges from
500mm to 1100mm and tends to increase as elevation
increases. The mountainous areas are rainy and the valleys
as well as the adjacent hilly areas are relatively dry. The
distribution of precipitation during the year is uneven. The
precipitation from July to September accounts for more than
50% of a whole year. The maximum annual precipitation is
about 2 times larger than the least.

Dongwan watershed is located between longitude 111∘∼
112∘E and latitude 33.5∘∼34.5∘N, covering a drainage area of
2856 km2, belonging to a continental monsoon climate. The
west of the watershed is high and the east is relatively low.
The upstream area is mainly covered by forest. The storm is
themajor cause of the watershed flood which is characterized
by sharp hydrograph, high peak, and short duration and is a
great threat to the downstream area.

Dongwan watershed is a semihumid watershed. Accord-
ing to the magnitude of annual precipitation, the shape of
flood hydrographs, the extent of vegetation coverage, and
other factors, it is apparent that both saturation-excess and
infiltration-excess mechanisms play an important role in the
processes of direct runoff generation and routing.

2.2. Data. The digital elevation data are obtained from the
second version of ASTER GDEM data released by NASA, at
a 30m spatial resolution. The soil data is obtained from the
1 : 1,000,000 scale vector-based soil map data provided by the
Institute of Soil Science, Chinese Academy of Science, which
contains the information of sand content (particle diameter
> 0.05mm, according to US Soil Taxonomy), silt content
(diameter between 0.05mm and 0.002mm), clay content
(diameter< 0.002mm), saturated hydraulic conductivity, and
so forth, for 0–20 cm depth and 20–100 cm depth, respec-
tively. The vegetation data are obtained from the landsat 8
imagery data provided by USGS, path/row numbers 125/36.
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Figure 1: Location, topography, and river networks of Dongwan watershed.

Hydrological data include precipitation, streamflow, and
pan-evaporation data, provided by the Yellow River Conser-
vancy Commission (YRCC). There are 8 rain-gauge stations
in Dongwan watershed and one hydrological station at the
outlet of the watershed. Daily hydrological data are available
from 1960 to 2011, except for 1969. Subdaily data are only
available during flood events in the years of 1961–1968, 1973,
1975, 1977, 1981–1985, 1994–1996, 1998, and 2000–2011. Due to
the effects of human activities, the flood characteristics in the
post-1980 period are significantly different from those in the
pre-1980 period.

The subdaily data were interpolated into hourly data.
Only the subdaily data after 1994 were precise and complete
enough. The subdaily data in the pre-1994 period were
confusing and difficult to collect, especially in the pre-1980
period. As a result, the pre-1980 flood data were not used for
calibration or validation. Flood events in the period of 1994
to 2001 were selected for calibration and those in the period
of 1981 to 1985 were selected for validation.

Flood events in the calibration period were selected using
the annual maximum method; thus, there were 16 flood

events except 1997 and 1999 as no flood records in the two
years. In the validation period, in order to choose more flood
events, 7 flood events were selected using themethod of Peaks
over Threshold.

3. Modeling Approach

3.1. Saturation-Excess Model. Xinanjiang (XAJ) model, the
most popular conceptual rainfall-runoff model in China, is
a powerful tool not only for flood simulation and operational
forecasting but also for hydrology research such as flood fore-
casts in ungauged basins [25] and impacts of rain gauge den-
sities on runoff simulation [26].Themainmerit of XAJmodel
is that it can account for the uneven spatial distribution of soil
moisture storage capacity represented by a parabolic curve.

The tension water storage capacity at a point 𝑊, vary-
ing from zero to the watershed maximum value 𝑊

𝑀𝑀
, is

described by a nonlinear functional relationship (Figure 2),
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Figure 2: The spatial distribution of tension water capacity repre-
sented in XAJ model. 𝑊 is the tension water capacity at a certain
point, 𝑊

𝑀𝑀

is the maximum value of 𝑊 within a watershed, 𝑓/𝐹
is the portion of the watershed area having tension water capacity
smaller than𝑊, 𝐴 is the value of the vertical axis corresponding to
𝑓/𝐹, 𝑃 is the precipitation, 𝑅 is the runoff,𝑊

0

is the antecedent soil
moisture content prior to an event, and Δ𝑊 is the change in the soil
moisture content.

where 𝑓 is the partial pervious area of the watershed whose
tension water storage capacity is less than or equal to 𝑊, 𝐹
is the total pervious area of the watershed, and 𝑏 is the shape
parameter of the parabolic curve.

According to Figure 2, the initial soil moisture content𝑊
0

can be acquired by integral calculation:
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According to (2), the following equation can be expressed
as follows:
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In XAJ model, runoff occurs only at the points where the
tension water capacities are filled with precipitation. Hence,
the formula of total runoff can be derived:
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If 𝑃
𝐸
+ 𝐴 ≥ 𝑊
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, then the runoff formula is
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The schematic diagram and more details about XAJ
model can be found in [27, 28].

3.2. Infiltration-Excess Model

3.2.1. Infiltration Curve. The runoff generation module of
Hebei model [29], which is locally used in the Hebei
Province of China for flood forecasting, is adopted to build
the infiltration-excess model using the modified Horton
equation,

𝑓 = 𝑓

𝑐
+ 𝑓

0
𝑒

−𝑢𝑚

. (7)

In the above equation 𝑓 is the infiltration capacity, 𝑓
𝑐
is the

steady-state infiltration capacity, 𝑓
0
is the initial infiltration

capacity, 𝑢 is an infiltration coefficient, and 𝑚 is the surface
soil moisture content calculated by the following equation:

𝑚 = 𝐹

𝑠
+ 𝑘

𝑖𝑚
𝑃

𝑎
, (8)

where 𝑘
𝑖𝑚

is a coefficient representing the ratio of surface
soil thickness to the vadose zone thickness, ranging from 0
to 1, 𝑃

𝑎
is the antecedent soil moisture content, and 𝐹

𝑠
is the

cumulative infiltration amount during a flood event.

3.2.2. Spatial Distribution Curve of Infiltration Capacity. The
spatial infiltration capacity distribution curve is analogous
to the spatial storage capacity distribution curve applied in
XAJ model, which indicates the spatial variation in point
infiltration capacity over the watershed. Similar upscaled
expression for areal average infiltration capacity can be seen
in [30]. Surface runoff is generated at the point where the
precipitation rate exceeds the infiltration capacity (Figure 3):
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In formula (9)𝐹
𝐴
(𝑡) is the partial area of the watershed whose

infiltration capacity is less than or equal to 𝑓



(𝑡) which is
equivalent to the rainfall intensity 𝑖(𝑡) in the time interval 𝑡,
𝑓

𝑚𝑚
is the maximum point infiltration capacity, 𝐹 is the total

area of the watershed, and 𝑛 is the shape parameter of the
spatial distribution curve.

The initial areal average infiltration capacity 𝑓
0
(𝑡) corre-

sponding to the rainfall intensity 𝑖(𝑡) can be calculated as

𝑓

0
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3.2.3. Runoff Generation and Routing. Integrating (7) with
(11), the surface infiltration capacity in the time interval 𝑡 can
be calculated as

𝑓 (𝑡) = (𝑖 (𝑡) −
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1+𝑛
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+ 𝑓
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. (12)
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Figure 3:The spatial distribution of infiltration capacity represented
in infiltration-excess model. 𝑓 is the infiltration capacity at a certain
point, 𝑓

𝑚𝑚

is the maximum value of 𝑓 within a watershed, 𝛼 is the
portion of thewatershed area having the infiltration capacity smaller
than 𝑓, 𝑖 is the rainfall intensity, and 𝑓 is the average infiltration rate
corresponding to 𝑖.

The surface runoff in the time interval 𝑡 is calculated as

𝑅

𝑠
(𝑡) = 𝑃 (𝑡) − 𝐹 (𝑡) , (13)

where 𝑃(𝑡) is the precipitation amount in the time interval 𝑡
and 𝐹(𝑡) is the infiltration amount in the time interval 𝑡.

The calculation of subsurface runoff generation in
infiltration-excess model is similar to the runoff generation
calculation in XAJ model, using (5) and (6).

The method of runoff routing calculation in infiltration-
excess model is the same as that in XAJ model.

3.3. Spatial Combination Modeling Framework

3.3.1. Subwatershed Divisions. Digital elevation data are
mainly used to outline the watershed boundary, extract the
river network, and divide the watershed into subwatersheds.

Runoff mechanisms are determined by the combined
effects of landscape factors and meteorological factors. Mete-
orological factors are closely related to terrain factors [31, 32];
for example, elevation and aspect factors have a strong impact
on rainfall factors.

Landscape factors include terrain factors, vegetation
factors, soil factors, and geological factors. The first three
factors have a strong control on the surface runoff generation.
Although the spatial distribution of landscape factors in a
watershed is extremely complex, the distributed modeling
needs to consider the spatial heterogeneity of these factors.
When the entire watershed is divided into several or more
subwatersheds, factors in subwatersheds are relatively simple
and single; therefore, it is easier to judge runoff mechanisms
in subwatersheds.

In this study, Dongwan watershed is divided into 52
subwatersheds using the ARC Hydro data model, which is
developed andmaintained by ESRI.The largest subwatershed
covers an area of 134 km2, while the smallest subwatershed

covers only 10 km2. The rainfall data for each subwatershed is
obtained from the rain-gauge station which is nearest to the
subwatershed centroid.

3.3.2. Topographic Index Calculation. Beven and Kirkby first
proposed the concept of topographic index in 1979 and
defined it as ln(𝛼/ tan𝛽), where 𝛼 is the local upslope area
draining through a certain point per unit contour length and
tan𝛽 is the local slope [24]. Beven thought that the water flow
was mainly controlled by terrain; thus, topographic index
can reflect the long-term soil moisture condition of every
point in a watershed. Generally, topographic index is larger
in valleys, riversides, and so forth, where the soil is moist
and is liable to be saturated during storms. On the contrary,
it is relatively smaller in peaks, ridges, and so forth, where
the soil is relatively dry and is difficult to be saturated during
storms. In hydrological modeling, topographic index is often
used as a physically meaningful indicator, which can be
used to quantitatively evaluate the effect of terrain factors on
saturation-excess runoff generation and estimate the specific
locations of saturation-excess overland flow.

In this study, topographic index is calculated by the Tool
Chain function in SAGA GIS of version 2.1.4, using the
default multiple flow direction algorithm. SAGA GIS is a
free and open source GIS software which can be downloaded
fromhttp://sourceforge.net/projects/saga-gis/.Then the areal
average topographic index for each subwatershed can be
calculated by the Zonal tool in ArcGIS 10.1 (Figure 4).

3.3.3. CNEstimation. Before estimating theCNvalue, remote
sensing data and soil data should be processed first.

In order to take into account the effect of vegetation
on runoff generation, land use information was extracted
from Landsat 8 images and was classified into five classes:
arable land, forest, building land, water area, and unused land
(bare rock and bare soil). Forest area accounts for the largest
percent of total watershed area, reaching 82.16%, followed
by unused land area, constituting 10.42%. The area of the
remaining land use types only accounts for 7.42%.

Runoff generation processes are also affected by soil types.
The US Natural Resources Conservation Service has ever
proposed a soil classification method from the perspective
of rainfall-runoff relationship. According to the hydrological
properties and runoff potential, soils can be classified into
four groups, A, B, C, and D, as shown in Table 1 and Figure 5.

SCS-CN model assumes that “the ratio of actual runoff
to the maximum potential runoff is equal to the ratio of
the actual infiltration amount to the maximum possible
infiltration amount,” which can be employed to calculate the
direct runoff generated during a storm.Themodel is popular
in the world as it is simple and easy to use [23].

CN is the only parameter of the model, which is a dimen-
sionless number and can represent the degree of infiltration
loss. It can be determined by soil type, land use type, surface
morphology, and antecedent soil moisture content without
calibration. Since surface morphology can be represented by
topographic index, CN is only related to soil type and land
use type in this study, determined using Table 2.
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Table 1: Hydrological soil groups.

Hydrologic
soil group

Saturated hydraulic
conductivity mm/h Runoff generation characteristics Soil types

A >110 Soils have low runoff potential and high infiltration
rates even when thoroughly wetted Mainly sand, loamy sand, and sandy loam

B 14∼110 Soils have moderate infiltration rates when thoroughly
wetted Mainly silty sand and loam

C 1.4∼14 Soils have low infiltration rates when thoroughly wetted Mainly sandy clay loam

D <1.4 Soils have high runoff potential and very low
infiltration rates even when thoroughly wetted

Mainly clay loam, silty clay loam, sandy
clay, silty clay, and clay

Land use

0 10 20 30 405
(km)

Arable land
Forest
Unused land

Water body
Building land

N

Figure 4: Land use map for Dongwan watershed.

Table 2: CN values.

Land use type A B C D
Arable land 67 78 85 89
Forest 25 55 70 77
Water body 100 100 100 100
Building land 51 68 79 84
Unused land 72 82 88 90

Now CN is a static index, reflecting the infiltration
capacity of land surface under normal humidity conditions
and representing the potential of infiltration-excess runoff.
A large CN value shows a small infiltration capacity of land
surface, where infiltration-excess runoff is likely to occur.
Similarly, a small CN value indicates a large infiltration
capacity, where infiltration-excess runoff is unlikely to occur.

The areal CNvalue for each subwatershed can be obtained
by the Zonal tool in ArcGIS 10.1.

Soil group
A
B
D

0 10 20 30 40

N

5
(km)

Figure 5: Hydrological soil group map for Dongwan watershed.

3.3.4. Model Construction. Dongwan watershed is divided
into SED subwatersheds and IED subwatersheds based on the
concept of dominant hydrological processes [33]. The actual
runoff processes are extremely complex, and the saturation-
excess runoff and infiltration-excess runoff in a watershed
are spatially and temporally dynamic. Currently, hydrologists
are not able to make a complete simulation of such complex
runoff processes and only able to capture the essential runoff
features, that is, dominant hydrological processes. For exam-
ple, in a SED subwatershed which is characterized by lush
vegetation, porous soil, and flat terrain, the saturation-excess
runoff is likely to occur but not necessarily to occur. Although
this subwatershed may be dominated by infiltration-excess
runoff during few flood events, it is dominated by saturation-
excess runoff during most flood events, especially medium
and large flood events.

Compared with complete simulation of runoff processes,
simulation of dominant hydrological processes is more
important and reliable, because it needs less data and compu-
tational power and can avoid some difficult problems such as
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overparameterization which are currently hard to deal with.
Twomethods are used in this paper to divide the study water-
shed into SED subwatersheds and IED subwatersheds: one is
CN divisionmethod and the other is CN-TI divisionmethod.
CN division method sorts the subwatersheds according to
their areal CN values using the Natural Break function in
ArcGIS 10.1. Subwatersheds with smaller areal CN value are
considered as SED subwatersheds, and the other are IED
subwatersheds. The model based on this method is named
SCM I. CN-TI division method is the improved CN division
method. Based on the result of the CN division method,
the IED subwatersheds with larger topographic index are
changed as SED subwatersheds. The constructed model is
named SCM II accordingly.

XAJ model is employed in SED subwatersheds for runoff
calculation and infiltration-excess model is implemented in
IED subwatersheds.

The linear reservoir method is used to simulate runoff
concentration in the river network of each subwatershed and
segmented Muskingum formula is used to simulate runoff
routing from the subwatershed outlet to the watershed outlet,
which is the same as that used in XAJ model.

3.4.Model Calibration andEvaluation. Whenusing the single
runoff model (XAJ model and infiltration-excess model),
Dongwan watershed was divided into 8 subwatersheds
through Thiessen polygon method. When using SCM I and
SCM II, the watershed was divided into 52 subwatersheds
as mentioned above. To lighten the computational bur-
den and reduce the parameter uncertainty, only sensitive
parameters were automatically calibrated by the SCE-UA
global optimization algorithm [34, 35]. Because flood runoff
mainly includes surface runoff and rapid interflow, themodel
parameters associated with these runoff components can
be identified as sensitive parameters. In saturation-excess
module, the identified sensitive parameters are 𝑆

𝑀
and 𝐶

𝐼
;

and in infiltration-excess module, they are 𝑘
𝑖𝑚
, 𝑓
𝑐
, 𝑢, and

𝑓

𝑚𝑚
. In addition, 𝐶

𝑆
is also very sensitive, which represent

the effect of the river network on runoff processes.
Daily version of XAJ model was used to initialize the

event model, calculating the soil moisture condition prior to
each flood event. The period of 1994 to 2001 was selected as
calibration period and the period of 1981 to 1985 was selected
as validation period. The application of XAJ model can be
seen in detail in [27, 28].

The performance of the model is evaluated using the
following criteria on a relative basis.

The relative error of runoff depth:

Δ𝑅

𝑇
(%) =

𝑅CD − 𝑅OD
𝑅OD

× 100%. (14)

The relative error of peak flow:

Δ𝑄

𝑝
(%) =

𝑄CP − 𝑄OP
𝑄OP

× 100%, (15)

where 𝑅CD and 𝑄CP refer to the simulated runoff depth and
peak flow, 𝑅OD and 𝑄OP refer to the observed runoff depth
and peak flow.

Referring to the national criteria for flood forecasting in
China, (14) is transformed into a binary function [36, 37],

𝑄

𝑢V =
{

{

{

1, Δ𝑅

𝑇
≤ 20%,

0, Δ𝑅

𝑇
> 20%,

(16)

where 𝑄
𝑢V indicates whether the runoff depth simulation is

qualified. 1 means qualified and 0 means unqualified.
Likewise,

𝑄

𝑢𝑝
=

{

{

{

1, Δ𝑄

𝑝
≤ 20%,

0, Δ𝑄

𝑝
> 20%,

(17)

where 𝑄

𝑢𝑝
indicates whether the peak flow simulation is

qualified.
Thus, the qualified rates of peak flow simulation 𝑅

𝑝
and

runoff depth simulation 𝑅V can be calculated as follows:

𝑅

𝑝
=

𝑛

∑

𝑖=1

𝑄

𝑢𝑝,𝑖

𝑛

, (18)

𝑅V =

𝑛

∑

𝑖=1

𝑄

𝑢V,𝑖

𝑛

, (19)

where 𝑛 is the number of simulated runoff events. In China,
the model can be used for operational flood forecasting only
when its qualified rate exceeds 70%.

Different objective functions are in favor of different
hydrographic components. For hydrological event simula-
tion, the objective function should be in favor of high
flows. If the objective function was selected appropriately, the
calibrated parameter values are more realistic [38]. In this
study, the objective function involves simulation of peak flow
and runoff depth, aggregating (18) and (19):

CR =

1

(∑

𝑛

𝑖=1

𝑄

𝑢V,𝑖 + ∑
𝑛

𝑖=1

𝑄

𝑢𝑝,𝑖
+ 1)

. (20)

4. Results

4.1. Results of Subwatershed Division. Figure 6(a) shows the
result of the CN divisionmethod.The IED subwatershed area
accounts for about 68% of the total watershed area, most of
which are located in the upstream and located on the north
of themain river channel in the downstream. In the upstream
there are mainly group B soils with medium infiltration
capacity; therefore, infiltration-excess runoff tends to occur
under high rainfall intensity. In the downstream there are
mainly group A soils with high infiltration capacity; however,
the north side of the main river channel is predominantly
made up of bare soils with low vegetation coverage and
consequently classified as IED subwatersheds.

Figure 6(b) shows the result of CN-TI division method,
where the IED subwatershed area occupies about 50% of the
total area. After considering the terrain factors, the number
of IED subwatersheds in the downstream is significantly
reduced, only one left. In other words, the IED subwatersheds
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Figure 6: Division results of the saturation-excess dominated (SED) subwatersheds and infiltration-excess dominated (IED) subwatersheds
for Dongwan watershed. (a) CN division method and (b) CN-TI division method.

are concentrated in the upstream. The result suggests that,
without the disturbing effects of human activities, terrain
factors are somewhat correlated to vegetation and soil factors;
for example, soil infiltration capacity and vegetation cover on
steep slopes are usually lower than those on gentle slopes.

4.2. Results of Parameter Calibration. Table 3 shows the
optimized parameters of XAJ model and infiltration-excess
model. For XAJ model, the parameter 𝑆

𝑀
which is highly

associated with runoff separation has a value of only 26mm.
The smaller the 𝑆

𝑀
value, the larger the proportion of surface

runoff. In XAJ model, surface runoff refers to the saturation-
excess overland flow. It is obvious that saturated surface
runoff is not likely to account for a large proportion of
total runoff in such a watershed. In fact, infiltration-excess
runoff is treated as saturation-excess runoff in XAJ model for
Dongwan watershed.

For infiltration-excess model, the parameter value of
𝑘

𝑖𝑚
is only 0.4, less than 0.5. The closer to 1 𝑘

𝑖𝑚
is, the

greater the effect of antecedent soilmoisture content on direct
runoff generation is, and the closer to the saturation-excess
mechanism is. On the contrary, the closer to 0 𝑘

𝑖𝑚
is, the

greater the effect of current rainfall infiltration is, and the
closer to the infiltration-excessmechanism is.The value of the
𝑘

𝑖𝑚
indicates that the effect of infiltration-excess mechanism

is quite large in Dongwan watershed, even larger than that of
saturation-excess mechanism.

Table 4 shows the optimization result of two SCMmodels.
Contrasted with XAJ model, the 𝑆

𝑀
value increases from

26mm to 34∼35mm, which means that the proportion of
saturated surface runoff is reduced. In SCM model the
overland flow is divided into saturation-excess overland flow
in SED areas and infiltration-excess overland flow in IED
areas.The reduced saturation-excess overlandflow is replaced

by the increased infiltration-excess overland flow, which
is more consistent with the actual condition in Dongwan
watershed.

Changes in parameter values associated with (7) and (8)
are more complicated. 𝑘

𝑖𝑚
is insensitive with little change.

𝑓

𝑐
and 𝑢 are sensitive parameters, both of which can affect

infiltration capacity according to (7). Hence, the effect of
equifinality cannot be ruled out. In general, compared to
infiltration-excess model and SCM I, the areal average infil-
tration capacity in SCMII is relatively lower and consequently
the amount of infiltration-excess runoff is relatively higher,
which is more consistent with actual conditions as discussed
in Section 5. In SCM model the entire watershed is divided
into SED areas and IED areas and the overland flow is also
divided into saturation-excess and infiltration-excess over-
land flow. Therefore, the representation of runoff generation
mechanism in the semihumid watershed is clearer and more
precise.

4.3. Results of Simulation and Validation. Themodel simula-
tion results are shown in Table 5. For XAJmodel, the qualified
rates of runoff depth simulation and peak flow simulation are
both 68.8%; for infiltration-excess model, the qualified rate
of runoff depth simulation is 68.8% and the qualified rate of
peak flow simulation is 62.8%, almost equal to XAJ model,
which reflects the problem of model structure uncertainty;
for SCM I, both are 75%; and for SCM II, the qualified rate
of runoff depth simulation is 75% and the qualified rate of
peak flow simulation is 81.3%, showing a large improvement
of simulation accuracy.

Peak flow forecasting is a crucial factor for flood forecast-
ing and warning in small and medium watersheds. There are
only three unqualified peak flow forecasts by SCM II, which
are the forecasts of 960802, 070729, and 090828 flood events
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Table 3: The optimized parameters of the single runoff models.

XAJ model Infiltration-excess model
Parameter meaning Notation Value Parameter meaning Notation Value
Ratio of potential evapotranspiration to
pan evaporation 𝐾 0.65 Ratio of potential evapotranspiration to

pan evaporation 𝐾 0.65

Exponential parameter with a single
parabolic curve, which represents the
nonuniformity of the spatial distribution
of the soil moisture storage capacity over
the catchment

𝑏 0.3

Exponential parameter with a single
parabolic curve, which represents the
nonuniformity of the spatial distribution
of the soil moisture storage capacity over
the watershed

𝑏 0.3

Coefficient of the deep layer that depends
on the proportion of the basin area
covered by vegetation with deep roots

𝐶 0.08
Coefficient of the deep layer that depends
on the proportion of the basin area
covered by vegetation with deep roots

𝐶 0.08

Averaged soil moisture storage capacity
(mm) 𝑊

𝑀

180 Averaged soil moisture storage capacity
(mm) 𝑊

𝑀

180

Averaged soil moisture storage capacity of
the upper layer (mm) 𝑊UM 20 Averaged soil moisture storage capacity of

the upper layer (mm) 𝑊UM 20

Averaged soil moisture storage capacity of
the lower layer (mm) 𝑊LM 70 Averaged soil moisture storage capacity of

the lower layer (mm) 𝑊LM 90

Percentage of impervious areas in the
watershed 𝐼

𝑀

0.01
A coefficient representing the ratio of
surface soil thickness to the vadose zone
thickness

𝑘

𝑖𝑚

0.4

Areal mean free water capacity of the
surface soil layer, which represents the
maximum possible deficit of free water
storage

𝑆

𝑀

26 Steady-state infiltration capacity
(mm⋅h−1) 𝑓

𝑐

1.5

Exponent of the free water capacity curve
influencing the development of the
saturated area

𝐸

𝑋

1.2 Exponent of the spatial infiltration
capacity distribution curve 𝐸

𝑋

1.6

Outflow coefficients of the free water
storage to groundwater relationships 𝐾

𝐺

0.35 Infiltration coefficient of the improved
Horton equation 𝑢 0.006

Outflow coefficients of the free water
storage to interflow relationships 𝐾

𝐼

0.35 Recession constants of the interflow and
groundwater storage 𝐶IG 0.95

Recession constants of the groundwater
storage 𝐶

𝐺

0.998 The maximum point infiltration capacity
in the watershed (mm⋅h−1) 𝑓

𝑚𝑚

312

Recession constants of the lower interflow
storage 𝐶

𝐼

0.954
Recession constants in the lag and route
method for routing through the channel
system within each subbasin

𝐶

𝑆

0.057

Recession constants in the lag and route
method for routing through the channel
system within each subbasin

𝐶

𝑆

0.014 Lag in time (h) 𝐿 0

Lag in time (h) 𝐿 0

with the relative errors of the peak flows 41.2%, 93.8%, and
125%, respectively. Such large forecast errors indicate that the
abnormal results are caused not only by the model structure
but also by the resolution and quality of hydrological data;
for example, rainfall data fail to capture the storm center.
XAJ model, infiltration-excess model, and SCM I also cannot
make qualified forecasts of the three flood events. Therefore,
we compare the forecast results of the four models excluding
the three flood events.

Table 6 shows the model results in the validation period.
The qualified rates of peak flows for XAJ model, infiltration-
excess model, SCM I, and SCM II are 57.1%, 42.8%, 57.1%,
and 71.4%, respectively. Complex models often have high
accuracy in the calibration period, but low accuracy in

the validation period, due to overparameterization and over-
fitting [39]. The structure of SCM is more complex than that
of XAJ model and infiltration-excess model, but its accuracy
in the validation period is not lower, which indicates that the
model performance is stable.

5. Analysis of Two Flood Examples

In this section the 060926 and 080720 flood events are taken
as examples to assess the performances of the four models.
Their hydrographs are shown in Figure 7.

For the 060926 flood event, the simulated peak flow of
XAJ model is significantly greater than the observed peak
flow, while the relative errors of the peak flow of the other
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Table 4: The optimized parameters of the spatial combination models.

Parameter meaning SCM I SCM II
Ratio of potential evapotranspiration to pan evaporation 𝐾 0.65 0.65
Exponential parameter with a single parabolic curve, which represents the nonuniformity of the spatial
distribution of the soil moisture storage capacity over the watershed 𝑏 0.3 0.3

Coefficient of the deep layer that depends on the proportion of the basin area covered by vegetation with deep
roots 𝐶 0.08 0.08

Averaged soil moisture storage capacity𝑊
𝑀

(mm) 180 180
Averaged soil moisture storage capacity of the upper layer𝑊UM (mm) 20 20
Averaged soil moisture storage capacity of the lower layer𝑊LM (mm) 90 90
Percentage of impervious areas in the watershed 𝐼

𝑀

0.01 0.01
Areal mean free water capacity of the surface soil layer, which represents the maximum possible deficit of free
water storage 𝑆

𝑀

(mm) 35 34

Exponent of the free water capacity curve influencing the development of the saturated area 𝐸
𝑋

1.2 1.2
Outflow coefficients of the free water storage to groundwater relationships 𝐾

𝐺

0.35 0.35
Outflow coefficients of the free water storage to interflow relationships 𝐾

𝐼

0.35 0.35
Recession constants of the groundwater storage 𝐶

𝐺

0.998 0.998
Recession constants of the lower interflow storage 𝐶

𝐼

0.768 0.902
Recession constants in the lag and route method for routing through the channel system within each subbasin
𝐶

𝑆

0.038 0.026

Lag in time 𝐿 (h) 0 0
Coefficient representing the ratio of surface soil thickness to the vadose zone thickness 𝑘

𝑖𝑚

0.4 0.4
Steady-state infiltration capacity 𝑓

𝑐

(mm⋅h−1) 1 1.2
Infiltration coefficient of the improved Horton equation 𝑢 0.004 0.007
The maximum point infiltration capacity in the watershed 𝑓

𝑚𝑚

(mm⋅h−1) 249 211
Exponent of the spatial infiltration capacity distribution curve 𝐸

𝑋

1.5 1.7
Recession constants of the interflow and groundwater storage 𝐶IG 0.949 0.958
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Figure 7: Observed and simulated runoff hydrographs for two events. (a) September 2006 and (b) July 2008.
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three models are in the 20% acceptable range. There was a
heavy rain in the early September in 2006 and another heavy
rain occurring around September 20. When the latter rain
started on the evening of September 25, the soil was moist
and the antecedent soil moisture content was about 130mm∼
140mm according to the daily water budget calculation.
From the evening of September 25 to September 30, the
rainfall continued and the total rainfall amount was large,
which caused a large runoff according to the simulation
result of XAJ model. As mentioned above, in XAJ model in
semihumid watersheds, infiltration-excess runoff is replaced
by saturation-excess runoff; therefore, when the antecedent
soil moisture content is large, saturation-excess runoff is
highly possible to occur, causing the simulated peak flow
remarkably larger than the observed record. It also indicates
that in mixed runoff watersheds the simulated peak flow of
saturation-excess model is not always below the observed
record and may be equal to or higher than it, but its
underlying assumptions are not suitable for mixed runoff
watersheds.

The infiltration-excess features of the 080720 flood event
are more apparent compared to the 060926 flood event;
for example, its hydrograph is much sharper. However, the
simulation results are really interesting: XAJ model and SCM
II canmake a qualified peak flow forecast while the simulated
peak flows of infiltration-excess model and SCM I, especially
infiltration-excess model, are significantly lower than the
actual record. Two rainfall peaks took place during the flood
event. The first one happened between 12:00 and 13:00 on the
July 21, 2008, with its storm center located among Tantou,
Heyu, and Dongwan stations in the downstream, which were
mainly SED areas. The second one occurred around 7:00
on the July 22 with the storm center located in Luanchuan
in the upstream within IED areas. At the beginning of the
rainfall, the soil was relatively dry with the antecedent soil
moisture content around 110mm. Therefore, the rainwater
of the first rainfall peak mainly infiltrated into the soil and
the rainwater of the second rainfall peak mainly generated
infiltration-excess runoff.

Although XAJ model can accurately reproduce the peak
flow discharge of the 080720 flood event, its underlying
assumptions are not applicable to Dongwan watershed.
Despite the fact that the runoff mechanism of infiltration-
excess model is closer to the reality of Dongwan watershed,
the optimized model parameters are far deviated from their
physical meanings. Similarly, as the optimized 𝑆

𝑀
parameter

of XAJ model is too small, the areal average infiltration
capacity calculated by the infiltration-excess model is too
large, which in turn causes the proportion of infiltration-
excess runoff too small.

The simulated peak flows of the 080720 and 060926 flood
events by infiltration-excess model are both smaller than
the observed peak flow, indicating that even if the runoff
mechanism represented by the model structure is close to the
actual watershed condition, parameter identification is still a
critical problem affecting simulation accuracies. Should the
areal average infiltration capacity calculated by infiltration-
excess model be reduced to increase the infiltration-excess
overland flow? The answer should be “no.” There are also

SED flood events in Dongwan watershed; therefore, if the
infiltration capacity is reduced, the simulated peak flows
of SED flood events would be dramatically larger than the
observed peak flows. That is to say, the calculated infiltration
capacity by models may be greatly different from the actual
infiltration capacity, just an “effective” variable.

SCM I also has the problem of the infiltration capacity
being too large, but not obvious. This indicates that if the
divisions of the SED and IED areas are precise enough, the
parameter values and model variables would be closer to
reality and the errors of model simulation will be reduced.

There is a peak in the simulated flood from all models
around July 21, but there is no peak in the observed data.
The observed data are basically flat in that period. This can
be explained by the use of the parabolic distribution curve,
which is described in Figures 2 and 3.The curve represents the
spatial heterogeneity of hydrological variables; for example,
soil water storage capacity is low in some points and high in
some other points.With the use of thesemodels, some points,
such as the points with low storage capacity or low infiltration
capacity, are prone to produce runoff. But in fact, no points
produced runoff in the first rainfall peak. If the parabolic
distribution is replaced by the uniform distribution, there
may not be a peak in the simulated flood around July 21. In
our future study, we will further investigate what conditions
are applicable to the parabolic and uniform distribution,
respectively.

6. Conclusion

This paper proposed the spatial combination modeling
framework for event hydrological simulation. In this frame-
work, the watershed is divided into saturation-excess dom-
inated areas and infiltration-excess dominated areas by the
joint use of curve number and topographic index, reflecting
the phenomenon of saturation-excess runoff and infiltration-
excess runoff coexisting during a storm.The spatial combina-
tion model was also built according to the framework.

A semihumid watershed was taken as an example to test
the framework. It can be found that

(1) the terrain factors are somewhat correlated to vege-
tation and soil factors. Therefore, the IED areas are
mainly located in the upstream and the SED areas
mainly in the downstream;

(2) the SCM outperforms the saturation-excess model
and the infiltration-excess model both in the calibra-
tion and validation periods. The performance of the
SCM is closely related to the division of SED and
IED areas. A reasonable division can produce more
realistic parameter values and better performances.

The results exhibit the importance of model realism for
the event hydrological simulation. In the future study, the
fuzzy approach and probabilistic approach will be used to
seek for a more appropriate division of IED and SED areas
within a watershed. In addition, this framework will be
applied to a variety of semihumid watersheds based on the
concept of “large-sample hydrology” [40].
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