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Abstract:    Earthquake-induced-landslides will change the underlying surface conditions (topography, vegetation cover rate, 
etc.), which consequently may influence the hydrologic response and then change the flash flood risk. The Jianpinggou catchment, 
located in the Wenchuan earthquake (occurred in Sichuan, China, 2008) affected area, is selected as the study area. The distribu-
tion of the landslides is obtained from the remote sensing image data. The changes of topography are obtained from the compar-
isons among digital elevation models (DEMs) during different periods. A physical-based model, the integrated hydrology model 
(InHM), is used to simulate the hydrologic response before and after the landslide. The influence of the underlying surface con-
ditions is then discussed based on the simulation results. The results reveal that landslides cause significant effects on the hy-
drologic response, and the impact is proportional to the proportion of surface flow in the total runoff. The effect of landslides on 
the runoff is insignificant at the outlet, but obvious in the local area. The larger the rainfall, the more visible the impact, and the 
impact of landslides will increase rapidly at the threshold of the runoff (the total rainfall of 235 mm in 6 h in the study area), but 
there is a limit with the further enlarged rainfall. The improved understanding of the impact of landslides on the hydrologic re-
sponse provides valuable theoretical support for storm flood forecasting. 
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1  Introduction 
 

The Wenchuan earthquake with a magnitude of 
8.0 on the Richter scale, in Sichuan, China, on May 
12, 2008, had caused a large number of landslides 
besides enormous casualties and economic losses. 
The occurrence of earthquake-induced-landslides is 

up to 40 000–50 000, and more than 30 landslides 
have a size of more than 10 million m3 (Cui et al., 
2011). 

The effect of these landslides cannot be over-
looked in the earthquake affected areas. The land-
slides usually lead to a variation of the runoff and 
debris flow (Liu et al., 2006; Hong et al., 2010; Chen, 
2011). In terms of the hydrological response, the 
impact of the landslides is mainly reflected in the 
changes of the underlying surface conditions, such as 
the micro-topography and vegetation cover rate. 

The changes in the micro-topography caused by 
the landslides are significant, such as the exposed 
bedrock in the trailing edge of the landslide, the steep 
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slope, and the accumulations of loose materials in the 
lower part of the landslide. The loose solid materials 
are easy to enter and clog, or even completely block 
off the channel and river (Xu et al., 2010). Specifi-
cally, the exposed bedrock surfaces, which were 
formed by the landslides, usually have the steep slope 
and smooth surface. Thus, the infiltration of surface 
water is reduced, leading to faster runoff generation 
and convergence processes, and usually resulting in 
higher flow velocity. In the area of soil accumulation, 
the loose soil structure and large porosity could lead 
to the high infiltration rate, and the rapid infiltration 
would occur in the heavy rainfall conditions (Cui et 
al., 2010). On the other hand, the path of the overland 
flow is also influenced by the changes of the slope 
and depression distributions caused by the landslides 
(Dunne et al., 1991; Liu and Singh, 2004). The char-
acteristics of the landslide area indicated the influence 
of the landslide on the rainfall-runoff process. 

The changes of vegetation cover rate caused by 
the landslides are reflected in the formation of vast 
exposed soil areas and the destruction of vegetation, 
thereby causing the hydrodynamic and hydrological 
changes. The surface soil saturation conductivity is 
also changed by the exposed soil and bedrock, 
thereby affecting the runoff generation and conver-
gence characteristics. These changes may affect the 
runoff sources, leading to different runoff composi-
tion (such as increasing the surface flow and de-
creasing the subsurface flow) (Zheng et al., 2010). 

Over the past decades, the impact of the under-
lying surface conditions on the runoff formation has 
been documented, mainly focusing on the influence 
of vegetation changes (Shi and Chen, 2004; Bari et 
al., 2005), urbanization (Campana and Tucol, 2001), 
as well as the resolution of terrain data used in the 
models (Sulis et al., 2011). However, the impact of 
the underlying surface conditions induced by the 
landslides on the hydrologic response at the catch-
ment scale is not yet clear. 

In this study, a small catchment located in the 
Wenchuan earthquake affected area, the Jianpinggou 
catchment, is selected as the study site. The remote 
sensing image and digital elevation model (DEM) 
data are used for obtaining the changes of the under-
lying surface conditions that were caused by the 
landslides. Due to the lack of hydrological measure-
ments in this catchment before the earthquake, a 
physical-based model, the integrated hydrology 

model (InHM), is used to simulate the hydrologic 
response before and after the landslide occurrence. 
The influences of the underlying surface conditions 
on the hydrologic response in the Jianpinggou 
catchment are then discussed based on the output 
data, such as the hydrograph, distributed water 
depths, and local runoffs. 

 
 

2  Study area 
 
The Jianpinggou catchment is located at the 

Minjiang River, a tributary of the upper Yangtze 
River, watershed, and has an area of about 3.5 km2. 
The elevation in the Jianpinggou catchment ranges 
from 1050 m to 2199 m. The main channel length is 
1.7 km. The average slope is 31.7%, and the average 
longitudinal gradient of the flow is 36.3%. Based on 
the field surveys across the catchment, the soil profile 
has two horizons as well as the underlying bedrock. 
The first horizon is soil, and is about 0.5 m thick 
mainly with silty clay and silt loam. The second 
horizon is about 2.5 m thick with a high content of 
bedrock fragments. The underlying bedrock is com-
prised of the basalt, tuff, and andesite rocks (Chu et 
al., 2011). The vegetation cover rate of the catchment 
is high. The climate is subtropical and humid. The 
average annual rainfall is 800–900 mm, and about 
80% of this occurs in the rainy season (from May to 
September). The hydrologic response is dominated by 
the Dunne overland flow and subsurface flow (Qian 
and Ran, 2012). Rare landslide disasters have oc-
curred before the Wenchuan earthquake in 2008, but a 
large number of landslide hazards have been induced 
during and after the earthquake. Fig. 1 shows the 
remote sensing image of the Jianpinggou catchment 
before (in 2005) and after (in 2011) the earthquake.  

 
 
 
 
 
 
 
 
 
 

 
Fig. 1  Remote sensing image of Jianpinggou catchment 
before (a) and after (b) the earthquake 

(a) (b) 
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3  Data and methods 

3.1  Data 

A water stage gauge and three rain gauges were 
installed in the area (Fig. 2a) for hydrological data 
collection since 2011. The gauges were located in the 
downstream area as it is hard to install in the upstream 
area due to the lush vegetation and steep hill slopes. 
Unfortunately, a flood event in July 2011 destroyed 
the instrument, resulting in a serious lack of data. 
Rainfall data was available only from August to Oc-
tober 2011, and water stage data was available from 
September 2011 to January 2012. The manning’s 
equation with measured hydraulic factors was per-
formed to evaluate the stage and discharge. So the 
study period was chosen from 16th September to 14th 
October, 2011. Note that this period is at the end of 
the wet season, and there are no flood events in this 
period. Therefore, the observed hydrograph is just a 
part of one event. 

3.2  InHM 

The InHM is used in this study. InHM was 
originally designed by VanderKwaak (1999), and 
then modified by the hydrogeology group at Stanford 
University (Loague et al., 2005; Heppner et al., 2006; 
Ran et al., 2007). The model can simulate the surface 
and subsurface hydrologic responses, a great deal of 
the distributed response data (e.g., surface saturation, 
discharge) can be outputted, and there is no a priori 
assumption of a specific runoff-generation mecha-
nism (e.g., Horton or Dunne overland flow). InHM 
had been successfully applied in hydrologic-response 
simulations of a catchment/watershed scale (Van-
derKwaak  and Loague, 2001; Loague and Van-
derKwaak, 2002; Loague et al., 2005; Ebel et al., 
2008; Mirus et al., 2009; 2011; Mirus and Loague, 
2013), sediment transport (Heppner and Loague, 
2008; Ran et al., 2012; 2013), and slope failure 
(BeVille et al., 2010; Ebel et al., 2010). The two 
governing equations of the surface and subsurface 
flow components of InHM are presented in the fol-
lowing paragraphs, and the complete description of 
InHM is referred to (VanderKwaak, 1999; Heppner et 
al., 2006). 

The transient flow on the surface (both overland 
and open channel) is estimated by the diffusion wave 
approximation of the depth-integrated shallow water 

equations. Such 2D surface flow is conceptualized as 
a second continuum, which interacts with the under-
lying variably saturated porous medium through a 
thin soil layer of thickness αs [L]. Assuming a shallow 
depth of water, ψs [L], and the negligible influence of 
inertial forces, the conservation of water on the land 
surface is described by 
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where qs is the surface water velocity [LT−1]; qb is a 
specified rate source/sink (i.e., rainfall and critical 

depth) [T−1], e
spq  is the rate of water exchange be-

tween the subsurface and surface continua [T−1], and 
hs is the average height of non-discretized surface 

microtopography [L], t is the time [T]. 
swS [–] is the 

surface saturation, and defined as  
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where ψr [–] is the surface water depth relative to hs, 
represented by 
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where pond
s  [L] is the depth of ponded water that 

does not participate in overland flow (e.g., depression 
storage). 

3D subsurface flow in variably saturated porous 
medium is estimated in InHM by 
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where e
psq  (equals e

spq ) [T−1] is the surface- 

subsurface water exchange rate, φ [–] is the porosity, 
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Sw [–] is the water saturation, f a  [–] is the area fraction 
associated with each continuum, and fv  is the volume 
fraction associated with each continuum. q [LT−1] is 
the Darcy flux, and is given by 
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where krw [–] is the relative permeability, ρw [ML−3] is 
the density of water, g [LT−2] is the gravitational  
acceleration, μw [ML−1T−1] is the viscosity of water, k 
[L2] is the intrinsic permeability vector, z [L] is the 
elevation head, and ψ [L] is the pressure head. 

The governing Eqs. (1) and (5) are discretized in 
space using the control volume finite-element meth-
od. Each coupled system of nonlinear equations in an 
InHM simulation is solved implicitly using the 
Newton iteration. 

3.3  Sensitivity analysis 

The input settings in InHM contain initial con-
ditions (i.e., initial soil water content), boundary 
conditions (i.e., the outlet and rainfall), and surface 
and soil properties. The seven parameters considered 
in the sensitivity analysis are (1) the rainfall rate, R, 
(2) the initial soil water content, S, (3) the Manning’s 
roughness coefficient, n, (4) the saturated hydraulic 
conductivity, KS, (5) the soil porosity, p, and the two 
parameters of the soil water retention curve (6) α and 
(7) β. The sensitivity of the InHM simulated hydro-
logic response is investigated by individually  
increasing/decreasing (i.e., relatively plus/minus 20% 
changes) the values of the seven parameters and 
conducting 14 simulations. The base case parameter 
values and the results from the 14 simulations as 
percentage differences of the peak flow relative to the 
base-case simulation are presented in Table 1.  

It can be seen that the seven parameters all result 
in changes in the simulated water discharge, particu-
larly the initial soil water content and the Beta pa-
rameter of the soil water retention curve (i.e., the 20% 
decrease in S and β lead to 91.9% and 61.5% lower 
peak flow, respectively). 

In this study, the parameters used in the calibra-
tion are partly obtained by measuring, and the others 
are judged by the reasonable range or are calibrated. 

The details will be described in the following  
paragraphs. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.4  Settings in simulation 

The 2D surface mesh for the Jianpinggou 
catchment is shown in Fig. 2, and the 3D mesh was 
constructed by adding layers. The 2D surface mesh 
was formed based on the DEM with a resolution of 
5 m surveyed before the earthquake. Taking into ac-
count the impact of landslides on the local topogra-
phy, the mesh was different after the earthquake. The 
DEM after the earthquake (in 2011) with a resolution 
of 30 m was used to modify the elevation rather than 
simulate the hydrologic response, to reduce the error 
of hydrological simulation caused by the resolution of 
DEM (Zhang and Montgomery, 1994; Sulis et al., 
2011). The remote sensing image was also used for 
the modification. The difference between the two 
meshes is the elevation of the landslide area, which is 
shown in Fig. 2b. In both meshes, the horizontal nodal 
spacing along the channel was 10 m, and on the 
boundary was 100 m. The vertical profile has three 
layers with the nodal spacing of 0.1 m, 0.5 m, and 
1 m. The number of the nodes and elements in the 
mesh totaled 244 160 and 129 192, respectively. 

According to the soil profile of the Jianpinggou 
catchment, the soil properties of the three soil layers 
were identified. The first soil horizon was 0.5 m thick, 
and heterogeneous. The soil properties (e.g., porosity 
and saturated permeability coefficient) were meas-
ured at three locations in November 2011. The  
 

Table 1  Sensitivity analysis results for InHM simula-
tions of hydrologic response 

Parameter 
Base 
case 

Percentage  
difference (%)* 

20% 
increase 

20% 
decrease

R (m/s) 1×10−5 28.3 −34.7 

S 60% 11.3 −91.9 

n  0.35 −0.8 0.8 

Soil property

KS (m/s) 5×10−5 −1.1 2.0 

p 0.7 −13.1 6.4 

α (m−1) 1 7.3 −8.8 

β  2 7.1 −61.5 
* Percentage differences (relative to the base case) in simulated peak 
flow for increased/decreased parameter values 
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locations were not spotted in the upstream area due to 
the lush vegetation and steep hill slopes (Fig. 2a). 
According to the impact of the landslide on the to-
pography, the soil properties of the elevation-reduced 
area were assumed the same as the properties of the 
bedrock, and in the elevation-increased area, the soil 
was more permeable. The second soil horizon was 
2.5 m thick with a high content of bedrock fragments, 
and the underlying bedrock was 10 m thick. Both 
horizons were assumed to be homogeneous and iso-
tropic. The main soil properties set in InHM are listed 
in Table 2. The soil water retention curve was esti-
mated via the van  Genuchten method (van Genuch-
ten, 1980), and the parameters (α and β) in the method 
are obtained by calibration. The Manning’s roughness 
in the surface was calculated by (Gabet and Dunne, 
2003) 

 
v2.70.053e ,Cn                           (7) 

 
where Cv is the vegetation coverage, and expressed as 
a decimal. The vegetation coverage in the 
Jianpinggou catchment decreased from about 95% to 
75% due to the earthquake (Ni et al., 2009). There-
fore, the Manning’s roughness was calculated by 
Eq. (7), and was set to 0.69 for the condition of  
before-earthquake period, and 0.4 for the after- 
earthquake period. 

The initial soil water contents of the validation 
period were set through a warm-up simulation, which  

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

results in the non-uniform distribution of the soil 
water contents and the similar discharge to the 
measured discharge at the outlet of the catchment just 
prior to the validation period. 

Because the hydrological data was collected af-
ter the earthquake, there are no hydrological meas-
urements before 2008. The condition of the after- 
earthquake period was then used for the model cali-
bration. The study period is from 16th September to 
14th October, 2011. The first 15 d’ (16th to 30th 
September) data was used for calibration, and the 
remaining 14 d’ data was used for validation. 

Three main simulation scenarios (Table 3) are set 
to analyze the impact of landslides on the hydrologic 

Table 2  Main soil properties set in InHM

Item  KS (m/s) p Note 

Surface 
soil 

L1 1.29×10−4 0.756 

By measurement L2 4.63×10−5 0.723 

L3 1.24×10−5 0.650 

Elevation- 
reduced area

1×10−8 0.4 The same as the 
bedrock 

Elevation- 
increased area

1×10−4 0.7 Assumed based 
on the mean  

observed values
The second 
soil horizon 

1×10−3 0.7 Assumed based on 
the gravel permea-

bility and mean 
observed porosity

Bedrock 1×10−8 0.4 Assumed within 
reasonable range

Fig. 2  Finite-element meshes for the Jianpinggou catchment 
(a) Soil measurement and data collection; (b) Changes of elevation induced by landslides 

 (a)                                                                       (b)
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response, and the variation of the impact with  
increasing rainfall. Both conditions of before and 
after the earthquake are contained in each scenario. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4  Results and discussion 
 
InHM was employed to simulate the hydrologic 

response in the Jianpinggou catchment for the cali-
bration and validation periods. The hydrograph at the 
outlet of the catchment is shown in Fig. 3 as well as 
the measured hydrograph and rainfall information. 

Fig. 3 shows that the simulated integrated re-
sponse (discharge) fits well with the observed values 
in both periods. But the error in the rising limb cannot 
be ignored, which may be caused by the unrealistic 
initial conditions, since the initial soil water content 
was set by only the closed discharge value but not the 
measured distributed soil water content. The  Nash- 
Sutcliffe efficiency coefficient (NSE) is used for the 
accuracy assessment of the simulation, which is cal-
culated as (Nash and Sutcliffe, 1970) 
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where q0(i) is the observed discharge; qs(i) is the 
simulated discharge; N is the number of samples; and 

0q  is the mean of the observed discharge. The NSE 

ranges from −∞ to 1, with 1 indicating a perfect match 
between the observed and simulated values. In this 
study, the NSE is 0.790 for calibration and 0.877 for 
validation, which reveals that this simulation can be 
accepted as a true representation of the actual hy-
drologic response. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
It can be seen from the observed hydrograph 

(Fig. 3) that, the discharge does not correspond ex-
actly with the rainfall in this study period. Actually, 
the hydrograph seems to be a part of the recession 
process of a previous flood event. This phenomenon 
is mainly due to the special runoff generation mech-
anisms, the Dunne overland flow, and the large pro-
portion of subsurface flow, in the Jianpinggou 
catchment. However, note that the purpose of this 
study is focused on the impact of earthquake- 
induced-landslides on the hydrologic response, but 
not flood events.  

The condition of the before-earthquake period 
(S1b) was simulated based on the same inputs. 
Comparisons of the hydrograph at the outlet between 
the conditions of before (S1b) and after (S1a) earth-
quakes are shown in Fig. 4. It shows that no signifi-
cant differences exist between the two conditions. 
The impact of landslides on the hydrologic response 
mainly focuses on the surface flow due to the changes 
of the topography and surface infiltration. However, 
the subsurface flow from the previous rainfall event 
occupies a large proportion of the hydrologic  

Table 3  Three main simulation scenarios in the study

Sce-
nario 

Initial soil 
water 

content 
Rainfall 

Simulat-
ed time 

(d) 
Note 

1 
 

About  
80% of 

saturation 

Observed 29 Maximum rainfall 
intensity is 

1.25×10−6 m/s; 
total rainfall is 

104.7 mm 
2 
 

About  
20% of 

saturation 

Observed 29 To reduce the 
influence of the 
subsurface flow

3 About  
20% of 

saturation 

Estimated 
increasing 

rainfall 

1 Rainfall duration 
is 6 h; five differ-
ent frequencies; to 
analyze the varia-
tion of the impact

Fig. 3  Observed versus InHM-simulated discharges

Date 



Ran et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng)   2015 16(2):131-142 137

response due to the high water content (about 80% of 
saturation) in the study period (at the end of the wet 
season). Thus, the impact of landslides is masked by 
the initial conditions in this simulation. 

Based on the applicability of InHM in the 
Jianpinggou catchment, a different initial condition of 
much lower water content (about 20% of saturation) 
was applied to highlight the influence of landslides. 
The following studies were all based on the initial 
conditions of the lower water content. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

4.1  Settings in simulation 

4.1.1  Integrated hydrologic response 

Fig. 5 is the hydrograph of before- and after- 
earthquake states under the new initial condition 
(Scenario 2). It is evident that the shape of the hy-
drograph has insignificant differences, but the initial- 
runoff-time appears earlier by about 10% after the 
earthquake, and the peak is also increased slightly 
after the earthquake, which is estimated to be about 
1.7%. The increased discharge mainly results from 
the increased surface flow in the landslide-affected 
region. However, the affected area is only a small 
proportion of the total catchment. The surface flow is 
just a part of the total runoff, sometimes even less 
than the subsurface flow. Therefore, although the 
impact of landslides on the hydrological response in 
the Jianpinggou catchment existed, this is not so ob-
vious due to the characteristics of the runoff genera-
tion mechanism. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.1.2  Spatially distributed hydrologic response 

Figs. 6 and 7 are the flow depth and hydrographs 
at the outlet of the two main tributaries in the 
Jianpinggou catchment. It shows that the flow depths 
at the specific points are both enhanced by about 
0.1 m after the landslides occurred. Compared with 
the whole catchment, the peak discharges of both 
tributaries have increased more after the landslides 
occurred, with about 12% growth in the southern 
tributary. The possible reason for the greater growth 
in the tributaries may be due to the smaller distance 
from the landslides to the outlet, and the formation of 
a larger proportion of the landslide-affected area. 

The spatial distribution of the impact is repre-
sented not only by the discharge and flow depth of the 
observation points, but also by the distributions of the 
saturation and surface flow depth (Figs. 8 and 9). It is 
apparent that the spatial distribution of these two pa-
rameters has significant differences between before- 
and after-earthquake conditions (S2b and S2a). It 
follows that the landslides induced by the earthquake 
have a non-negligible impact on the runoff generation 
and convergence process, especially in the region of 
the runoff generation. 

Based on the spatial distribution of the dis-
charge, saturation, and flow depth, it can be inferred 
that the impact of the landslides on the hydrologic 
response is not uniform in the space over the catch-
ment. The changes of the hydrologic response are  

Fig. 4  Simulated discharge (Q) before and after earth-
quakes in Scenario 1 

Date 

Fig. 5  Simulated discharge (Q) before and after earth-
quake in Scenario 2 

Date 
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insignificant at the catchment scale, but cannot be 
ignored at some specific locations. The visible growth 
of the flow depth and peak discharge in some local 
areas may elevate the local flash flood risks and in-
crease the disaster losses. 

4.2  Variation of the impact with increasing  
rainfall 

As mentioned above, the impact of the landslides 
induced by the earthquake on the integrated hydro-
logic response in the Jianpinggou catchment existed, 
but not remarkably, especially in the conditions of the 
small proportion of the surface flow in the total run-
off. The new conditions of increasing rainfall (Sce-
nario 3) were set to confirm the variations of the im-
pact (represented as IP/PB, increase of the peak di-
vided by the peak of the before-earthquake condi-
tion). Based on the Estimate Manual of the Storm- 
flood in Medium and Small Watersheds, Sichuan 
(SPWRPD, 1984), the rainfalls of 6-h in duration and 
with different rainfall intensity were estimated 
(Fig. 10 and Table 4). Then the hydrologic responses 
of before- and after-earthquake conditions were sim-
ulated (Scenario 3), and the IP/PB ratios under dif-
ferent rainfalls were calculated. 

The five rainfall events all have the relative high 
intensity and large total rainfall, but the runoff is 
much smaller than expected. Here, the runoff of the 
R5 event is used as an example for analysis (Fig. 11). 
In the simulation of the R5 event, the duration of 
rainfall is 6 h, and the simulated time is 3 d (259 200 s). 
It can be seen that the hydrologic response during the 
R5 event is very complex. It has two peaks: one re-
sponded rapidly to the rainfall, but the value is rela-
tively low; the other occurred much later, more than 
2 d after the end of the rainfall, but the value is larger 
than the first peak. The reason of this complex hy-
drologic response may be attributed to the special 
runoff generation mechanisms in the Jianpinggou 
catchment. The rainfall intensity of the five rainfall 
events in Scenario 3 are all smaller than the saturated 
hydraulic conductivity KS of most areas, so the run-
offs are still dominated by the Dunne overland flow 
and subsurface flow, and the runoff generation  
locations usually just distribute in the channel and 
adjacent areas due to the convergence and the 

Fig. 8  Saturation distribution (S) at the peak moment
(a) After-earthquake; (b) Before-earthquake 

Fig. 6  Pressure head at the points near the outlet of the 
southern tributary (a) and northern tributary (b)  
The value of the pressure head reaching 0 means the satura-
tion, and greater than 0 indicates the value of the surface flow 
depth 

Fig. 7  Simulated discharge (Q) at the outlet of the south-
ern tributary (a) and northern tributary (b) 

Fig. 9  Flow depth (D) distribution at the peak moment
(a) After-earthquake; (b) Before-earthquake 
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non-uniform distribution of the soil saturation. 
Therefore, with the very low initial soil water content 
(with a saturation of only 20%), only a part of the 
rainfall in Scenario 3 will become direct runoff, and 
most of the rainfall will be infiltrated, and then con-
verge to the outlet by subsurface flow in a later pe-
riod. Thus, the two peaks occurred.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 

Compared Scenario 1 with Scenario 2, the im-
pact of landslides induced by the earthquake is pro-
portional to the proportion of the surface flow in the 
total runoff. Considering the characteristics of the 
discharge of the five rainfall events in Scenario 3, the 
second peak basically relies on the subsurface flow, 
and surface flow only influences the first peak. So the 
first peak of the five events in Scenario 3 is used to 
study the variation of the landslide impact, due to the 
very small proportion of the subsurface flow. 

The first peaks of different rainfalls in Scenario 3 
are shown in Fig. 12. It indicates that the increase of 
the first peak flow induced by the landslides is more 
significant with a heavier rainfall. For example, the 
difference of the first peak flow between the before- 
and after-earthquake conditions under the R5 event is 
much larger (about four times) than that under the R4 
event. A threshold can be assumed at the R3 event 
(with the total rainfall of 235 mm), due to the rapid 
growth of the first peak flow under the R4 and R5 
events. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 13 illustrates the IP/PB ratios of the five 

different rainfall events. It is apparent that the IP/PB 
ratios are very small for the R1 and R2 events, and 
increase to about 15% for the R3 event, then rapidly 
rise to about 85% for the R4 event. Then the growth 
becomes very gentle, and the value of the IP/PB ratio 
only increases up to about 87% when the total rainfall 
has reached 294 mm in 6 h (R5 event). It can be 
summed up that the IP/PB ratio is enhanced with the 
increasing rainfall (a threshold for rapid growth also 
at the total rainfall of 235 mm), but there is a limit to 
the further enlarged rainfall. 

Table 4  Increased rainfall characteristics

Rainfall 
Maximum rainfall  

intensity (m/s) 
Total rainfall 

(mm) 
R1 1.57×10−5 164 

R2 1.86×10−5 195 

R3 2.25×10−5 235 

R4 2.53×10−5 265 

R5 2.81×10−5 294 

Fig. 10  Estimated rainfalls with 6-h duration and differ-
ent intensities 

Fig. 12  The first peak flow of five different rainfall events 
R1–R5 in Scenario 3

Fig. 11  Discharge and rainfall of the R5 event in Scenario 3
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In the five cases of increasing rainfall, the 

maximum rainfall intensity is still lower than the 
saturated hydraulic conductivity KS of the surface soil 
(in addition to the elevation-reduced area). So the 
Dunne overland flow and subsurface flow are still the 
dominant runoff generation mechanism in this 
catchment. It should be recognized that this part of the 
runoff is relatively small, due to the short rainfall 
duration (6 h), the short simulated period, as well as 
the low initial saturation. On the other hand, the 
Horton overland flow may generate in the elevation- 
reduced area, because of the much lower KS. The 
Horton flow will be directly related to the rainfall, but 
a certain distance of the convergence will change part 
or all of the flow to infiltration. Therefore, the Horton 
flow may influence the runoff at the outlet just under 
the large rainfall conditions, which may lead to the 
existence of the threshold of the R3 event. With in-
creasing rainfall, the overland flow is increased, but 
the infiltration has a limit, so the calculated IP/PB 
ratio will reach the limit. 

 
 

5  Conclusions 
 

The evident changes of the underlying surface 
conditions (topography and vegetation cover rate) in 
the Jianpinggou catchment were caused by the nu-
merous landslides in the Wenchuan earthquake. The 
impact of the landslides on the hydrologic response in 
the catchment was investigated, and the results are 
summarized as follows.  

1. The impact of earthquake-induced-landslides 
on the hydrologic response does exist. The peak flow 
has increased after the landslide occurred. The greater 
the proportion of the surface flow in the total runoff, 
the more visible the impact.  

2. The effect of landslides on the runoff is not 
very obvious at the outlet, and the shape of the hy-
drograph has little change; however, it should not be 
ignored at the local positions, which suggests that the 
local flash flood risks are elevated after the  
earthquake. 

3. The impact on the peak flow will be more 
obvious with increasing rainfall. In the study area, 
when the dominant runoff is surface flow, the differ-
ence of the first peak flow between the before- and 
after-earthquake conditions under the R5 event is 
much larger (about four times) than that under the R4 
event. 

4. The impact of landslides will increase rapidly 
at a threshold of the runoff (the total rainfall of 
235 mm in 6 h in the study area), but there is a limit 
with the further enlarged rainfall. This threshold for 
the rapid growth provides valuable theoretical support 
for the storm flood forecast after the earthquake. 
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中文概要 
 

题 目：震后滑坡对陡峭山区小流域水文响应过程的影响

——以汶川地震影响区小流域为例 

目 的：明确汶川地震所引发的滑坡对震区小流域水文响

应过程的影响，推进震区洪水过程的准确预报。 
 
 
 
 

创 新：评估汶川地震对碱坪沟流域的下垫面条件的破

坏，并在此基础上利用先进的分布式水文模型定

量评估地震事件对小流域产汇流过程的影响。 

方 法：1. 选取四川省龙溪河地区的碱坪沟小流域作为研

究区域，利用遥感影像数据以及数字高程数据获

得滑坡区的分布以及高程变化情况；2. 运用基于

物理概念的综合水文模型（InHM）对该流域水文

过程进行模拟精度验证；3. 对滑坡发生前后的降

雨产流过程分别进行数值模拟，探讨在同样降雨

条件下，由于滑坡所引起的下垫面特性变化对产

流过程的影响。 

结 论：1. 震后滑坡灾害所带来的下垫面变化导致了流域

内的山洪特性变化，且在流域内局部地区的表现

更为明显，局部山洪危害增加；2. 与震前相比，

随着暴雨规模的增强，震后下垫面变化所致的流

量峰值增量也随之增加，峰值的增加比例在 6 小

时雨量达到 235 mm 时急剧增大，但降雨持续增

强后趋近于稳定值（约 87%）。 

关键词：水文响应；数值模拟；下垫面条件；地震；滑坡 

 

 
 
 
 
 
 
 
 
 
 
 
 
 


