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Abstract

The 2008 Wenchuan earthquake-induced landslides destroyed larger areas of moun-
tain vegetation and produced large volume of landslide-debris, which made the vegeta-
tion’s hydrological adjusting function diminished and made the hydrological progresses
in slopes changed, resulting in severe erosion and catastrophic debris flows for a rather5

long time. Since 2008, the landslide-damaged vegetation and its hydrological function
have been recovering. In this paper, the Minjiang Upstream watersheds around Yingxiu
Town were selected. First, the landslide-damaged vegetation was identified and moni-
tored via multi-temporal (2001–2014) satellite images. Then, the slope materials stabil-
ity was assessed through topographic analysis of the vegetation survival environments.10

Then, the hydrological connectivity index (HCI) was defined to describe the upstream
sediment production and downstream transport pathway. Finally, results indicated that
HCI decreased annually with the vegetation recovery after the obvious increases dur-
ing the earthquakes. While, analysis of 2008–2013 debris flow events indicated that the
areas, the vertical drop to river<1000 m and the horizontal distance to river<2500 m,15

have high HCI increases and are more susceptible for debris flow formation. Monitor-
ing the landslide-damaged vegetation recovery processes can contribute to assess the
hydrological connectivity changes and understand the debris flow formation.

1 Introduction

At 14:28 (Beijng Time, GMT+8) on 12 May 2008, a devastating mega-earthquake of20

magnitude 8.0 struck Yingxiu Town of Wenchuan County in Sichuan Province, China
(31.0◦ N and 103.4◦ E). The earthquake destabilized many mountain slopes causing
landslides that damaged large areas of mountain vegetation (Cui et al., 2009; Huang
and Li, 2009), and these landslides produced large amounts of loose material (land-
slide debris) that still deposited on the steep slopes and in the gullies (Tang et al.,25

2011). And these materials might be directly turned into debris flows or easily en-
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trained by debris flows, whenever a storm of sufficient magnitude occurs (Chen et al.,
2009; Tang et al., 2009). Many serious incidents related to debris flows have been re-
ported. On 24 September 2008, a heavy rainstorm in Beichuan County triggered 72
debris-flows (Tang et al., 2009). From 12 to 13 August 2010, 21 debris flows around
Qingping town concurrently occurred (Tang et al., 2012). From 13 to 14 August 2010,5

three regional catastrophic debris-flows occurred near the towns of Gengda, Yingxiu,
and Longchi (Xu et al., 2012; Chang et al., 2014). More recently, on 10 July 2013,
catastrophic debris-flows occurred in the upper reaches of Minjiang River (Guo et al.,
2014).

The combination of steep slope gradients, abundant fragmented surface materi-10

als, and high intensity rainfall naturally leads to the catastrophic debris flows in the
Wenchuan earthquake-hit area (Cui et al., 2009; Lan et al., 2013; Tang et al., 2009; Xu
et al., 2012). Indeed, the earthquake-induced landslides destroyed large areas of veg-
etation that made the vegetation hydrological adjusting function diminished, and the
large amounts of unconsolidated loose materials deposited on the steep slopes that15

changed the hydrologic progresses (i.e. infiltration reduced, runoff increased and flow
concentration expedited) in catchment (Cui et al., 2012). Much research has indicated
that the triggering rainfall threshold for debris flows significantly decreased after the
earthquake (Cui et al., 2009; Tang et al., 2009; Xu et al., 2012).

This research aims at modeling of slope materials stability and hydrological connec-20

tivity changes in one given catchment, and charactering the susceptibility conditions to
debris-flow hazards. We selected the Minjiang Upstream watersheds around Yingxiu
Town as the study area. First, the earthquake-damaged vegetation was identified and
monitored via multi-temporal (2001–2014) satellite images. Then, the slope materi-
als stability was assessed through topographic analysis of the damaged-vegetation25

survival environments. Then, the hydrological connectivity index (HCI) was defined to
describe the upstream sediment production and downstream transport pathway from
source to channels/sinks of one reference point in one given catchment. Finally, the HCI
changes after the earthquake were detected through monitoring the damaged vegeta-
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tion recovery processes, and the impact of the HCI changes were detected through
comparative analysis of 2008–2013 debris flow events.

2 The study area

2.1 The study area location

The study area (625 km2) is located in the upstream of Minjiang River, near Yingxiu5

Town, Wenchuan Country, Sichuan, China. It includes four watershed regions; YY wa-
tershed, GY watershed, YB watershed, and LX river (Fig. 1). This area was selected
for three reasons. First, it is close to the Wenchuan Earthquake epicentre, and was
severely affected by the earthquake. Second, the area had rich vegetation before the
earthquake, and earthquake-induced landslides damaged large areas of vegetation.10

Third, multi-temporal (2001–2014) TM/ETM images are available, which can represent
the vegetation changes before and after the earthquake.

In addition, the geotectonic movements are active for the complicated fault systems
in this region. The Wenchuan earthquake is a result of a sudden rupture of the Yingxiu–
Beichuan fault (Dai et al., 2011), which is one part of the Longmenshan thrust belt15

(Fig. 2). The rocks are primarily comprised of Archean granite, diorite and granodior-
ite; Sinian andesite; Carboniferous limestone; Trisssic sandstone and Silurian phyllite.
Most of bedrocks is deeply fractured and highly weathered, and covered by a layer of
weathered material.

2.2 Pre- and post-earthquake vegetation (2001–2014) in the study area20

The study area is situated in a subtropical humid monsoon climate zone with an annual
average temperature of 12.9 ◦C, an annual rainfall ranges from 1002 to 1265 mm and
approximately 66–76 % of the rain occurs during the rainy season from June to August
(Zhang et al., 2012). So, this region was rich with vegetation before the earthquake
(Fig. 3).25
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The post-earthquake remote sensing images (Fig. 3) show that there are large ar-
eas of vegetation were badly damaged by earthquake-induced landslides. And, these
areas of damaged vegetation were detected by examining changes in the normalized
vegetation index (NDVI) values (Fig. 4). The detail data of the damaged vegetation and
recovery conditions was shown in Table 1. Statistical analysis (Table 1) shows that the5

total size of the damaged area is about 227 km2, which accounts for 36.3 % of the area
of the study area, and each watershed had different damaged conditions. Statistical
analysis also indicates that these damaged vegetation areas had recovered by 46.2 %
until 2010, and had recovered by 64.2 % until 2014.

3 Methodology10

For vegetation influences local capacity to store materials and water and increases
infiltration, vegetation contributes towards disconnecting upstream and downstream
areas in the mountainous area. Identifying and monitoring the landslide-damaged veg-
etation can be used to assess the slope material stability and detect the hydrological
connectivity changes.15

3.1 The slope materials stability susceptibility

The elevation, slope gradient, aspect, distance from the earthquake source and geo-
logic units have been proven to be significant factors for the earthquake-induced land-
slides (Dai et al., 2011; Huang et al., 2009; Qi et al., 2010; Xu et al., 2013). Hence, the
slope materials stability can be assessed through topographic analysis of the vegeta-20

tion survival environments.

3.1.1 Vegetation growth environments zonation

At the basin (watershed) scale, terrain and lithology control the vegetation growth. Con-
sidering that the terrain have natural distribution features in one given basin, the digital
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elevation model (DEM) and slope gradient data were mapped into four classes (1:
< µ−σ, 2: [µ−σ, σ), 3: [µ, µ+σ], 4: > µ+σ) using the mean (µ) and SD (σ) values.
And, the slope aspect can be also divided into four classes (1: east, 2: south, 3: west,
4: north) based on the direction of sunshine, too. Furthermore, lithology units can be
reclassified into four rock competence (1: high (hard) rocks, 2: high-medium rocks, 3:5

medium rocks, 4: low (soft) rocks) based on their lithological and structural properties.
Hence, one given river basin can be mapped into 256 classes in theory. Each class
represents one kind of vegetation growing environments (VGE) and has similar topo-
graphical environments and material conditions.

3.1.2 Assessment of the slope materials stability10

The vegetation damage probability (VDP) was defined as the ratio of damaged vege-
tation areas to the total area in each of the VGE regions. And, the vegetative features
of each VGE regions are described using NDVI. Then, VDP was used as one initial pa-
rameter, and the slope materials stability susceptibility (w) model was trained through
multivariate analysis of damaged vegetation and its survival environments as the fol-15

lowing function.

w = f (d ,s,r ,v , l ) (1)

where d is the ratio of the height of the contour above the base (basin mouth) to the
total height of the basin, s is the slope gradient, r is the slope aspect, v is the NDVI
value, and l is the code for the lithology zonation.20

3.2 Hydrological connectivity index model

Mass wasting processes in mountainous terrain are not only dependent on the over-
all terrain, but also on the spatial organization and the internal connectivity of various
topographic units (Borselli et al., 2008; Blahut et al., 2010; Croke et al., 2005; Rogelis
et al., 2014). For a given point, mass wasting processes depend on its size of upslope25
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source zone and position in the catchment (Fig. 5). We define one hydrological con-
nectivity index (HCI), which includes the upslope (Fu) and downslope (Fd) components,
to describe the hydrological connectivity.

HCI = ln
(
Fu

Fd

)
(2)

3.2.1 The upslope component Fu5

The upslope component Fu is defined to estimate the upstream sediment production.
Fu depends on the topographic conditions (e.g. size, relative relief, and slope gradient)
and surface materials of the upslope contributing area. Among these, the topographic
factors can be calculated from DEM data, and the material properties can be simplified
and expressed as the slope materials stability susceptibility (w). Hence, Fu can be10

estimated as follows:

Fu = auhuwu sin(su) (3)

where, au, hu, wu, and su are the size, average relative altitude, average stability sus-
ceptibility, and average slope gradient of the upslope contributing area.

3.2.2 The downslope component Fd15

The downslope component Fd is used to describe the transport processes of the up-
slope sediment. Fd is strongly influenced by the flow pathway conditions, e.g. initial
elevation, flow length, slope gradient along pathway, and surface materials along path-
way. Hence, the upslope component Fd can be estimated as follows:

Fu =
L
H

∑
i

wdi cos(si )C (4)20
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where, L, H , wdi , si and C are the horizontal distance to river, vertical drop to river,
weighting factor, slope gradient and cell size of the reference point in the give basin. In
practice, wd can be simplified and expressed as (1−wu).

4 Results

4.1 The slope materials stability susceptibility at the study area5

The study area is mainly underlain by diorite, granite, limestone, and sandstone. All
these lithology units belong to the hard rocks. Hence, the vegetation growing environ-
ments depend on the topographical conditions mainly, and the each watershed was
zoned into 64 kinds of VGE regions basing on the DEM data (Fig. 6). Statistical results
indicated that most of VGE regions have similar topographic conditions (e.g. relative10

relief changes within 200 m, slope gradient changes within 0.13). Then, the slope ma-
terials stability susceptibility (w) model was trained and shown in Fig. 6. Finally, these
models in the YY, GY, YB watershed and LX river can be expressed as the following
functions.

w = −0.654d +1.004sin(s)+0.142sin
( r

2

)
−0.131v , R2 = 0.896 (5)15

w = −0.619d +1.144sin(s)−0.043sin
( r

2

)
−0.056v , R2 = 0.816 (6)

w = 0.140d +0.782sin(s)−0.081sin
( r

2

)
−0.234v , R2 = 0.796 (7)

w = −0.116d +0.625sin(s)+0.048sin
( r

2

)
−0.219v , R2 = 0.756 (8)

4.2 Hydrological connectivity changes at the study area

Using the TauDEM toolbox in ArcGIS 9.3 platform, both upslope hydrological maps (i.e.20

flow accumlation, average slope gradient and relative relief of the upslope contributuing
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area) and downslope hydrological maps (i.e. vertical drop to river H , horizontal distance
to river L) were calculated and shown in the Fig. 7 using the D-Infinity flow model
(Tarboton, 1997).

Then, the study area was divided into vegetation-covered and bare areas, the slope
materials stability of the vegetation-covered areas were calculated basing on the multi-5

temproal NDVI images, and the bare areas were regarded as 1. Finally, pre-earthquake
and post-earthquake HCI maps were calculated and shown in Fig. 8. Results showed
that the high HCI values are zonally distributed along both sides of the river, especially
in YY and GY watersheds.

For further analysis, the multi-temporal HCI changes with H and L was shown in10

Fig. 9. Statistical results indicated that the areas with H < 1000 m have obvious HCI
increases (> 0.25), which accounts for 62.7 % of the total areas, the areas with L <
2500 m have obvious increases (> 0.25), which accounts for 40.2 % of the total areas,
the areas with H < 1000 m and L < 2500 m have obvious increases (> 0.35), which
accounts for 34.9 % of the total areas, and HCI values have slowly decreases and no15

obvious changing trends with L and H .
Since the earthquake, the study area had suffered severe debris-flow events (Fig. 8).

Statistical results showed that the areas with H < 1000 m and L < 2500 m account for
about> 35 % of each debris flow gully area, and these areas have about obvious HCI
increases and slower decreases with vegetation recovery. Therefore, we consider that20

the areas with H < 1000 m and L < 2500 m, hereafter called the “susceptible areas for
debris flow formation, SADFF ”, are more susceptible to the debris flow formation, and
if the SADFF account more than 35 % of the total gully area, the gully has high potential
for debris flow in the wet season.
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5 Discussion

5.1 The assessment of slope materials stability in the study area

To assess the slope materials stability, we deem that the earthquake damaged vege-
tation areas in one given environment are proportional to its surface materials stability
within the same seismic intensity conditions. Hence, there are two main limitations on5

its application: (1) the study area was covered by vegetation, and under the similar
climate conditions, (2) the study area was struck by the earthquake that had high mag-
nitude and strong destructive force, and is situated in the zone with the same seismic
intensity level.

5.2 The impact of the hydrological connectivity changes after the earthquake10

Guo et al. (2014) found that the lowest rainfall intensity and rainfall amount for debris
flow initiation rise up annually through analysis in the study area. We collected some
rainfall records during 2010–2013 debris flow events, and the triggering rainfall intensity
(TRI) for debris flow initiation (mmh−1), the early effective rainfall (EER), the accumula-
tive rainfall with a period of 6 h (ARC6) and with a period of 12 h (ARC12) before debris15

flow occurred (mm) of these rainfall records were shown in Table 2. The HCI values
in SADFF areas from 2007 to 2014 were shown in Table 2, too. The results indicated
that the high rainfall intensity can easily trigger the debris flows, and the debris flow
formation in the gully with low HCI need high EER, ARC6 and ARC12. Therefore, HCI
analysis can provide some information for understanding the rainfall conditions of de-20

bris flow, but it is still challenging to predict the precise rainfall conditions of debris flow
events.
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6 Conclusions

Since 2008, the earthquake-damaged vegetation has been recovering. Importantly,
the recovery vegetation helps to stabilize slope materials and adjust hydrological pro-
cesses. The conditions of the debris flow initiation have changed with the damaged
vegetation recovery.5

We identify and monitor the landslide-damaged vegetation and its recovery pro-
cesses via multi-temporal (2001–2014) satellite images, and monitoring results indi-
cate that these damaged vegetation areas about 227 km2, which accounts for 36.3 %
of the area of the study area, and these damaged vegetation areas had recovered by
46.2 % until 2010, and had recovered by 64.2 % until 2014. We consider that these10

vegetation recovered areas returned to its geomorphic equilibrium within a few years,
possibly because most of the landslides were a shallow type and because of rapid
growth of vegetation that helped stabilize the slopes.

We model hydrological connectivity index (HCI) to detect the hydrologic processes
changes with the landslide-damaged vegetation recovery, and the HCI results indi-15

cated that HCI obviously increased after the earthquake, and HCI decreased annually
with the vegetation recovery. We consider that the lowest rainfall intensity and rainfall
amount for debris flow initiation would rise up annually with HCI decreases and vege-
tation recovery. In additions, we fund that the areas (H < 1000 m and the L < 2500 m)
have high HCI increases and are susceptible for debris flow formation in the study area.20
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Technology Support Program (No. 2012BAC06B02), the key Projects of the Chinese
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Table 1. Statistical data of damaged vegetation and recovery conditions from 2008 to 2014.

Watershed Area Damaged vegetation (km2) Recovered vegetation (km2)
code (km2) 18 Jul 2008 3 Jun 2009 18 Mar 2010 1–17 Jun 2014

LX river 78.7 12.2 10.3 5.1 8.3
YB 79.3 16.4 15.4 5.4 11.5
YY 316.7 127.7 122.7 61.1 82.4
GY 150.6 70.5 68.8 33.1 43.4

Total 625.3 226.8 217.2 104.7 145.6
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Table 2. Triggering rainfall characteristics for the debris flow events with HCI changes from
2010 to 2013.

Gully Date Rainfall characteristics HCI changes features
TRI EER ARC6 ARC12 2007 2008 2009 2014

Baiyi gully 13 Aug 2010 53.5 41.1 0.5 40.7 −0.34 0.12 0.13 −0.09
Hongchun gully 14 Aug 2010 16.4 162.1 45.0 94.5 1.62 2.14 2.09 1.85
Hongchun gully 21 Aug 2011 56.5 145.0 – – 1.62 2.14 2.09 1.85
Niujuan gully 3 Jul 2011 27.1 46.7 18.7 41.0 1.32 1.78 1.76 1.53
Gaojia gully 3 Jul 2011 34.4 100.8 80.8 92.1 1.17 1.60 1.56 1.32
Taoguan gully 9 Jul 2013 18.6 126.4 37.5 49.8 0.54 0.96 0.91 0.75
Guxi gully 9 Jul 2013 17.1 192.5 51.8 71.0 0.42 0.81 0.79 0.62
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Figure 1. Location of the study area (from the Columbus Navigation Homepage).
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Figure 2. Geological settings and the Wenchuan earthquake seismic intensity maps at the
study area.
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Figure 3. Landsat-5/8 (2001–2014) images at the study area.
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Figure 4. Landsat-5/8 (2001–2014) NDVI images, damaged vegetation and its post-earthquake
recovery images at the study area.
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Figure 5. Hydrological conditions of mountainous gully basins.
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Figure 6. Vegetation growing environment zonation and the surface materials stability suscep-
tibility at the study area.

1133

http://www.nat-hazards-earth-syst-sci-discuss.net
http://www.nat-hazards-earth-syst-sci-discuss.net/3/1113/2015/nhessd-3-1113-2015-print.pdf
http://www.nat-hazards-earth-syst-sci-discuss.net/3/1113/2015/nhessd-3-1113-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


NHESSD
3, 1113–1136, 2015

Modelling of the
hydrological

connectivity changes
in the Minjiang

Upstream

H. Z. 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
|

Figure 7. Hydrological analysis of the study area.
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Figure 8. The hydrological connectivity index map and the 2008–2013 debris-flow events at
the study area.

1135

http://www.nat-hazards-earth-syst-sci-discuss.net
http://www.nat-hazards-earth-syst-sci-discuss.net/3/1113/2015/nhessd-3-1113-2015-print.pdf
http://www.nat-hazards-earth-syst-sci-discuss.net/3/1113/2015/nhessd-3-1113-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


NHESSD
3, 1113–1136, 2015

Modelling of the
hydrological

connectivity changes
in the Minjiang

Upstream

H. Z. 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
|

Figure 9. Statistical reseults of hydrological connectivity change processes from 2007 to 2014.
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