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Abstract This study analyzes the significant im-
pacts of typhoons and earthquakes on land cover
change and hydrological response. The occur-
rence of landslides following typhoons and earth-
quakes is a major indicator of natural disturbance.
The hydrological response of the Chenyulan wa-
tershed to land use change was assessed from
1996 to 2005. Land use changes revealed by seven
remote images corresponded to typhoons and a
catastrophic earthquake in central Taiwan. Hy-
drological response is discussed as the change in
quantities and statistical distributions of hydrolog-
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ical components. The land cover change results
indicate that the proportion of landslide relative
to total area increased to 6.1% after the Chi-
Chi earthquake, representing the largest increase
during the study period. The study watershed is
dominated by forest land cover. Comparisons of
hydrological components reveal that the distur-
bance significantly affects base flow and direct
runoff. The hydrological modeling results demon-
strate that the change in forest area correlates with
the variation of base flow and direct runoff. Base
flow and direct runoff are sensitive to land use in
discussions of distinction. The proposed approach
quantifies the effect of typhoons and earthquakes
on land cover changes.

Keywords Hydrology · Land cover change ·
Landslides · Remote sensing data · Disturbances ·
Monte Carlo simulations · Distinction

Introduction

The interactions between land use/cover and
underlying hydrological processes are frequently
complex and dynamic (Uhlenbrook et al. 2001;
Ashagrie et al. 2006). Quantifying the effect of
land use changes on hydrological response is a cur-
rent challenge in hydrological science (Ashagrie
et al. 2006). Recently, numerous researchers have
assessed the impact of land use/cover changes on
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hydrological cycles (Lorup et al. 1998; Chen
and Li 2004; Chang 2004; Tetzlaff et al. 2007;
Choi 2007; Lin et al. 2007a). The impacts
of anthropogenic disturbances, such as land
use changes induced by urbanization and
industrialization, influence hydrological cycles
(Turcotte and Malamud 2004; Barbaro 2007,
Lin et al. 2007a, b; Saurral et al. 2008). On the
other hand, the impacts of land use/cover changes
induced by large physical disturbances such as
wildfire, earthquake, and heavy rainfall influence
hydrological processes (Walker 2002; Manga
and Wang 2007; McMichaela and Hopeb 2007;
Lane et al. 2008; Koi et al. 2008). However, few
studies have examined the cumulative impacts of
land use/cover changes induced by chronological
disturbances such as typhoons and earthquakes
on hydrological processes (Koi et al. 2008).

Taiwan is located in a subtropical region
and sits on the Philippine plate at the Euro-
Asian Plate junction (DeMets et al. 1990).
Taiwan suffers disastrous earthquakes because of
plate convergence as well as typhoons. Moreover,

typhoons bringing enormous rainfall strike
Taiwan every year from July to October. These
two types of large physical disturbances cause
land use/cover changes affecting watersheds,
particularly land cover changes caused by
landslides (Chung and Fabbri 2005; Guzzetti et al.
2005; Lin et al. 2008a, b) and by destruction of
vegetation (Cheng et al. 2007; Chang and Feng
2008) in mountain watersheds in Taiwan. Extreme
typhoon and earthquake events increase the
incidence of landslides in the short term (Chang
and Slaymaker 2002). Typhoons are different
from earthquakes in forcing changes in land
use/cover. Typhoons can significantly influence
land use/cover changes such as landslides via the
flow of accumulated rainfall and wind gradients.
Moreover, typhoons invariably lead to recurrent
land use/cover changes along an exposure aspect
aligned with the typhoon path and abrupt changes
perpendicular to the aspect (Lin et al. 2008a, b).

During 1996–2004, a series of large physical
disturbances struck central Taiwan. The 21st
September 1999 Chi-Chi earthquake that involved

Fig. 1 Paths of typhoons and local magnitude of Chi-Chi earthquake in the study watershed



Environ Monit Assess

the rupture of the Chelungpu Fault occurred at
1:47 a.m. local time (17:47:18 GMT the previous
day), with its epicenter at 23.85◦N and 120.78◦E
and a depth of 6.99 km (Fig. 1). The estimated
magnitude of the earthquake was ML = 7.3
(ML: local magnitude or Richter magnitude),
and the rupture zone, as defined by aftershocks,
measured approximately 80 km north–south
by 25–30 km down-dip (Roger and Yu 2000).
The earthquake significantly changed landscape
patterns in central Taiwan, particularly in the
area near the epicenter. Since 1999, following
the Chi-Chi earthquake, the rate of expansion of
landslide areas in central Taiwan has increased
20 times (Lin et al. 2003, 2008a, b) due to the
numerous earthquake-created extension cracks,
which increase landslides during heavy rain,
created on hill slopes by the Chi-Chi earthquake
(Lin et al. 2006a, 2008a, b). During 2000, Typhoon
Xiangsane passed through eastern Taiwan but
did not bring heavy rainfall events, and in 2001,
Typhoon Toraji brought torrential rains and
wind gusts of up to 90 miles per hour that caused
significant property damage and fatalities. These
typhoons, particularly Toraji, caused major
landslides and debris flows in central Taiwan.
Typhoon Mindulle, with a maximum wind speed
of 200 km/h, a radius of 200 km, and maximum
rainfall of 166 mm/h (June 29–July 2, 2004),
produced heavy rainfall that fell across eastern
and central Taiwan. Moreover, the cumulative
impacts of the above disturbances on land
use resulted from disturbance magnitudes
and paths, but were not always evident
in spatiotemporal variation in land use/cover
(Lin et al. 2006b; Chang et al. 2007). Another big
typhoon, named Aere, also approached the area
on August 24–25, 2004, bringing approximately
320 mm of rainfall per day and also causing exten-
sive debris flows (Tsutsui et al. 2007). Typhoon
Matsa on August 3–6, 2005 dumped torrential
rainfall of up to 1,270 mm, causing mudslides and
moderate damage across the island. Disturbances
such as those described above lead to the creation
of complex patterns of land use/cover or cause
changes in land cover in disturbed regimes.
However, understanding the impacts of such
disturbances on landscape patterns is essential for
managing or restoring disturbed areas.

To understand the hydrologic effects of land
cover changes, it is better to use a long-term
hydrologic model than a single-event hydrologic
model (Calder 1993; Kim et al. 2005). Importantly,
the long-term impact of land use change on water
quantity is dominated by the cumulative effects
of frequent small storm events rather than by
rare large storm events. This study assessed the
relationship between land cover conversion and
hydrological variables caused by natural distur-
bances, such as earthquakes and typhoons. The
study classifies the land cover types using re-
mote images obtained after large-extent distur-
bance and assessed the distinction level of the
probability distribution frequencies (PDFs) of hy-
drological variables. Mote Carlo simulations were
performed for the effects of land cover change
on hydrologic response. To evaluate land cover
impact, the model was coded to generate the sur-
face runoff (direct runoff), base flow, total runoff,
evapotranspiration, and infiltration of the water-
shed. The relationships among land use changes
and hydrological variables were determined in the
study watershed.

Methods and materials

Analyzed watershed and data

The Chenyulan watershed located in Nantou
County, central Taiwan is a typical mountainous
drainage watershed with a north–south orienta-
tion. The watershed has an area of 449 km2, av-
erage altitude of 1,540 m, slope of 32◦, and relief
of 585 m/km2 (Fig. 1). The main course gradi-
ent is 6.1%, and over 60% of the tributaries of
the watershed have gradients steeper than 20%
(Chang 1997). Slate and meta-sandstone are the
dominant lithologies in the metamorphic terrain
(Lin et al. 2003). Based on the relative quanti-
ties of slate and meta-sandstone, the metamorphic
strata in the east of the study area are divided into
the Shihpachuangchi, Tachien Meta-Sandstone,
Paileng Meta-Sandstone, and Shuichangliu strata
(Lin et al. 2003). In the sedimentary terrain (west-
ern part of the study area), sandstone and shale
dominate, including the Nankang, Nanchuang,
and KueiChulin Formations (Lin et al. 2003).
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Steep slope, weak rock, and continuous heavy
rainfall are major causes of slump sand debris
flows.

At 01:47′12.6′′ on September 21, 1999, an earth-
quake of magnitude 7.3 on the Richter scale
and with a focal depth of 8.0 km struck central
Taiwan. The cause of this event, known as the Chi-
Chi earthquake, was movement of the Chelungpu
fault. The epicenter was located at 23.87◦N and
120.75◦E, near the Chenyulan watershed in south
Nantou County. Iso-contour maps of the earth-
quake were reproduced from Central Weather
Bureau data. Figure 1 illustrates a map of the Chi-
Chi earthquake. The earthquake caused surface
ruptures along 100 km of the Chelungpu fault in
a north–south direction and 10,000 landslides that
seriously altered landscapes in central Taiwan,
particularly near the epicenter.

Before the Chi-Chi Earthquake, Typhoon
Herb swept across northern Taiwan from July
31 to August 1, 1996. This event brought maxi-
mum daily rainfall of 1,170 mm at its center and
850 mm over the Chenyuland watershed. A year
after the Chi-Chi earthquake, Typhoon Toraji
swept across central Taiwan from east to west,
bringing maximum wind speeds of 138.90 km/h,
together with 55.65-km/h winds over a radius of
180 km on July 30, 2001. The lowest pressure
at the center of the storm was 965 hPa. The ty-
phoon brought extremely heavy rainfall, ranging
from 230 to 650 mm/day, and triggered more than
6,000 landslides. The maximum hourly rainfall was
approximately 130 mm/h. After crossing central
Taiwan, the typhoon became a tropical storm. The
torrential rainfall associated with Typhoon Toraji
washed away soil already loosened by the Chi-
Chi earthquake and changed landscape patterns
in central Taiwan.

Table 1 shows the first and second largest 24-
and 48-h rainfall events during 1996 to 2005. All
maximum rainfall events were associated with ty-
phoons. Seven typhoons occurred from 1996 to
2005, with two occurring in each of the years 2001
and 2004. No heavy typhoons occurred during
1999–2000 or 2002–2003. To understand the ef-
fects of typhoons or the Chi-Chi Earthquake,
Table 1 lists the time series and dates of the
typhoons, earthquake, and remote images. Seven
states are defined based on seven remote images T

ab
le

1
In

fo
rm

at
io

n
an

d
re

co
rd

s
of

di
st

ur
ba

nc
es

an
d

re
m

ot
e

im
ag

es

Im
ag

e
(d

at
e)

D
is

tu
rb

an
ce

s
24

-h
a :m

m
(d

at
e)

24
-h

b
:m

m
(d

at
e)

48
-h

a :m
m

(d
at

e)
48

-h
b
:m

m
(d

at
e)

St
at

e
I

(1
99

6/
11

/8
)

T
yp

ho
on

H
er

b
45

9
(1

99
6/

7/
31

)
31

9
(1

99
6/

8/
1)

77
8

(1
99

6/
8/

1)
32

0
(1

99
6/

8/
2)

St
at

e
II

(1
99

9/
3/

6)
T

yp
ho

on
Z

eb
32

6
(1

99
8/

10
/1

6)
10

6
(1

99
8/

10
/1

5)
43

2
(1

99
8/

10
/1

6)
32

6
(1

99
8/

10
/1

7)
St

at
e

II
I

(1
99

9/
10

/3
1)

C
hi

-C
hi

ea
rt

hq
ua

ke
(1

99
9/

9/
21

)
St

at
e

IV
(2

00
1/

11
/2

0)
T

yp
ho

on
T

or
aj

ic
an

d
N

ar
id

61
6c

(2
00

1/
7/

30
)

23
7d

(2
00

1/
9/

17
)

65
3c

(2
00

1/
7/

30
)

61
7c

(2
00

1/
7/

31
)

St
at

e
V

(2
00

3/
12

/1
7)

H
ea

vy
ra

in
fa

ll
11

1
(2

00
3/

6/
7)

95
(2

00
3/

8/
30

)
12

8
(2

00
3/

6/
7)

12
6

(2
00

3/
6/

8)
St

at
e

V
I

(2
00

4/
11

/1
9)

T
yp

ho
on

M
in

du
lle

e
an

d
A

er
ef

28
8e

(2
00

4/
7/

4)
21

5f
(2

00
4/

8/
24

)
44

4e
(2

00
4/

7/
4)

40
6f

(2
00

4/
8/

25
)

St
at

e
V

II
(2

00
5/

11
/1

1)
T

yp
ho

on
M

at
sa

35
0

(2
00

5/
8/

4)
25

1
(2

00
5/

8/
5)

60
1

(2
00

5/
8/

5)
30

2
(2

00
5/

8/
6)

a T
he

hi
gh

es
tr

ai
nf

al
l

b
T

he
se

co
nd

hi
gh

es
tr

ai
nf

al
l

c T
yp

ho
on

T
or

aj
i

d
T

yp
ho

on
N

ar
i

e T
yp

ho
on

M
in

du
lle

f T
yp

ho
on

A
er

e



Environ Monit Assess

to represent the land use/cover of watershed in
different time. The first of the remote images col-
lected after 1996 is named state I, and the others
are named sequentially according to time.

Land cover images and classification

SPOT images with cloud zero percentage cloud
coverage were purchased from the Space and
Remote Sensing Research Center and used for
watershed land cover classification for the dates
March 6, 1999, October 31, 1999, November 27,
2000, and September 21, 2001 before and after the
earthquake and typhoons. The SPOT images were
first classified via supervised classification with
maximum likelihood and fuzzy methods using
ERDAS IMAGINE software using 1/25,000 black
and white aerial photographs and ground truth
data (Lin et al. 2006b). Subsequently, the classi-
fied images and geographical data (roads, build-
ings, slopes, and band ranges) of the watersheds
were used to construct the knowledge base in the
Knowledge Engineer of IMAGINE software for
final SPOT image classification. The IMAGINE
user manual presented the theorems underlying
the above image classification methods in greater
detail. Moreover, kappa values were calculated to
assess the final classification accuracy. The final
accuracy assessment of each SPOT image used
747 pixels, with the accuracy assessment using be-
tween 30 and 475 pixels per training class. Table 2
lists the total accuracies and kappa values of the
land cover classifications. In this study, the land
cover categories were forest, grassland, farmland,
buildup, landslide, and river sand. All accura-
cies and kappa values exceeded 82% and 0.77,
respectively.

Simulation processes and hydrological model

This section describes the simulation of the hy-
drological component. First, a weather genera-
tion model (Pickering et al. 1988) was applied
to produce a daily weather database comprising
historical weather statistics for the period 1981 to
2005. The model is used to assess the impact of
climate change and land use change (Tung and
Haith 1995; Tung et al. 2006; Lin et al. 2007a) and
to generate daily temperature and precipitation

data for a 300-year period. These daily data were
used as inputs in the hydrological model. Monte
Carlo is used to simulate 300 years of land cover
in each land cover state and to analyze the change
in hydrological components.

The hydrological model employed in this
study is the generalized watershed loading
functions (GWLF) model developed by Haith
and Shoemaker (1987). This model has previously
been used to assess the effects of land use change
on water resource supplies and hydrological cycles
(Tung and Lee 2001; Lin et al. 2007a). The water
balance is simulated on a daily basis. The model
included lumped and distributed parameters for
simulating base flow, direct runoff, and stream
flow in the watershed. Data inputs included daily
rainfall and temperature, and the data output
were all hydrological components. The effects
of land use change are described by the curve
number method, which is used to estimate direct
runoff in the model. The water mass balance zones
are both unsaturated and saturated. In the unsatu-
rated zone, water mass balance is calculated based
on infiltration, evapotranspiration, percolation
into the saturated zone, and initial moisture in the
unsaturated zone. Infiltration comprises rainfall
minus direct runoff. Moreover, evapotranspira-
tion is estimated as the moisture in the unsatu-
rated zone and potential evapotranspiration is
calculated by the Hamon equation and cover co-
efficients (Hamon 1961; Tung and Lee 2001). The
cover coefficients differ according to land use. The
base flow from the saturated zone was estimated
using a linear function with a regression coeffi-
cient. All hydrological components are presented
in units of depth (centimeters). The GWLF model
was introduced in the detailed model equations in
the GWLF user manual (Haith et al. 1992).

Distinction level

Seven land cover states derived from SPOT
images were assumed to represent different
hydrological properties in different years. This
study examined whether different land cover
caused by disturbing events such as typhoons and
earthquakes can be identified based on hydro-
logical components. A simple means of achieving
such a differentiation involves measuring output
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PDF. Monte Carlo simulations revealed the
frequency distributions of all seven land cover
states. Eckhardt et al. (2003) presented a method
for comparing pairs of land covers by two PDFs.
This study follows the procedure of Eckhardt
et al. as described below. The comparison method
assumed that output variable y is partitioned
into N intervals. By normalizing the interval
yi(i = 1. . .N) to the number of model runs
per Mote Carlo simulation, the probabilities
p[yi](i = 1...N) of finding the value of variable y
in one of the intervals yi can be calculated. Let
p[y′(A)] denote the probability of land cover A;
the calculated value of y lies in the interval y′,
and p[y′(B)] is the corresponding probability for
land cover B. The probability p[y′(A,B)] of two
model runs yielding a model response y in the
interval y′ is:

p
[
y′(A,B)

] = p
[
y′(A)

] × p
[
y′(B)

]
. (1)

The overall probability Py(A, B) of two inde-
pendent realizations of land covers A and B yield-
ing the same result with respect to y is obtained by
summing all intervals:

Py (A,B) =
N∑

i=1

p
[
yi(A,B)

]

=
N∑

i=1

{
p

[
yi(A)

] × p
[
yi(B)

]}
. (2)

The Py(A, B) can be normalized with respect
to max {Py(A, A), Py(B, B)}. The distinction of
outputs from different land cover is assumed to be
calculated as:

Dy (A,B) = 1 − Py(A,B)

Max
{

Py(A,A) × Py(B,B)
}

(3)

where Dy(A,B) is the distinction of hydrological
variable y between land covers A and B. If two
identical frequency distributions are compared,
then Dy(A,B) = 0. If the distributions do not
overlap, then Dy(A,B) = 1 .

Eckhardt et al. (2003) noted that a common
problem associated with similarity is how to define
the significance criterion. Eckhardt et al. (2003)
analyzed similarities among land cover change

scenarios in an artificial catchment. A distinction
level is defined as 0.9 and exits in the event of a
proportional shift from grassland to forest. This
study considers a real case of this phenomenon.
In real cases, it is impossible for the hydrological
difference to be large when distinction equals 0.9.
Furthermore, in the case described by Eckhardt
et al. (2003), a 25% proportional shift from
pasture to forest was presented at the statistical
significant level below 0.1. Consequently, it was
inappropriate in this study to apply the standard
of Eckhardt et al. (2003). Moreover, a distinction
value of 0.1 is frequently selected as the typical
standard for representing certain change. For
example, if a standard normal distribution
with zero mean and one standard deviation is
compared with another normal distribution, the
distinction is approximately 0.1 when the normal
distribution has a mean of 0.6 with no change
in the standard deviation or when the standard
deviation equals 1.2 with no change in the mean.

The hydrological comparison is conducted in
this study analyzed four components: evapotran-
spiration, base flow, direct runoff, and stream
flow. To understand the impact of land cover on
these components, two comparisons of the impact
of these components are made, as follows. The
conversion from one state to another over time is
analyzed first, and then states I and III are taken
as references for analyzing the other states. State
I is the starting point of the analysis, while state
III is the state immediately following the Chi-Chi
earthquake. The purpose of the first comparison,
which is of a temporal transition from one state
to the next, is to determine how the effects of
hydrological components differ between two dis-
turbances. Furthermore, the second comparison
analyzes the effects of typhoons and earthquakes,
as well as disturbance history. Larger disturbance
may be associated with increased differences be-
tween dissimilar hydrological components.

Results

Results of land use analysis

Statistics of land covers in each state provide a
basic tool for characterizing land cover changes.
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Table 2 and Fig. 2 also lists the results for remote
land cover images and classifications. However,
the land cover classification from remote images
cannot easily distinguish landslides from river
sand. The problem involves both technological
limitations and landslide location. Chang and
Slaymaker (2002) pointed out the frequency
and spatial distribution of landslides. Many new
landslides result from typhoon events located near
rivers. Bias in land use classification persists for
large watersheds and rivers. Therefore, river sand
and landslide are combined into a single term.
This study used the following five land use types:
cultivated land, forest, built-up areas, grasslands,
river sand, and landslide. In terms of area, the
different land use classifications follow the order
forest, cultivated land, landslide, grassland, and
urban areas. The proportion of forest area to the
entire area decreased considerably, from 80.9% in
1996 to 74.4% in 2005. The forested area reduced
during the transition from state II to state III.
Following state III, the proportion of forest to the
entire area increased to 78% in state V and then
gradually decreased until state VII. Furthermore,
the proportion of cultivated land to the entire area
was 10–14%.The cultivated area slightly increased
over time except in the case of state III. All land
cover types other than forest and cultivated land
represent low proportions of the entire area.
The average proportions of landslide, grass, and
built-up areas to the entire area in the watershed
are 5.0%, 4.9%, and 0.6%, respectively.

Changes in land cover over time are described
for transitions between states, for example states
I–II, states II–III, etc (Table 3). Table 3 shows
that the maximum conversion occurred for states
II–III regardless of the change in the proportion
of forest or cultivated land to the entire area,
as demonstrated by analyzing the impacts of
different disturbances on land use change.
Landslide and river sand increased from state I
to state II and state II to state III and decreased
from state III to state IV and from state IV to
state V. The transition from state IV to state V
revealed a slight change in land cover. Especially,
the proportion of forest land to the entire
area decreased by 3.05% and that of grassland
increased by 2.01% during the transitions from
state V to state VI. Therefore, the major land
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11/8/1996(State I) 

After Typhoon Herb 

12/17/2003(State V) 

After a heavy rainfall event 

11/19/2004(State VI) 

After two typhoons 

11/11/2005(State VII) 

After Typhoon Matsa 

10/31/1999(State III) 

After the Earthquake 

3/6/1999(State II) 

Before the Earthquake 

11/20/2001(State IV) 

No heavy typhoon after State III

Forest 

Cultivated land 

River Sand 

Land Slide 

Builtup 

Fig. 2 Land covers from 1996 to 2005

Table 3 The percentage
of land use changes
between states

Cultivated Forest Built-up Grass Landslide and
(%) (%) (%) (%) river sand (%)

Transition with time
States I–II −0.91 −1.44 −0.02 0.81 1.55
States II–III 2.37 −4.58 0.17 0.95 1.08
States III–IV −0.64 3.03 −0.08 −1.23 −1.07
States IV–V 1.46 0.09 0.14 −0.92 −0.78
States V–VI 0.79 −3.05 0.01 2.01 0.24
States VI–VII 0.49 −0.52 0.07 −1.35 1.31

Compared with state I
States I–II −0.91 −1.44 −0.02 0.81 1.55
States I–III 1.46 −6.01 0.16 1.76 2.63
States I–IV 0.82 −2.99 0.07 0.53 1.56
States I–V 2.29 −2.89 0.22 −0.39 0.78
States I–VI 3.08 −5.94 0.23 1.61 1.02
States I–VII 3.57 −6.46 0.30 0.26 2.33

Compared with state III
States III–I −1.46 6.01 −0.16 −1.76 −2.63
States III–II −2.37 4.58 −0.17 −0.95 −1.08
States III–IV −0.64 3.03 −0.08 −1.23 −1.07
States III–V 0.82 3.12 0.06 −2.15 −1.85
States III–VI 1.62 0.07 0.08 −0.15 −1.61
States III–VII 2.10 −0.45 0.14 −1.50 −0.31
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cover change associated with the transition from
state V to state VI can be considered to be the
transformation of forest into grassland. The most
obvious transformation occurred from state II to
state III. The proportion of forest to the entire
area reduced to 4.58% and that of cultivated land
use increased to 2.37%. Human activity caused
the change in cultivated land. The proportion of
river sand and landslide to the entire area was
1.08%, representing a substantial change to land
cover, but not the largest observed. In the case
of states I–II, the proportional change in river
sand and landslide was 1.55%. The second largest
change was 1.31%, occurring in the case of the
transformation of state VI to state VII. While
the earthquake was major, it did not represent
the biggest transition in terms of impact on land
cover change. Conversely, Typhoon Zeb caused
substantial change during states I–II. Apparently,
the proportion of river sand and landslide to the
entire area was already bad at state II. Conse-
quently, a serious earthquake following a heavy
typhoon may not significantly affect land use.

State I, in 1996, serves as a reference for analyz-
ing long-term change. The maximum proportional
change in river sand and landslide compared to
state I during the past 10 years is 2.63% regard-
less of the effects of earthquakes and typhoons.
Taking land use in state I as a reference, forest
is the single largest category of land cover, with
cultivated land only increasing significantly after
state V. The proportions of landslide and river
sand over total land cover from state I to state
III and from state I to state VII were 2.63%
and 2.33%, respectively. The conversion of forest
was resulted mainly from a decade-long increase
in cultivated land. Furthermore, no obvious evi-
dence of difference exists between typhoons and
the earthquake, both of which exhibit similar ef-
fects. The proportions of river sand and landslide
to the entire area were 4.3% (at state V)–6.1% (at
state III). No typhoons occurred during the tran-
sition from state IV to state V (2001/11–2003/12).
Recovery, which is the proportional decrease in
landslides, was observed during the transitions
from state III to state IV and from state IV
to state V. However, two typhoons, Toraji and
Nari, occurred during the transition from state III
to state IV. The watershed may have recovered

from previous landslides if these typhoons had not
occurred. However, the watershed can still re-
cover from typhoon disturbances when it is its
worst situation and the landslide area is at its
maximum.

Taking state III (after the earthquake) as a
reference, within 2 years, the proportion of forest
to the entire area increased to 3.03%, as demon-
strated at state IV. By state V, the proportion of
forest to the total area increased to 3.12%. The
effect of typhoons after the earthquake was thus
insignificant in the case of forest. The forest area
in states I, II, IV, and V exceeded that in state
III. Specifically, the landslide and river sand area
decreased 2.63% in state III–I, with decreases in
other land use types ranging from 1.85% to 1.07%.
The area of landslide and river sand was at its
peak in state III. The area of landslide in Chenyu-
lan watershed declined from state III to state
V, but the area remains unstable. Consequently,
evidence exists of a recovery of vegetation in the
Chenyulan watershed.

Comparison of simulated hydrological
components for different land uses

The model was validated using a series of
monthly stream flow data for the Chenyulan
stream gauging station from 1996 to 2001 (Fig. 3).
The validation results demonstrate the good
performance of the GWLF model except for the
simulated stream flow in Jul-96 and Aug-96. The
R2 of the observed and simulated data was 0.89.
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To examine the hydrologic impact of land use
changes, the model was run using the land cover
data sets to represent seven states of the water-
shed using the Monte Carlo simulation approach.

The results of hydrological component analyses
involving four hydrological components, including
evapotranspiration (ET), base flow (BF), direct
runoff (DR), and stream flow (SF), during the
three analysis periods (annual, wet, and dry sea-
son) for different states are presented. The wet
season runs from May to October, and the dry
season runs from November to April. Figure 4
compares the difference among four hydrological
components during three periods, taking states I

and III as references. Annual evapotranspiration
and stream flow did not significantly differ among
all states. Base flow decreasing and direct runoff
increasing were observed in comparison with state
I. The difference in direct runoff was 2–4%, while
that in base flow was 2–6%. Due to the forest
decreasing, the differences in states III–I and VII–
I in direct runoff were larger than that with states
II–I and V–I. Moreover, the difference in stream
flow during the dry season was greater than the
difference among states during the wet season.
This phenomenon results from the limited ability
of a watershed to retain rainwater during heavy
rainstorms in the wet season.

Fig. 4 Differences of four
hydrological components
compared with state I and
state III. a, d Annual
average; b, e in dry
season; c, f in wet season
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Table 4 Ranks of
hydrological distinctions

ET, evapotranspiration,
BF base flow, DR direct
runoff, SF stream flow

Ranks of hydrological differences compared Ranks of hydrological distinctions
with state I compared with state III

States II III IV V VI VII I II IV V VI VII

Annual
ET 2 5 3 1 4 6 6 4 3 5 2 1
BF 1 5 3 2 4 6 6 5 3 4 2 1
DR 1 5 3 2 4 6 6 5 3 4 2 1
SF 2 5 3 1 4 6 6 4 3 5 2 1

Dry season
ET 2 5 3 1 4 6 6 4 3 5 2 1
BF 1 5 3 2 4 6 6 5 3 4 2 1
DR 1 5 3 2 4 6 6 5 3 4 2 1
SF 1 5 3 2 4 6 6 5 3 4 2 1

Wet season
ET 1 5 3 2 4 6 6 5 3 4 2 1
BF 1 5 3 2 4 6 6 5 3 4 2 1
DR 1 5 3 2 4 6 6 5 3 4 2 1
SF 1 5 3 2 4 6 6 5 3 4 2 1

Figure 4d–f shows the hydrological components
during different periods (annual, wet season, and
dry season) compared with state III. Base flow
increased and direct runoff decreased during all
periods except states III–VII. Similarly, the direct
runoff of state III is nearly the highest for the
survey period, and the base flow of state III ap-
proaches the lowest for the survey period. The
effects of earthquake are directly linked to the
changes in base flow and direct runoff, and there-
fore, base flow records its lowest value during the
survey period and direct runoff records its highest
value in state III.

To understand the relationships between the
hydrological variables and land cover types,
Table 4 lists the ranks of hydrological variables
associated with land cover types. A higher num-
ber indicates larger difference and area. Table 4
also lists the ranks of hydrologic variables for the
reference of states I and III. It also shows that
the difference of state VII–I is largest. State II

and state V approximated state I. Other states,
such as states IV and VI, were gradual states.
The right side of the table compares the re-
sults for state III. The rank was high when
state I was compared with state III, indicating
a significant difference in hydrological compo-
nents. The components of state III were similar
to those of state VII and state VII (Table 5).
Briefly, the hydrological modeling results show
that the rankings of hydrologic component dif-
ference are similar to that of forest area change.
This similarity results from major land use type
and forest change being related to hydrologic
responses.

Distinction of hydrological components
between two states

Figure 5 shows the distinction of four com-
ponents in different states using a comparison

Table 5 Ranks of land
cover changes

States Ranks of land use change Ranks of land use changes
compared to state I compared to state III

II III IV V VI VII I II IV V VI VII

Cultivated 1 3 2 4 5 6 2 1 3 4 5 6
Forest 1 5 3 2 4 6 6 5 3 4 2 1
Built-up 1 3 2 4 5 6 2 1 3 4 5 6
Grass 4 6 3 1 5 2 2 5 4 1 6 3
Landslide 5 6 4 1 2 5 1 4 5 2 3 6
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between state I and state III. In the wet season,
heavy rainfall resulted from typhoons or storms
were generally concentrated within a short period.
Changes in land cover significantly affect the base
flow. The distinction analysis revealed that the
effects of disturbances on base flow significantly
exceeded the effects of direct runoff during the
wet season. During the dry season, the change
in land cover significantly affects stream flow, di-
rect runoff, and base flow. The hydrologic distinc-
tions of land cover change for monthly stream
flow, monthly base flow, monthly direct runoff,
and monthly evapotranspiration during the dry

season were 0.25, 0.3, 0.3, and 0.15, respectively.
During the dry season, base flow influences the
ecological environment particularly significantly.
The distinction of hydrological component distrib-
ution makes it easy to assess the hydrologic effect
of different land covers, especially stream flow,
compared to the distinction of the hydrologi-
cal component (Fig. 4). Therefore, the proposed
method can demonstrate distinct stream flow
distributions.

Figure 6 shows the distinction among the tran-
sitions for different periods (annual, wet sea-
son, and dry season). Figure 6a shows that the

Fig. 5 The distinctions of
four hydrological
components compared
with state I and state III.
a, d Annual average; b, e
in dry season; c, f in wet
season
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distinction of the transitions between states varies
with hydrological components. Annual stream
flow in transitions of land cover states exhibits
little distinction. The distinctions between evapo-
transpiration in the transitions were all less than
0.1, with the exception of states II–III. The dis-
tinctions results show that distinction values for
base flow and direct runoff were 0.15–0.31. Direct
runoff exhibited the lowest distinction and base
flow exhibited the highest distinction in states IV–
V because slight change of forest area with sig-
nificant landslide reductions and cultivated area
increases. Figure 6b reveals that the distinctions
of stream flow exceeded 0.1 except states IV–V

in the dry season. However, the distinctions of
base flow and direct runoff are similar. Figure 6c
shows that the direct runoff and base flow between
two states are significantly distinct during the wet
season. The highest distinction value for direct
runoff in states III–IV was 0.29, while that highest
value for the distinction in base flow was 0.27.

Relationship among the change of land cover
and hydrologic response

To evaluate the relationships among land cover
changes, quantities, and distribution distinctions

Fig. 6 The distinctions
among states of four
hydrological components.
a Annual average; b in
dry season; c in wet
season
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in hydrological components, owing to forest land
as a proportion of total land cover changing con-
siderably during the survey period, both direct
runoff and base flow, which are the most sensitive,
are discussed simultaneously. Based on state I,
Fig. 7 shows the relationships between land use
changes and rate of change of hydrologic com-
ponents, including base flow and direct runoff,
in circumstances where obvious dry seasons exist
in the study area. Figure 7a shows a linear rela-
tionship between the percentage change in forest
area and the difference in runoff compared to
state I. The hydrological modeling results show
that the main effect of hydrologic response was
change in forest area. Figure 7b compares the base
flow change rate with the change in forest area.
Changes and distinctions in land cover exhibited a
linear relationship. The correlation analysis result
shows a strong relationship between base flow and
area of forest cover. Therefore, change in land
cover can significantly impact infiltration and thus
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Fig. 7 Relationships between forest area change and hy-
drological components when compared with state I. a DR
direct runoff and b BF base flow

reduce base flow. Undoubtedly, the rate of change
in land use significantly influences hydrological
component type.

Discussion

Effect of typhoons and the Chi-Chi Earthquake
on land cover change

Landslides are a major natural hazard affect-
ing mountainous terrain. The study of landslides
has attracted global attention primarily owing to
growing awareness of their socioeconomic im-
pact (Saha et al. 2005). Remote sensing data
can be used for various purposes in the study
of landslides, including: landslide detection and
classification, monitoring the activity of existing
landslides, and slope failure prediction OR land-
slide prediction (Lee 2005). Simplest of all,
distribution analysis only represents the direct
mapping of landslide locations from remote sens-
ing data. This type of analysis uses GIS to digitize
landslides prepared from remote sensing images
(Ward et al. 2000; Giriraj et al. 2008; Fox et al.
2008; Zomeni et al. 2008). Land use change may
result from human activities and natural distur-
bance. In this paper, while changes in forest cover
and landslides reflect the natural consequences
of typhoons and earthquakes, clustering of crop-
land probably result from physical responses to
physical variables (such as soil type) as well as
social activities. Land use change is dominated
by natural processes, such as the severe earth-
quake and seven typhoons affecting the study
watershed. Natural disturbance led to increased
landslide area and decreased forest area. Previ-
ous studies (Lin et al. 2006b, 2008a, b) indicated
that landslides in the Chenyulan watershed were
influenced by the Chi-Chi earthquake; however,
the effect of the earthquake reduced over time.
Lin et al. (2009) concluded that large disturbances,
such as the Chi-Chi earthquake, create extremely
complex heterogeneous landscape patterns. No-
tably, a disturbance may affect some areas but
not others, and disturbance severity often varies
significantly within an affected area. The results
of land cover change also confirm that landslides
in the Chenyulan watershed were impacted by
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the Chi-Chi earthquake (Lin et al. 2006b; Chang
et al. 2007; Lin et al. 2009); however, the effect of
the earthquake decreased over time (Chang et al.
2007; Lin et al. 2009).

Earthquakes represent the biggest natural
threat to watersheds and create large areas of
landslide and river sand (the range of landslide
and river sand area in this study was 3.5–6.1%
of total area over a 10-year period). However,
the change in landslide and river sand area as a
result of Typhoon Herb was the smallest. The pre-
earthquake effects of Typhoon Zeb caused an ob-
vious disturbance, increasing landslide and river
sand area by 1.5%. The proportion of landslide
and river sand over total land cover before the
Chi-Chi Earthquake in 1999 was 5.0%, increasing
to 6.1% after the earthquake. Notably, two ty-
phoons occurred during 2001, but neither caused
an increase in landslide area, with the proportion
remaining at 5.1%. During 2003, the proportion
of landslide and river sand to entire area decline
to 4.3% in the absence of any typhoon. More-
over, in 2005, the proportion of landslide and
river sand to the entire area increased to 4.5%
after Typhoons Mindulle and Aere. Moreover,
in 2005, the proportion of landslide and river
sand area to the entire area increased to 5.8%
after Typhoon Matsa. Therefore, disturbances as-
sociated with typhoons and earthquakes caused
changes in landslide and river sand under a certain
range. Although the vegetation recovery was in
progress on the Chenyulan watershed, the soil
slope remained unstable. Consequently, typhoons
in 2005 caused the hill slope to collapse again
several years following Chi-Chi earthquake. The
impacts of disturbances on the watershed land-
scape pattern were cumulative, but were not al-
ways evident throughout the entire landscape (Lin
et al. 2006b; Lin et al. 2009). Improved vegetation
recovery efforts should be implemented through-
out the study watershed, particularly in landslide
areas.

Effect of land use change on hydrologic response

The dynamics of surface hydrology, i.e., total
water yield from a watershed, including surface
runoff and base flow, in relation to changes in land
use and soil quality, significantly impact water

availability (Lal 1997; Kim et al. 2005; Tetzlaff
et al. 2007; Saurral et al. 2008). Meaningful data
aggregation should prioritize the preservation of
the area percentages of different land use classes
because land use/cover are the key data required
by a water flux model (Bormann 2006). In this
study, the GWLF model effectively simulated
monthly stream flow, surface runoff, and evapo-
transpiration under land use change conditions.
The predicted hydrological components (stream
flow, direct runoff, and base flow) were impacted
by the land use changes forecast using Monte
Carlo simulations. Stream flow comprises direct
runoff and base flow, where the former is primar-
ily surface runoff and the latter is groundwater
discharge to a stream. Direct runoff comprises
the major portion of stream flow that occurs right
during the rainy season, whereas base flow is the
main source of stream water during dry periods
(Zhand and Schilling 2006).

Simulation can predict some results related to
the impact of land use change on water sources.
The effect of land cover change was quantified
using a hydrologic model. The simulation results
imply that hydrologic distinction is more sensitive
to land use change and the land cover deterio-
ration increased hydrologic distinction. To eval-
uate the impact of land cover, the model was
coded to generate the direct runoff, base flow,
total runoff, and evapotranspiration of the wa-
tershed. The method of Eckhardt et al. (2003)
is simple to implement and is employed here to
demonstrate the distribution of the PDFs between
two states. Hydrological patterns are compared in
terms of their PDFs. The main objective is to as-
sess whether the modeled hydrologic effects differ
clearly among different types of land cover. The
difference in stream flow distribution between two
states increased, while the forest area decreased.
Therefore, the proposed method can identify
the difference of quantity of hydrological vari-
ables and obtain the distribution of the variables
between pair states. The hydrologic distinctions of
land use change are monthly base flow, monthly
direct runoff, monthly stream flow, and monthly
evapotranspiration, respectively. Typhoons and
earthquakes caused changes in landslide under
a certain range and the variation of hydrology
variables. Direct runoff increases and base flow
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decrease when forest land changes to agricultural
land or landslide (Lorup et al. 1998; Kim et al.
2005; Zhand and Schilling 2006; Barbaro 2007;
Tetzlaff et al. 2007).

In this area, forest dominates land cover
(matrix) and change in forest area is related to
hydrologic response. The hydrological modeling
results show that the main effect of hydrologic re-
sponse (including base flow and direct runoff) was
change in area of forest. Reduced forest coverage
within a watershed prevents evapotranspiration,
infiltration, and soil water storage, changing the
dynamics of surface runoff, subsurface flow, and
groundwater recharge. Deforestation affects
upstream reservoirs and influences overall water
balance through impacting runoff generation.
Deforestation increases soil bulk density and
penetration resistance and decreases infiltration
rate and available water capacity (Lal 1997;
Benito et al. 2003). The effects of reducing the
forested area within a watershed are directly
linked to changes in stream flow, including
increased runoff volumes, peak discharges, runoff
velocities and flooding, and decreased base flow.
Zhand and Schilling (2006) demonstrated that
the flow increase of the Mississippi River results
mainly from its base flow being increased by
land use change and accompanying agricultural
activities in the Mississippi River basin during
the last 60 years. Land use change in the basin
has affected the hydrology of the basin, and more
precipitation is being routed into streams as base
flow than storm flow.

Conclusion

This study examined variation in hydrological
components with land cover change using Monte
Carlo simulation and paid particular attention to
the distinction of the hydrological components.
Sensor imaging offers an effective means of clas-
sifying land cover following the Chi-Chi earth-
quake and typhoons. A severe earthquake and
seven typhoons affected land cover within the wa-
tershed. The natural disturbance increased land-
slide area and decreased forest area. Landslides
in the Chenyulan watershed indirectly resulted
from the Chi-Chi earthquake. The effects of the

Chi-Chi earthquake and the seven typhoons on
the watershed land cover in the study areas were
cumulative, but not always obvious over the entire
landscape. The variation of land cover within the
watershed was sufficient to demonstrate that nat-
ural disturbances influenced the landslide affected
area.

This study quantifies the influence of land use
change on hydrologic cycles. The impact of hy-
drology declines due to recovery of landslide areas
created following the Chi-Chi earthquake, and
area of deforestation and landslide are good in-
dices of disturbance. Two assessment methods are
used to evaluate the total quantities and their
distributions of hydrological components that in-
fluenced land cover change. Similarities among
hydrological components may display different
variations as a result of land cover change. In this
study, base flow and its distribution are the most
sensitive components to land cover change. The
results of this study demonstrate that the vari-
ations in hydrological components are primarily
caused by conversion of forest. The change in
forest area displayed a simple linear relationship
with difference in base flow and direct runoff. The
effects of decreasing the forest area of the water-
shed increased direct runoff volume and flooding
and decreased base flow. Therefore, this study
concludes that land cover changes that are minor
in relative spatial extent can significantly impact
watershed hydrology.

References

Ashagrie, A. G., Laat, P. J. M., de Wit, M. H. M., Tu, M., &
Uhlenbrook, S. (2006). Detecting the influence of land
use changes on discharges and floods in the Meuse
River Basin—the predictive power of a ninety-year
rainfall-runoff relation? Hydrology and Earth System
Sciences, 10, 691–701.

Barbaro, J. R. (2007). Simulation of the effects of wa-
ter withdrawals, wastewater-return flows, and land-use
change on streamflow in the Blackstone River Basin.
Massachusetts and Rhode Island. US Geological Sur-
vey Scientific Investigations Report 2007-5183 (p. 98).

Benito, E., Santiago, J. L., De Blas, E., et al. (2003). De-
forestation of water-repellent soils in Galicia (NW
Spain): Effects on surface runoff and erosion under
simulated rainfall. Earth Surface Processes and Land-
forms, 28(2), 145–155. doi:10.1002/esp.431.

http://dx.doi.org/10.1002/esp.431


Environ Monit Assess

Bormann, H. (2006). Impact of spatial data resolution on
simulated catchment water balances and model per-
formance of the multi-scale TOPLATS model. Hy-
drology and Earth System Sciences, 10(2), 165–179.

Calder, I. R. (1993). Hydrological effects of land use
change. In D. R. Maidment (Ed.), Handbook of hy-
drology (pp. 13.1–13.50). New York: McGraw-Hill.

Chang, J. C. (1997). Relationship between geomorphic en-
vironment and natural hazards in Chenyulan drainage
basin. Bulletin of the Geological Society of China, 25,
43–64.

Chang, H. (2004). Water quality impacts of climate and
land use changes in southeastern Pennsylvania. The
Professional Geographer, 56(2), 240–257.

Chang, J. C., & Slaymaker, O. (2002). Frequency and
spatial distribution of landslides in a mountainous
drainage basin: Western Foothills, Taiwan. Catena, 46,
285–307. doi:10.1016/S0341-8162(01)00157-6.

Chang, J. Y., & Feng, F. L. (2008). A case study on land-
scape change of Shinhua Forest experimental station.
Taiwan Journal of Forest Science, 30(2), 69–81 (in
Chinese).

Chang, K. T., Chiang, S. H., & Hsu, M. L. (2007).
Modeling typhoon- and earthquake-induced land-
slides in a mountainous watershed using logis-
tic regression. Geomorphology, 89(3–4), 335–347.
doi:10.1016/j.geomorph.2006.12.011.

Chen, J. F., & Li, X. B. (2004). Simulation of hydrological
response to land-cover changes. Journal of Applied
Ecology, 15(5), 833–836 (in Chinese).

Cheng, C. C., Wu, C. D., & Chuang, Y. C. (2007). Influence
of land-use changes and climate change on streamflow
simulations: A case study of the Jiao-long watershed.
Taiwan Journal of Forest Science, 22(4), 483–495 (in
Chinese).

Choi, W. (2007). Estimating land-use change impacts on di-
rect runoff and non-point source pollutant loads in the
Richland Creek basin (Illinois, USA) by applying the
L-THIA model. Journal of Spatial Hydrology, 7(1),
47–65.

Chung, C. F., & Fabbri, A. G. (2005). Systematic pro-
cedures of landslide hazard mapping for risk assess-
ment using spatial prediction models. In T. Glade, M.
Anderson, & M. J. Crozier (Eds.), Landslide hazard
and risk (pp. 139–177). New York: Wiley.

DeMets, C., Gordon, R. G., Argus, D. F., & Stein, S.
(1990). Current plate motions. Geophysical Journal
International, 104, 425–478. doi:10.1111/j.1365-246X.
1990.tb06579.x.

Eckhardt, K., Breuer, L., & Frede, H.-G. (2003). Parameter
uncertainty and the significance of simulation land use
change effects. Journal of Hydrology (Amsterdam),
273, 164–176. doi:10.1016/S0022-1694(02)00395-5.

Fox, D. M., Maselli, F., & Carrega, P. (2008). Us-
ing SPOT images and field sampling to map burn
severity and vegetation factors affecting post for-
est fire erosion risk. Catena, 75, 326–335. doi:10.
1016/j.catena.2008.08.001.

Giriraj, A., Irfan-Ullah, M., Murthy, M. S. R., et al.
(2008). Modelling spatial and temporal forest cover
change patterns (1973–2020): A case study from

South Western Ghats (India). Sensors, 8, 6132–6153.
doi:10.3390/s8106132.

Guzzetti, F., Stark, C. P., & Salvati, P. (2005). Eval-
uation of flood and landslide risk to the popula-
tion of Italy. Environmental Management, 36, 15–36.
doi:10.1007/s00267-003-0257-1.

Haith, D. A., & Shoemaker, L. L. (1987). Generalized
watershed loading functions for stream flow nutrients.
Water Resources Bulletin, 23(3), 471–478.

Haith, D. A., Mandel, R., & Wu, R. S. (1992). GWLF, gen-
eralized watershed loading functions, version 2.0, user’s
manual. Ithaca, NY: Department of Agricultural &
Biological Engineering, Cornell University.

Hamon, W. R. (1961). Estimating potential evapotranspi-
ration. Proceedings of the American Society of Civil
Engineers, Journal of Hydraulic Division, 87, 107–120.

Kim, S. J., Kwon, H. J., Park, G. A., et al. (2005).
Assessment of land-use impact on streamflow via
a grid-based modelling approach including paddy
fields. Hydrological Processes, 19, 3801–3817. doi:10.
1002/hyp.5982.

Koi, T., Hotta, N., Ishigaki, I., Matuzaki, N., Uchiyama,
I., & Suzuki, M. (2008). Prolonged impact of
earthquake-induced landslides on sediment yield
in a mountain watershed: The Tanzawa region,
Japan. Geomorphology, 101(4), 692–702. doi:10.1016/
j.geomorph.2008.03.007.

Lal, R. (1997). Deforestation effects on soil degrada-
tion and rehabilitation in western Nigeria. 4. Hy-
drology and water quality. Land Degradation &
Development, 8(2), 95–126. doi:10.1002/(SICI)1099-
145X(199706)8:2<95::AID-LDR241>3.0.CO;2-K.

Lane, P. N. J., Sheridan, G. J., Noske, P. J., &
Sherwin, C. B. (2008). Phosphorus and nitrogen ex-
ports from SE Australian forests following wildfire.
Journal of Hydrology (Amsterdam), 361, 186–198.
doi:10.1016/j.jhydrol.2008.07.041.

Lee, S. (2005). Application of logistic regression model
and its validation for landslide susceptibility map-
ping using GIS and remote sensing data. Interna-
tional Journal of Remote Sensing, 26(7), 1477–1491.
doi:10.1080/01431160412331331012.

Lin, C. W., Shieh, C. L., Yuan, B. D., Shieh, Y. C.,
Liu, S. H., & Lee, S. Y. (2003). Impact of Chi-Chi
earthquake on the occurrence of landslides and de-
bris flows: Example from the Chenyulan River wa-
tershed, Nantou, Taiwan. Engineering Geology, 71,
49–61. doi:10.1016/S0013-7952(03)00125-X.

Lin, C. W., Liu, S. H., Lee, S. Y., & Liu, C. C.
(2006a). Impacts of the Chi-Chi earthquake on
subsequent rainfall-induced landslides in central
Taiwan. Engineering Geology, 86, 87–101. doi:10.
1016/j.enggeo.2006.02.010.

Lin, Y.-P., Wu, C.-F., Chang, T.-C., & Lin, S.-H.
(2006b). Assessment impact of typhoons and Chi-
Chi earthquake on Chenyulan watershed landscape
pattern in central Taiwan using landscape met-
rics. Environmental Management, 38(1), 108–125.
doi:10.1007/s00267-005-0077-6.

Lin, Y.-P., Hong, N. M., Wu, P. J., & Lin, C. J.
(2007a). Modeling responses of hydrologic processes

http://dx.doi.org/10.1016/S0341-8162(01)00157-6
http://dx.doi.org/10.1016/j.geomorph.2006.12.011
http://dx.doi.org/10.1111/j.1365-246X.1990.tb06579.x
http://dx.doi.org/10.1111/j.1365-246X.1990.tb06579.x
http://dx.doi.org/10.1016/S0022-1694(02)00395-5
http://dx.doi.org/10.1016/j.catena.2008.08.001
http://dx.doi.org/10.1016/j.catena.2008.08.001
http://dx.doi.org/10.3390/s8106132
http://dx.doi.org/10.1007/s00267-003-0257-1
http://dx.doi.org/10.1002/hyp.5982
http://dx.doi.org/10.1002/hyp.5982
http://dx.doi.org/10.1016/j.geomorph.2008.03.007
http://dx.doi.org/10.1016/j.geomorph.2008.03.007
http://dx.doi.org/10.1002/(SICI)1099-145X(199706)8:2<95::AID-LDR241>3.0.CO;2-K
http://dx.doi.org/10.1002/(SICI)1099-145X(199706)8:2<95::AID-LDR241>3.0.CO;2-K
http://dx.doi.org/10.1016/j.jhydrol.2008.07.041
http://dx.doi.org/10.1080/01431160412331331012
http://dx.doi.org/10.1016/S0013-7952(03)00125-X
http://dx.doi.org/10.1016/j.enggeo.2006.02.010
http://dx.doi.org/10.1016/j.enggeo.2006.02.010
http://dx.doi.org/10.1007/s00267-005-0077-6


Environ Monit Assess

to future watershed land use scenarios and climate
change in an urbanized watershed in Taiwan. Environ-
mental Geology, 53, 623–634. doi:10.1007/s00254-007-
0677-y.

Lin, Y.-P., Hong, N. M., Wu, P. J., Wu, C. F., & Ver-
burg, P. H. (2007b). Impacts of land use change
scenarios on hydrology and land use pattern in
the Wu-Tu watershed in Northern Taiwan. Land-
scape and Urban Planning, 80, 111–126. doi:10.
1016/j.landurbplan.2006.06.007.

Lin, Y.-B., Lin, Y.-P., & Deng, D.-P. (2008a). Integrating
remote sensing data with directional two-dimension
wavelet analysis and open geospatial techniques for ef-
fective disaster monitoring and management. Sensor,
8, 1070–1089. doi:10.3390/s8021070.

Lin, G. W., Chen, H., Chen, Y. H., & Horng,
M. J. (2008b). Influence of typhoons and earthquakes
on rainfall-induced landslides and suspended
sediments discharge. Engineering Geology, 97, 32–41.
doi:10.1016/j.enggeo.2007.12.001.

Lin, Y.-P., Chu, H.-J., Wang, C.-L., Yu, H.-H., & Wang,
Y.-C. (2009). Remote sensing data with the con-
ditional latin hypercube sampling and geostatistical
approach to delineate landscape changes induced
by large chronological physical disturbances. Sensors
9(1), 148–174.

Lorup, J. K., Refsgaard, J. C., & Mazvimavi, D. (1998).
Assessing the effect of land use change on catch-
ment runoff by combined use of statistical tests and
hydrological modeling: Case studies from Zimbabwe.
Journal of Hydrology (Amsterdam), 205, 147–163.
doi:10.1016/S0168-1176(97)00311-9.

Manga, M., & Wang, C. Y. (2007). Earthquake hydrology.
In G. Schubert (Ed.), Treatise on geophysics, chapter
4.10 (pp. 293–320). Pasadena: California Institute of
Technology.

McMichaela, C. E., & Hopeb, A. S. (2007). Predict-
ing streamflow response to re-induced landcover
change: Implications of parameter uncertainty in
the MIKE SHE model. Journal of Environmental
Management, 84, 245–256. doi:10.1016/j.jenvman.2006.
06.003.

Pickering, N. B., Stedinger, J. R., & Haith, D. A.
(1988). Weather input for nonpoint models. Jour-
nal of Irrigation and Drainage, 114(4), 674–690.
doi:10.1061/(ASCE)0733-9437(1988)114:4(674).

Roger, B., & Yu, T. T. (2000). The morphology of thrust
faulting in the 21 September 1999, Chi-Chi, Taiwan
earthquake. Journal of Asian Earth Sciences, 18, 351–
367. doi:10.1016/S1367-9120(99)00071-1.

Saha, A. K., Gupta, R. P., Sarkar, I., et al. (2005).
An approach for GIS-based statistical landslide
susceptibility zonation—with a case study in the
Himalayas. Landslides, 2(1), 61–69. doi:10.1007/
s10346-004-0039-8.

Saurral, R. I., Barros, V. R., & Lettenmaier, D. P.
(2008). Land use impact on the Uruguay River dis-
charge. Geophysical Research Letters, 35, L12401.
doi:10.1029/2008GL033707.

Tetzlaff, D., Malcolm, I. A., & Soulsby, C. (2007).
Influence of forestry, environmental change and
climatic variability on the hydrology, hydrochem-
istry and residence times of upland catchments.
Journal of Hydrology (Amsterdam), 346, 93–111.
doi:10.1016/j.jhydrol.2007.08.016.

Tsutsui, K., Rokugawa, S., Nakagawa, H., et al. (2007). De-
tection and volume estimation of large-scale landslides
based on elevation-change analysis using DEMs ex-
tracted from high-resolution satellite stereo imagery.
IEEE Transactions on Geoscience and Remote Sens-
ing, 45(6), 1681–1696. doi:10.1109/TGRS.2007.895209.

Tung, C. P., & Haith, D. A. (1995). Global warming ef-
fects on New York streamflows. Journal of Water Re-
sources Planning and Management, 121(2), 216–225.
doi:10.1061/(ASCE)0733-9496(1995)121:2(216).

Tung, C. P., & Lee, T. Y. (2001). Climate change impact
assessment of the ChiChiaWan Creek streamflow.
Chinese Journal of Agricultural Engineering, 47(1),
65–74 (in Chinese).

Tung, C. P., Lee, T. S., & Yang, Y. C. (2006). Mod-
elling climate-change impacts on stream temperature
of Formosan landlocked salmon habitat. Hydrological
Processes, 20, 1629–1649. doi:10.1002/hyp.5959.

Turcotte, D. L., & Malamud, B. D. (2004). Land-
slides, forest fires and earthquakes: Example of self-
organized critical behavior. Physica A, 340, 580–589.
doi:10.1016/j.physa.2004.05.009.

Uhlenbrook, S., Mc Donnell, J., & Leibundgut, C. (2001).
Runoff generation and implications for river basin
modelling. Freiburger Schriften zur Hydrologie, 13,
4–13.

Walker, A. (2002). Forests and water in northern Thailand.
Working paper no. 37. Resource management in Asia-
Pacific Program. Canberra, Australia: The Australian
National University.

Ward, D., Phinn, S. R., & Murray, A. T. (2000). Monitor-
ing growth in rapidly urbanizing areas using remotely
sensed data. The Professional Geographer, 52, 371–
386. doi:10.1111/0033-0124.00232.

Zhand, Y. K., & Schilling, K. E. (2006). Increas-
ing streamflow and baseflow in Mississippi River
since the 1940s: Effect of land use change. Jour-
nal of Hydrology (Amsterdam), 324, 412–422. doi:10.
1016/j.jhydrol.2005.09.033.

Zomeni, M., Tzanopoulos, J., & Pantis, J. D. (2008).
Historical analysis of landscape change using
remote sensing techniques: An explanatory tool
for agricultural transformation in Greek rural
areas. Landscape and Urban Planning, 86, 38–46.
doi:10.1016/j.landurbplan.2007.12.006.

http://dx.doi.org/10.1007/s00254-007-0677-y
http://dx.doi.org/10.1007/s00254-007-0677-y
http://dx.doi.org/10.1016/j.landurbplan.2006.06.007
http://dx.doi.org/10.1016/j.landurbplan.2006.06.007
http://dx.doi.org/10.3390/s8021070
http://dx.doi.org/10.1016/j.enggeo.2007.12.001
http://dx.doi.org/10.1016/S0168-1176(97)00311-9
http://dx.doi.org/10.1016/j.jenvman.2006.06.003
http://dx.doi.org/10.1016/j.jenvman.2006.06.003
http://dx.doi.org/10.1061/(ASCE)0733-9437(1988)114:4(674)
http://dx.doi.org/10.1016/S1367-9120(99)00071-1
http://dx.doi.org/10.1007/s10346-004-0039-8
http://dx.doi.org/10.1007/s10346-004-0039-8
http://dx.doi.org/10.1029/2008GL033707
http://dx.doi.org/10.1016/j.jhydrol.2007.08.016
http://dx.doi.org/10.1109/TGRS.2007.895209
http://dx.doi.org/10.1061/(ASCE)0733-9496(1995)121:2(216)
http://dx.doi.org/10.1002/hyp.5959
http://dx.doi.org/10.1016/j.physa.2004.05.009
http://dx.doi.org/10.1111/0033-0124.00232
http://dx.doi.org/10.1016/j.jhydrol.2005.09.033
http://dx.doi.org/10.1016/j.jhydrol.2005.09.033
http://dx.doi.org/10.1016/j.landurbplan.2007.12.006

	Effects of land cover changes induced by large physical disturbances on hydrological responses in Central Taiwan
	Abstract
	Introduction
	Methods and materials
	Analyzed watershed and data
	Land cover images and classification
	Simulation processes and hydrological model
	Distinction level

	Results
	Results of land use analysis
	Comparison of simulated hydrological components for different land uses
	Distinction of hydrological components between two states
	Relationship among the change of land cover and hydrologic response

	Discussion
	Effect of typhoons and the Chi-Chi Earthquake on land cover change
	Effect of land use change on hydrologic response

	Conclusion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


