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Abstract: Affected by climate change owing to global warming, the frequency of extreme rainfall
events has gradually increased in recent years. Many studies have analyzed the impacts of climate
change in various fields. However, uncertainty about the scenarios they used is still an important
issue. This study used two and four multi-scenarios at the base period (1979–2003) and the end of the
21st century (2075–2099) to collect the top-ranking typhoons and analyze the rainfall conditions of
these typhoons in two catchments in northern Taiwan. The landslide-area characteristics caused by
these typhoons were estimated using empirical relationships, with rainfall conditions established
by a previous study. In addition to counting landslide-area characteristics caused by the typhoons
of each single scenario, we also used the ensemble method to combine all scenarios to calculate
landslide-area characteristic statistics. Comparing the statistical results of each single scenario and the
ensembles, we found that the ensemble method minimized the uncertainty and identified the possible
most severe case from the simulation. We further separated typhoons into the top 5%, 5%–10%,
and 10%–15% to confirm possible changes in landslide-area characteristics under climate change.
We noticed that the uncertainty of the base period and the end of the 21st century almost overlapped
if only a single scenario was used. In contrast, the ensemble approach successfully distinguished
the differences in both the average values of landslide-area characteristics and the 95% confidence
intervals. The ensemble results indicated that the landslide magnitude triggered by medium- and
high-level typhoons (top 5%–15%) will increase by 24%–29% and 125%–200% under climate change
in the Shihmen Reservoir catchment and the Xindian River catchment, respectively, while landslides
triggered by extreme-level typhoons (top 5%) will increase by 8% and 77%, respectively. Still,
the uncertainty of landslide-area characteristics caused by extreme typhoon events is slightly high,
indicating that we need to include more possible scenarios in future work.
Keywords: climate change; dynamical downscaling; landslide; typhoon; empirical relationship; sea
surface temperature; ensemble; scenario; uncertainty

1. Introduction
The Intergovernmental Panel on Climate Change (IPCC) has reported that global warming will
lead to climate change, which will cause sea levels to rise and climate variability [1,2]. The latter
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includes the frequency, extension, and intensity of drought and extreme rainfall events, which may
increase significantly. As a result of the increasing frequency and intensity of extreme rainfall
events, the prevention and control of landslide disasters will face greater challenges worldwide [3,4].
Many factors affect the occurrence of landslides, such as topographic and geologic conditions, land use,
and precipitation [5,6]. However, in the case of small changes and almost unpredictable predisposing
factors, rainfall is one of the important triggering factors of changing landslide characteristics under
climate change [7–9].
Many studies have explored the potential impact of different climate change scenarios on landslide
disasters [10,11]. Jakob and Lambert [9] pointed out that the number of extreme rainfall events that will
trigger landslides in Howe Sound, Canada, will increase by as much as 28% by 2071–2100. Chiang and
Chang [12] evaluated the impact of climate change on the high landslide susceptibility area in the
Baishi River catchment, Taiwan, and indicated that from 2010 to 2099, the high landslide susceptibility
area would increase by about 12.8% in the catchment. Note that for the temporal downscaling of
precipitation data of those studies, the long-term meteorological data (monthly) were directly converted
into short-term data (24 hours) in a statistical approach. This kind of method for temporal downscaling
increases the uncertainty in the assessment of climate change impacts [13–15]. Chen et al. [16] used
dynamically downscaled rainfall data to estimate landslide-area characteristics caused by typhoon
events at the base period (1979–2003) and the end of the 21st century (2075–2099) in two catchments
in northern Taiwan. However, only one scenario was simulated to obtain dynamically downscaled
rainfall data, that is, the impacts of climate change remain uncertain.
Landslide disasters in Taiwan are a topic of great concern to the public today [17–19].
When typhoons come, they often cause landslides in mountainous areas, resulting in huge losses of
public facilities, property, and life. In the current changing environment, both the probability of the
occurrence of a strong typhoon and the rainfall intensity during a typhoon event will increase [20–22].
According to a climate change report from Taiwan, the frequency of extreme rainfall events has also
increased in the past 20 years in Taiwan [23]. Under the impact of climate change, extreme rainfall
events will become more frequent, and the possibility of landslides in the upstream area will
increase significantly. Therefore, effectively assessing the impact of climate change on future landslide
characteristics and minimizing the uncertainty of the assessment are essential and important issues.
The objectives of this study were to use the dynamically downscaled rainfall data of all the scenarios
currently available in Taiwan to select top-ranking typhoons for each scenario, and to estimate
landslide-area characteristics according to the rainfall conditions of each typhoon event for two
catchments in northern Taiwan. All scenarios were combined using the ensemble approach, and the
uncertainty of landslide-area characteristic evaluation between each single scenario and the ensembles
is discussed. Finally, we used the ensemble method to estimate how landslide-area characteristics of
the two catchments will be affected under climate change.
2. Climate Change Scenarios
2.1. Base Period (1979–2003)
Two scenarios for the base period are widely used in Taiwan. The first is the scenario proposed by
the IPCC in the Fourth Assessment Report, 2007 (AR4), which is the Coupled Model Intercomparison
Project Phase 3 (CMIP3) model under the Special Report on Emission Scenarios (SRES) A1B scenario [1].
We call this scenario “m00”. The second is the scenario proposed by the IPCC in the Fifth Assessment
Report, 2013 (AR5), which is the Coupled Model Intercomparison Project Phase 5 (CMIP5) model
under the representative concentration pathways 8.5 (RCP8.5) [2]. This scenario is called “m01”.
The RCP8.5 is a hypothetical scenario that no country in the world has reduced greenhouse gas
emissions. This scenario is a relatively worst-case emission scenario that can be used for a severe
scenario estimation and for the conservative adjustment. In terms of rainfall, the seasonal and annual
rainfall change rate under climate change of the A1B scenario is similar to those of the RCP8.5.

Water 2020, 12, x FOR PEER REVIEW

3 of 20

pathways 8.5 (RCP8.5) [2]. This scenario is called “m01”. The RCP8.5 is a hypothetical scenario
that no country in the world has reduced greenhouse gas emissions. This scenario is a relatively
Water 2020, 12, 564
3 of 16
worst-case emission scenario that can be used for a severe scenario estimation and for the
conservative adjustment. In terms of rainfall, the seasonal and annual rainfall change rate
under
change
of the A1B that
scenario
is similar
to those
of the
They have
the
They have
theclimate
climatic
characteristics
rainfall
increases
during
theRCP8.5.
wet season
and decreases
climatic characteristics that rainfall increases during the wet season and decreases during the
during the dry season.
dry season.

2.2. End of 21st Century (2075–2099)

2.2. End of 21st Century (2075–2099)

The targeted projection window for the future climate is the last quarter of the 21st century.
The targeted projection window for the future climate is the last quarter of the 21st century.
The model
is
computed from future projections by CMIP5 models under the RCP8.5. Mizuta et al. [24]
The model is computed from future projections by CMIP5 models under the RCP8.5. Mizuta
classified
models
three
clusters
a cluster
analysis
of annual-mean
sea surface
et 28
al. CMIP5
[24] classified
28into
CMIP5
models
intobythree
clusters
by a cluster
analysis of tropical
annual-mean
temperature
(SST)
change
patterns.
The
classified
SST
change
patterns
are
featured
by
the
zonal
gradient
tropical sea surface temperature (SST) change patterns. The classified SST change patterns are
of the change
thethe
equatorial
Pacific
interhemispheric
contrast
of the
Precipitation
featuredinby
zonal gradient
ofand
the change
in the equatorial
Pacific
andwarming.
interhemispheric
and atmospheric
circulation
are and
composited
for circulation
the clusters.
Based are
on Mizuta
et al. [24],
contrast of the
warming.responses
Precipitation
atmospheric
responses
composited
for the clusters.
Based onfor
Mizuta
et al. [24],
we One
developed
scenarios for
the future
SSTs.of SST
we developed
four scenarios
the future
SSTs.
is thefour
multi-model
ensemble
mean
Onefrom
is theall
multi-model
ensemble
mean
computed
from
models
value
of all
computed
models (average
value
of of
allSST
models),
which
weallcall
“c0”.(average
The other
three
patterns
models),
which
we
call
“c0”.
The
other
three
patterns
were
created
using
a
cluster
analysis,
in
were created using a cluster analysis, in which normalized tropical SST anomalies derived from
the
which
normalized
tropical
anomalies
derived
themodel,
28 models
were
to avoid
28 models
were
grouped to
avoid SST
subjective
selection
of afrom
single
which
wegrouped
call clusters
1, 2, and 3,
subjective selection of a single model, which we call clusters 1, 2, and 3, denoted as "c1", "c2",
denoted as “c1”, “c2”, and “c3” [24]. The procedure of clustering is based on a single-linkage method,
and "c3" [24]. The procedure of clustering is based on a single-linkage method, where the
where the minimum distance between two models or groups is gradually added [25]. When the last
minimum distance between two models or groups is gradually added [25]. When the last three
three groups
are obtained, the clustering process is terminated. The detailed classification method was
groups are obtained, the clustering process is terminated. The detailed classification method
described
by
Mizuta by
et al.
[24], and
average
in different
scenarios
are
was described
Mizuta
et al.the
[24],
and theSSTs
average
SSTs in seasons
different under
seasonsthese
under
these
shown in
Figure
1.
scenarios are shown in Figure 1.

Figure 1. The average sea surface temperatures (SSTs) in different seasons under the c0 scenario and
differences between other scenarios and c0. MAM: March, April, and May; JJA: June, July, and August;
SON: September, October, and November; DJF: December, January, and February.

3. Data and Methods
3.1. Climate Change Data in Taiwan
The general circulation model (GCM) for climate estimation and simulation typically has a
resolution of 100–200 km. It is difficult to identify the structure of a typhoon with a radius of less

Water 2020, 12, 564

4 of 16

than several hundred kilometers. Due to the low spatial resolution of the model, it is impossible to
reasonably simulate extreme weather systems with physical models, and it is impossible to estimate
extreme weather under climate change. [26,27]. Therefore, this study used a climate projection modeled
from the high-resolution (approximately 20-km horizontal resolution) atmospheric general circulation
model (AGCM) developed by the Meteorological Research Institute (MRI) of the Japan Meteorological
Agency (JMA) [28]. The model incorporating the climate change scenario of A1B and RCP8.5 in CMIP
3/5 [24] is called MRI-AGCM. In addition, for the simulation of the end of the 21st century, the low
boundary can be driven by different SSTs mentioned in the previous section on the c0, c1, c2, and c3
scenarios. This model has been verified by simulation of typhoon generation [29,30]. However,
the horizontal resolution of 20 km may not necessarily reflect the intensity of precipitation caused by
the terrain effect in Taiwan. Therefore, the Weather Research and Forecasting Model (WRF), proposed
by the US National Center for Atmospheric Research (NCAR), was used to dynamically downscale the
MRI–AGCM data to obtain more realistic rainfall data in Taiwan with a spatiotemporal resolution of
5 km per hour. According to the downscaled rainfall data, during the base period, there are 82 and
84 typhoons in the m00 and m01 scenarios, but 45, 23, 55, and 46 typhoons in the c0, c1, c2, and c3
scenarios, respectively, in the last quarter of the 21st century (Table 1).
Table 1. The total number of typhoons and number of top 5%, 10%, and 15% typhoons in each climate
change scenario and ensemble.
Scenario

Total Number of Typhoons

m00
m01
Ensemble
c0
c1
c2
c3
Ensemble

82
84
166
45
23
55
46
169

Number of Top Typhoons
5%

10%

15%

4
4
8
2
1
3
2
8

8
8
16
5
2
6
5
17

12
12
24
7
3
9
7
25

3.2. Calculation of Landslide-Area Characteristics
Chen et al. [16] established the relationship between rainfall conditions and landslide-area
characteristics for two catchments in northern Taiwan, the Shihmen Reservoir catchment and the
Xindian River catchment (Figure 2). They found that the landslide-area characteristics in the Shihmen
Reservoir catchment are highly correlated with cumulative rainfall during a typhoon event. On the
other hand, the landslide-area characteristics in the Xindian River catchment are highly correlated
with peak rainfall intensity during a typhoon event. The empirical relationships are as follows:
For the Shihmen Reservoir catchment:
AT = 4697.3 × E + 737287

(1)

L = 0.0006 × E + 0.0974

(2)

AM = 921.69 × E − 141948

(3)

N = 0.6969 × E + 71.532

(4)

AT = 23764 × Ip − 547585

(5)

L = 0.0049 × Ip − 0.1119

(6)

For the Xindian River catchment:
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AM = 3924.4 × Ip − 89062

(7)

N = 6.0251 × Ip − 137.23

(8)

where AT is total landslide area (m2 ), L is landslide-area ratio (%), AM is maximum landslide area
(m2 ), N is number of landslides, E is cumulative rainfall (mm), and Ip is peak rainfall intensity (mm/h).
Although the empirical approach is an effective method to identify landslide-area characteristics, it is
evaluated by the interpolation or extrapolation. According to these formulas, when rainfall conditions
Water 2020, 12, x FOR PEER REVIEW
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Each climate change scenario will have different weights on the empirical models for estimating
landslide-area
4. Results characteristics. The most important factor is the future SST change in each scenario
(Figure 1), affecting the circulation of the ocean and the atmosphere and leading to different rainfall
Tables 2 and 3 show the results of average rainfall conditions (cumulative rainfall and
patterns. Then the changes of cumulative rainfall and peak rainfall intensity will be different in different
peak rainfall intensity) and estimated landslide-area characteristics of the two catchments
during top typhoons under different climate change scenarios for the base period and the end
of the 21st century. For the base period in the Shihmen Reservoir catchment, the highest
cumulative rainfall of 1183.69 mm appeared in the scenario of m00, resulting in 896 landslides,
with a maximum landslide area of 9.49 × 105 m2, a total landslide area of 6.30 km2, and a
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regions, which will greatly affect the local landslide-area characteristics. Chen et al. [16] estimated
the impact of climate change on landslide-area characteristics for the two catchments but only used
single scenarios, m01 and c0, for the base period and the end of the 21st century, respectively. As we
mentioned in Section 2, climate change is so full of uncertainty that there are many possible scenarios
for the present and the future. The ensemble method is one of the most effective approaches for dealing
with many possible climate change scenarios. In this method, the data from all scenarios are combined
to obtain the most reliable predictions for the present and future [31–33]. For example, there is a total of
10 typhoons in a single scenario so that if the top 10% typhoons according to a certain rainfall condition
are taken, there will be only one typhoon. On the other hand, using the ensemble method to consider
all scenarios together, the number of typhoons is assumed to be 100, and the top 10% typhoons will
have as many as 10 times the number of typhoons (10 typhoons). In this study, we used two scenarios
(m00 and m01) for the base period and four scenarios (c0, c1, c2, and c3) for the end of the 21st century.
Based on the cumulative rainfall for the Shihmen Reservoir catchment and peak rainfall intensity for
the Xindian River catchment during typhoon events, we chose the top 15% typhoons for each scenario
and for the ensembles (Table 1). We then estimated the landslide-area characteristics during those
typhoons and evaluated the effects of climate change.
4. Results
Tables 2 and 3 show the results of average rainfall conditions (cumulative rainfall and peak
rainfall intensity) and estimated landslide-area characteristics of the two catchments during top
typhoons under different climate change scenarios for the base period and the end of the 21st
century. For the base period in the Shihmen Reservoir catchment, the highest cumulative rainfall
of 1183.69 mm appeared in the scenario of m00, resulting in 896 landslides, with a maximum
landslide area of 9.49 × 105 m2 , a total landslide area of 6.30 km2 , and a landslide-area ratio of
0.81%. In the Xindian River catchment, the highest peak rainfall intensity of 52.85 mm/h appeared
in the scenario of m01, resulting in 181 landslides, with a maximum landslide area of 1.18 × 105 m2 ,
a total landslide area of 0.71 km2 , and a landslide-area ratio of 0.15%. In addition, for the end of
the 21st century in the Shihmen Reservoir catchment, the highest cumulative rainfall of 1327.07 mm
appeared in the scenario of c3, resulting in 996 landslides, with a maximum landslide area of
1.08 × 106 m2 , a total landslide area of 6.97 km2 , and a landslide-area ratio of 0.89%. In the Xindian
River catchment, the highest peak rainfall intensity of 71.17 mm/h appeared in the scenario of c0,
resulting in 291 landslides, with a maximum landslide area of 1.90 × 105 m2 , a total landslide area of
1.14 km2 , and a landslide-area ratio of 0.24%. Details of each typhoon can be found on the website
(https://drive.google.com/file/d/1CYkCYBOvWK3Jm4gyaJBNf3i5uenO8U_h/view?usp=sharing).
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Table 2. The range of average rainfall conditions and possible landslide characteristics in the Shihmen Reservoir catchment during top 15% typhoon events. “()” is the
average value of a scenario.
Cumulative Rainfall
(mm)

Peak Rainfall Intensity
(mm/h)

Number of
Landslides

Maximum Landslide
Area (m2 )

Total Landslide Area
(km2 )

Landslide-Area Ratio
(%)

m00

250.20–1183.69
(522.37)

20.27–53.70
(35.19)

245–896
(435)

8.87 × 104 –9.49 × 105
(3.40 × 105 )

1.91–6.30
(3.19)

0.25–0.81
(0.41)

m01

222.30–749.31
(432.08)

18.20–58.76
(36.30)

226–593
(372)

6.29 × 104 –5.49 × 105
(2.56 × 105 )

1.78–4.26
(2.77)

0.23–0.55
(0.36)

c0

365.92–1097.48
(605.22)

32.76–72.01
(54.80)

326–836
(493)

1.95 × 105 –8.70 × 105
(4.11 × 105 )

2.46–5.89
(3.58)

0.32–0.76
(0.46)

c1

528.53–726.81
(636.71)

24.85–61.51
(46.33)

439–578
(514.67)

3.45 × 105 –5.28 × 105
(4.45 × 105 )

3.22–4.15
(3.73)

0.41–0.53
(0.48)

c2

374.73–597.31
(487.72)

26.28–60.20
(45.23)

332–487
(410.91)

2.03 × 105 –4.09 × 105
(3.08 × 105 )

2.50–3.54
(3.03)

0.32–0.46
(0.39)

c3

353.68–1327.07
(685.82)

36.09–93.29
(54.74)

318–996
(549)

1.84 × 105 –1.08 × 106
(4.90 × 105 )

2.40–6.97
(3.96)

0.31–0.89
(0.51)

Scenario

Base period

End of 21st century
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Table 3. The range of average rainfall conditions and possible landslide characteristics in the Xindian River catchment during top 15% typhoon events. “()” is the
average value of a scenario.
Cumulative Rainfall
(mm)

Peak Rainfall Intensity
(mm/h)

Number of
Landslides

Maximum Landslide
Area (m2 )

Total Landslide Area
(km2 )

Landslide-Area Ratio
(%)

m00

122.42–700.96
(371.45)

22.92–46.73
(32.19)

0–144
(56)

8.85 × 102 –9.43 × 104
(3.72 × 104 )

0.06–0.56
(0.24)

0.00–0.12
(0.05)

m01

146.29–553.02
(303.62)

25.09–52.85
(33.68)

13–181
(65)

9.40 × 103 –1.18 × 105
(4.31 × 104 )

0.05–0.71
(0.26)

0.02–0.15
(0.05)

c0

211.56–685.89
(395.58)

33.13–71.17
(46.11)

62–291
(140)

4.10 × 104 –1.90 × 105
(9.09 × 104 )

0.24–1.14
(0.55)

0.05–0.24
(0.12)

c1

298.61–670.32
(483.30)

34.09–56.57
(41.55)

68–203
(113)

4.47 × 104 –1.33 × 105
(7.40 × 104 )

0.26–0.80
(0.44)

0.06–0.17
(0.09)

c2

121.50–556.64
(318.87)

31.54–45.04
(39.05)

52–134
(98)

3.47 × 104 –8.77 × 104
(6.42 × 104 )

0.20–0.52
(0.38)

0.04–0.11
(0.08)

c3

73.46–1358.02
(508.37)

36.01–54.53
(44.30)

79–191
(129.29)

5.23 × 104 –1.25 × 105
(8.49 × 104 )

0.31–0.75
(0.51)

0.06–0.16
(0.11)

Scenario

Base period

End of 21st century
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5. Discussion
According to the results of landslide-area characteristic estimation, we counted the landslide-area
characteristics for the top 10% of typhoon events of each scenario and ensemble. Figure 3 shows
the maximum, minimum, and mean values, and the 95% confidence intervals of statistical results of
landslide-area characteristics for each scenario and ensemble. The maximum value represents the
most severe condition of landslides triggered by the typhoon. The 95% confidence interval represents
the range of statistical uncertainty from the mean value. It appears that the range of maximum and
minimum values and the range of the 95% confidence interval differed greatly among the different
scenarios. Sometimes the range of values was very small, but the uncertainty was very large (e.g., the
c1 scenario for the Shihmen Reservoir catchment), which means that the simulation by the scenario
can only catch a small part of the possibility in current and future periods, and the results are still
questionable (Figure 3a–d). On the other hand, sometimes the range of uncertainty was small, but the
range of values was also small (e.g., the c2 scenario for the Xindian River catchment). The uncertainty
of simulation from this kind of scenario is quite low, but the possible most severe condition cannot
be grasped (Figure 3e–h). This may be due to the fact that model characteristics of those models,
grouped in the c2 scenario, only reflect a narrow possibility of future climate, resulting in a very low
climate variability. The SST of c2 scenario was moderate among the groups (Figure 1), so that no severe
rainfall events could be observed in future climate simulations, which may also be one of the reasons.
Generally speaking, the ensemble approach not only minimized the uncertainty (i.e., narrowing the
95% confidence interval), but also identified the worst case from the simulation [34,35]. From the
results of the ensembles for the top 10% typhoons during the base period and the end of the 21st
century, on average, the total landslide area, landslide-area ratio, maximum landslide area, and number
of landslide in the Shihmen Reservoir catchment will increase from 3.53 ± 0.60 to 4.02 ± 0.58 km2 ,
0.46 ± 0.08 to 0.52 ± 0.07%, (4.06 ± 1.18) × 105 to (5.03 ± 1.13) × 105 m2 , and 485 ± 89 to 559 ± 86,
while those in the Xindian River catchment will increase from 0.31 ± 0.09 to 0.57 ± 0.11 km2 , 0.07 ± 0.02
to 0.12 ± 0.02%, (5.33 ± 1.54) × 104 to (9.57 ± 1.74) × 104 m2 , and 81 ± 24 to 146 ± 27, respectively.
Here we further separated typhoon events into the top 5%, 5%–10%, and 10%–15% to confirm
possible changes in landslide-area characteristics from the base period to the end of the 21st century.
Previous studies in Taiwan often used m01 and c0 as simulation scenarios for the base period and the
end of the 21st century, and they explored the impact of climate change [16,36,37]. Figure 4 shows the
landslide-area characteristics of the top 5%, 5%–10%, and 10%–15% typhoons during the base period
and the end of the 21st century in the Shihmen Reservoir catchment and the Xindian River catchment
simulated only with the m01 and c0 scenarios. If we only look at the average values of landslide-area
characteristics (red and blue lines in Figure 4), there are indeed some differences between the base
period and the end of the 21st century. We can use these differences to assess the change ratios of
landslide-area characteristics affected by climate change in the future. However, if we consider the
uncertainty of the simulations, the 95% confidence intervals at the base period and the end of the 21st
century almost overlap (red and blue areas in Figure 4), which means that this result cannot really
explain the difference between the present and the future. Chen et al. [16] also pointed out that the
future is full of uncertainty, for changes in human activities and the efficiency of carbon reduction will
bring additional effects, which may lead to different possibilities. More climate change scenarios must
be incorporated, and the ensemble method must be employed to achieve more reliable results.
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Figure 3. Statistics of landslide-area characteristics for the top 10% typhoons of each scenario and ensemble during the base period and the end of the 21st century.
Figure 3. Statistics of landslide-area characteristics for the top 10% typhoons of each scenario and ensemble during the base period and the end of the 21st century.
(a–d) are for the Shihmen Reservoir catchment and (e–h) are for the Xindian River catchment.
(a)–(d) are for the Shihmen Reservoir catchment and (e)–(h) are for the Xindian River catchment.
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Figure 5 shows the landslide-area characteristics of the top 5%, 5%–10%, and 10%–15% typhoons
during the base period and the end of the 21st century in the Shihmen Reservoir catchment and the
Xindian River catchment simulated by scenario ensembles. It is very clear that the ensemble approach
successfully distinguished the difference between the base period and the end of the 21st century
in the average values of landslide-area characteristics and 95% confidence intervals. From the top
10%–15% to the top 5% typhoon events, the uncertainty of landslide-area characteristics showed an
increasing trend, indicating that the more extreme the event, the greater the uncertainty [38]. In the
Shihmen Reservoir catchment, the 95% confidence intervals of the base period and the end of the
21st century still partially overlapped at the top 5% typhoons. In contrast, in the Xindian River
catchment, they were completely separated. Chen et al. [16] indicated that under the impact of climate
change, both the landslide severity and the landslide frequency will increase more in the Xindian
River catchment than in the Shihmen Reservoir catchment, owing to the increased possibility of the
occurrence of a strong typhoon and the higher rainfall intensity during a typhoon event [20–22].
This is why the changes in the landslide-area characteristics of the Xindian River catchment during
extreme typhoon events under climate change are more significant than those of the Shihmen Reservoir
catchment. Based on the robust ensemble approach, the landslide-area ratios in the Shihmen Reservoir
catchment triggered by the top 10%–15%, 5%–10%, and 5% typhoons during the base period will be
0.27 ± 0.01%, 0.34 ± 0.04%, and 0.57 ± 0.09%, while those in the last quarter of the 21st century will
be 0.35 ± 0.02%, 0.42 ± 0.02%, and 0.62 ± 0.12%. In the Xindian River catchment, the landslide-area
ratios triggered by the top 10%–15%, 5%–10%, and 5% typhoons during the base period will be
0.02 ± 0.01%, 0.04 ± 0.01%, and 0.09 ± 0.03%, while those in the last quarter of the 21st century will
be 0.06 ± 0.00%, 0.09 ± 0.01%, and 0.16 ± 0.03%. The landslide-area ratios triggered by medium- and
high-level typhoons (top 5%–15%) will increase by 24%–29% and 125%–200% from the base period
to the end of the 21st century in the Shihmen Reservoir catchment and the Xindian River catchment,
respectively, while those triggered by extreme-level typhoons (top 5%) will increase by 8% and 77%,
respectively (Table 4). Under climate change, the landslide severity in the Xindian River catchment will
increase more than that in the Shihmen Reservoir catchment, which indicates that rainfall intensity will
increase more than cumulative rainfall. Changes in the SST under climate change will mainly result in
more concentrated rainfall. Therefore, in the future with the change of landslide characteristics, special
attention needs to be paid to the problem of serious surface erosion.
In the climate change research, changes in related hydrological hazards have traditionally been
analyzed with climate change simulated by a specific scenario [16,36,37]. However, the future is full
of uncertainties that changes in human activities and the efficiency of reducing carbon emissions
will bring additional impacts, which may result in different possibilities. In addition, a single model
may be affected by the model characteristics, leading to more biased results. Climate scientists have
therefore come up with many models and scenarios to simulate various future possibilities. There is
no exact declaration as to which result is the true future, but the ensemble method can discuss all
possibilities together and effectively reduce uncertainty. This study used all available climate change
scenarios in Taiwan and applied the ensemble method, providing the most reliable estimation on
future landslide characteristics for the study area. This study can also contribute to other regions
of Taiwan or areas other than Taiwan as a reference approach for related hazard assessment under
climate change. Even though this study reduced the uncertainty in assessing the impact of climate
change with the ensemble approach, the uncertainty of landslide-area characteristics caused by extreme
typhoon events (top 5%) was still slightly high. Therefore, more climate change scenarios should
be included to improve the accuracy of assessing climate change impacts. Recently, the Coupled
Model Intercomparison Project 6 (CMIP6) provided new possibilities for climate change scenarios
and should be considered in future works [39]. Moreover, landslide characteristics can be evaluated
not only by empirical methods, but also by other methods, such as numerical simulations [40,41] and
statistical methods [42–44], which can be used to integrate the results of all methodologies to obtain
more reliable results.
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Table 4. Landslide-area ratio triggered by the top typhoons and its percentage increase during the base period and the last quarter of the 21st century in the Shihmen
Reservoir catchment and the Xindian River catchment.
Shihmen Reservoir Catchment

Top Typhoons
5%
5–10%
10–15%

Xindian River Catchment

Base Period

End of 21st Century

Percentage Increase

Base Period

End of 21st Century

Percentage Increase

0.57 ± 0.09%
0.34 ± 0.04%
0.27 ± 0.01%

0.62 ± 0.12%
0.42 ± 0.02%
0.35 ± 0.02%

8%
24%
29%

0.09 ± 0.03%
0.04 ± 0.01%
0.02 ± 0.01%

0.16 ± 0.03%
0.09 ± 0.01%
0.06 ± 0.00%

77%
125%
200%

Water 2020, 12, 564

14 of 16

6. Conclusions
This study used two and four climate change scenarios for the base period and the end of the 21st
century, respectively, to analyze the impact of climate change on landslide-area characteristics with
the ensemble approach. In total, 166 and 169 typhoons were simulated for the base period and the
last quarter of the 21st century, respectively, and rainfall conditions of the two catchments in northern
Taiwan for each of the top 15% typhoon events (n = 24 and 25) were analyzed. According to the
empirical relationship between rainfall conditions and landslide-area characteristics proposed by a
previous study, the landslide-area characteristics triggered by each top 15% typhoon were calculated.
Comparing the landslide-area characteristics triggered by the top 10% typhoons between every single
scenario and the ensembles, the ensemble approach not only minimized the uncertainty, but also
identified the most severe case from the simulation. This study further separated typhoon events into
the top 5%, 5%–10%, and 10%–15% to confirm possible changes in landslide-area characteristics under
climate change. We noticed that the uncertainty of the base period and the end of the 21st century
almost overlapped if only a single scenario was used, indicating that the difference between the present
and the future could not really be explained. The ensemble approach successfully distinguished the
differences between the base period and the end of the 21st century in the average values of the
landslide-area characteristics and 95% confidence intervals. Based on the robust ensemble approach,
the landslide magnitudes triggered by medium- and high-level typhoons (top 5%–15%) will increase by
24%–29% and 125%–200% under climate change in the Shihmen Reservoir catchment and the Xindian
River catchment, respectively. In contrast, those triggered by extreme-level typhoons (top 5%) will
increase by 8% and 77%, respectively.
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