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ABstRACt

Extreme typhoon events have been increasing due to climate change. In recent years, severe landslides, flooding, and 
extreme sediment transport have become more easily induced by these events. This study employs dynamic downscaling cli-
mate projection data to evaluate riverbed changes and sediment transport processes of the Gaoping River, located in southern 
Taiwan, under the worst late 20th century conditions and projections for the late 21st century. Results show that the peak runoff 
discharge in the late 21st century could be 1.48 times larger than that in the late 20th century. This data indicates that the risk 
potential for overbank and pier scour disasters will increase in the future. However, in contrast to the late 20th century, the 
thalweg sediment aggradation model indicated 19% less in the late 21st century. An experimental design method was applied 
to further explore the reasons behind this outKome. It was found that severe riverbed changes correlated negatively with the 
peak discharge in extreme floods. These findings will greatly assist in understanding riverbed change processes under extreme 
typhoon events using dynamic downscaling climate change data.
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1. IntRodUCtIon

Recurrent typhoons and heavy rainfall events have re-
peatedly induced severe sediment disasters in mountain ar-
eas and flooding events along the Goaping River in recent 
years. The Goaping River is the longest river in southern 
Taiwan, with the Cishan, Laonong, and Ailiao Rivers as 
its three major tributaries (Fig. 1a). According to disaster-
related data and statistics from 2008 (Typhoon Kalmaegi) 
to 2010 (Typhoon Fanapi), 233 flooding events occurred in 
the Gaoping Watershed (NCDR 2015), with Typhoon Mora-
kot in 2009 causing the worst damage. The “Disaster Survey 
and Analysis of Morakot Typhoon” report indicated that Ty-
phoon Morakot induced embankment damage, floods, and 
bridge fractures (MOST 2010). A total of 12697 landslides 
were triggered, including four giant landslides. The land-
slide ratio in the Gaoping Watershed exceeded 6.5%. The 
Hsiaolin landslide, one of the four giant landslides, was a 
deep-seated, dip-slope landslide that produced 2.7 × 107 m3 
sediment volume (Wu et al. 2011). The sheer scale of this 
disaster was attributed to the extreme torrential rain, which 

produced a record-breaking rainfall of 2361 mm in a mere 48 
hours (Pan et al. 2011). The return period was over 200 years 
(Wu et al. 2011). Chiang and Chang (2011) documented that 
typhoons and rainfall rates are predicted to intensify as a re-
sult of climate change in the Western North Pacific. These 
meteorological changes will in turn trigger more active land-
slides in Taiwan. Additionally, Su et al. (2014) explored the 
typhoon rainfall event characteristics using dynamic down-
scaling climate change data. Their results showed that the 
typhoon rainfall duration in Taiwan will generally decrease, 
while the total rainfall amount will increase in the future. 
This is a direct warning that natural hazards, such as extreme 
rainfall, sediment events and flooding will become more fre-
quent in the future.

Typhoon Morakot induced an obvious increase in sedi-
ment concentration and serious riverbed deposition in the 
Gaoping River, which severely disrupted the water supply 
in the Gaoping Weir. To prevent this from ever happen-
ing again, Taiwan’s Water Resources Agency (WRA) has 
devoted substantial resources to study feasible water sup-
ply strategies for the Gaoping Weir reach (Yeh et al. 2011, 
2012). Some research has focused on assessing the local 
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levee arrangement, water level variations and channel mi-
gration under climate change conditions using the statistical 
downscaling method (Chang and Liu 2013; Lin et al. 2013). 
The statistical downscaling climate change data were esti-
mated from historical weather observation records. Com-
plex atmospheric and topographical indices and dynamic 
mechanisms were not considered. Therefore, this study 
applied dynamic downscaling climate change data, which 
considers the atmospheric index, to simulate the sediment 
transport processes in the Gaoping River watershed.

Numerous numerical models have been developed over 
the past few decades to simulate flow and sediment trans-
port processes. These numerical models can be subdivided 
into three types: one-dimensional (1D), two-dimensional 
(2D), and three-dimensional (3D) models. For example, 
HEC-RAS is a 1D model widely used to calculate water-
surface profiles and energy grade lines (USACE 2001). 
2D and 3D numerical models were developed to simulate 
sedimentation in estuaries and harbours, river morphology, 
bridge pier scouring, and urban flooding, such as RMA-
2, FESWMS-2DH, CCHE2D/3D, SRH1D/2D, SOBEK, 
FLO-2D (Froehlich 1989; Norton et al. 1973; O’Brien et 
al. 1993; WL/Delft Hydraulics 1995; Jia and Wang 1999; 
Jia et al. 2005; Chao et al. 2013). The National Center for 
Computational Hydroscience and Engineering (NCCHE) at 
the University of Mississippi in the United States recently 
cooperated with Taiwan’s WRA and National Chiao Tung 
University (NCTU) for CCHE2D/3D implementation in 
Taiwan. CCHE2D/3D showed satisfactory performance 
and stability on both experimental and field cases in Taiwan 
(Yeh and Wang 2009; Yeh 2014).

This study applied the CCHE2D model to simulate ex-
treme sediment transport under a climate change scenario 
in the Gaoping River. The goals of this study are as fol-
lows: (1) use dynamic downscaling climate projection data 
to simulate sediment transport processes; (2) compare sedi-
ment yields between the late 20th century and the late 21st 
century; and (3) analyse the influences of different peak 
discharge on river bed changes.

2. dEsCRIptIon of CCHE2d ModEl

Developed by NCCHE, the CCHE2D model is a depth-
integrated 2D hydrodynamic and sediment transport model 
for unsteady open channel flows. It can be used to evaluate 
steady and unsteady free surface flow, sediment transport, 
and morphological processes in natural rivers (Jia and Wang 
1999). Brief descriptions of the hydrodynamic and sediment 
transport model are given below.

2.1 Hydrodynamic Model

The CCHE2D continuity and momentum equations 
can be expressed as (Jia and Wang 1999):
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where u and v are the depth-integrated velocity components 
in the x and y directions, respectively; g is the gravitational 
acceleration; Z is the water surface elevation; t  is the wa-
ter density; h is the local water depth; fCor is the Coriolis 
parameter; xxx , xyx , yxx , and yyx  are the depth integrated 
Reynolds stress; and bxx  and byx  are the shear stresses on 
the bed surface.

2.2 sediment transport Model

The non-equilibrium sediment transport process simu-
lations in the CCHE2D model are performed by solving the 
following equations (Wu 2001):
Suspended load:
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Bed load:
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Bed change:
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where sf  is the eddy diffusivity of sediment; Ck is the con-
centration of the k-th size class of sediment; C*k is the cor-
responding transport capacity; cbkl  is the average concentra-
tion of bed load at the bed-load zone; a  is the adaptation 
coefficient of suspended load; bxa  and bya  are the direction 
cosines of bed load in the x and y directions; sk~  is the sedi-
ment settling velocity; qb*k and qbk are respectively the bed 
load transport capacity and transport rate; bd  is the bed load 
layer thickness; Lt is the adaptation length for bed load; pl  is 
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the porosity of bed material; and z tbk2 2  is the bed change, 
due to size class k.

The non-equilibrium adaptation length Lt characterizes 
the distance for sediment process adjustment from a non-
equilibrium state into an equilibrium state, which is related 
to the sediment transport process, bed forms and channel 
geometry scales (Yeh et al. 2010).

3. stUdy And ModEl sEtUp
3.1 field description

The main river length and drainage area of the Gaoping 
River are 171 km and 3257 km2, respectively. The river has 
a relatively high average gradient of 1/150. The Gaoping 
Watershed topography decreases gradually from northeast 
to southwest and the elevation undulates approximately 
3900 m. The topographic elevation, which exceeds 1000 m,  
occupies 47% of the drainage area. Figure 1b shows the 
computational domain ranging from downstream CS01 
to the upstream CS74. It is approximately 36.3 km long 
and the average gradient is 1/1500 in the study reach. The 
cross-section width in the computational domain is from  
1491 - 3129 m and the mean width is 2197 ± 346 m.

The annual rainfall is between 1980 and 4350 mm in 
the Gaoping Watershed (WRA 2013). Over 90% of the an-
nual rainfall (~3000 mm yr-1) in the Gaoping Watershed 
occurs in the wet season, between April and October. The 
high flow rate usually occurs in the summer, due to mon-
soon and typhoon activity (WRA 2013). The Central Moun-

tain Range induces disproportionate spatial precipitation. 
Relatively heavy rainfall occurs especially in the mountain 
areas. The rainfall is less along the coastal areas and plains 
(Chu et al. 2011).

A gauge station called Lilin Bridge (1730H043) is lo-
cated at cross section 71 (CS71) upstream of the study reach 
(Fig. 1). Based on the official management and planning re-
port from the WRA, the 100-yr return period discharge, Q100, 
at the Liling Bridge gauge station is 30564 m3 s-1, and the 
Q2, Q5, and Q10 are 9666, 15447, and 19188 m3 s-1, respec-
tively (WRA 2011). The particle diameter of 50% of the bed 
material, D50, slightly increased from 0.31 - 0.40 mm during  
2007 - 2012 (WRA 2011).

3.2 selection of Extreme typhoon Events Under  
Climate Change scenario

Since statistical downscaling techniques are unable 
to describe the typhoon event process. This study used dy-
namic downscaling projection data to try to depict the full 
hydrography of a typhoon event. The dynamic downscal-
ing projection data were produced by the Taiwan Climate 
Change Projection and Information Platform (TCCIP) proj-
ect. The TCCIP project introduced a dynamic downscaling 
dataset from the Meteorological Research Institute (MRI) 
that was further downscaled into 5 km grids using the 
Weather Research and Forecasting modeling system (WRF) 
(MOST 2014). A balance across all sources (A1B emission 
scenario) was used to evaluate the environmental variations 

(a) (b)
Fig. 1. Gaoping Watershed, Taiwan, (a) location of study reach and gauge station; (b) aerial photo of the study reach from CS01 to CS74 (estuary to 
the confluence at Cishan River and Laonong River). CS08, CS30, and CS61 are the cross-sections for calibration and validation.
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in the future.
Figure 2 shows the mean total cumulative rainfall dis-

tribution within the top ten grades of typhoon events, which 
identifies that the typhoon center is within 300 km from the 
coast of Taiwan during the late 20th century (1979 to 2003-yr)  
and late 21st century (2075 to 2099-yr). This is an evident 
warning that the rainfall intensity will increase in the late 
21st century, especially in the central and southern parts of 
Taiwan (Su et al. 2014). We used the maximum 24-hour 
cumulative rainfall to sort the typhoon events under the cli-
mate change scenario to model the climate change rainfall 
characteristics.

The maximum late 20th century and late 21st century 24-
hour cumulative rainfall and duration rankings from one to 
ten are shown in Fig. 3a. The mean maximum 24-hour cu-
mulative late 20th century and late 21st century rainfall are  

534 and 917 mm, respectively. The mean rainfall durations 
are 52 and 48 hours for the late 20th century and late 21st cen-
tury. The late 21st century rainfall obviously exhibits a short 
duration with high intensity. In order to isolate the climate 
change rainfall characteristics, this study selected the first 
ranked data to simulate the extreme rainfall events. Figure 3b 
shows the first ranked rainfall and cumulative rainfall hyeto-
graphs for the late 20th century and late 21st century period. 
The mean rainfall intensities are 15.74 and 33.45 mm hr-1, re-
spectively. The late 20th century and late 21st century rainfall 
durations are 120 and 48 hours, respectively.

3.3 Initial Conditions and Boundary Conditions

The initial computational mesh bed elevations were 
interpolated and obtained using cross-sectional data from 

(a) (b)

Fig. 2. Average cumulative rainfall (mm) under climate change scenario within the top ten grades of extreme rainfall, (a) and (b) represent the late 
20th century and late 21st century periods, respectively.

(a) (b)

Fig. 3. Ranking of rainfall events from one to ten for the late 20th century and late 21st century; (a) shows sorting of maximum 24-hour cumulative 
rainfall and its durations; (b) illustrates the mean rainfall and mean cumulative rainfall for ranking rainfall events.
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2008 and 2012. The 2010 cross-sectional data were used 
for 2008 data model calibrations. The 2013 data were used 
for the 2012 data model validations. This study employed 
2013 cross-sectional data in assuming the initial bed under a 
climate change scenario.

The bed materials were obtained from the official man-
agement and planning report (WRA 2011). Sediment size 
classes ranging from 0.0625 - 11.71 and 0.0625 - 1.52 mm 
were selected to compute the associated sediment transport 
in model calibration and validation, respectively. The sedi-
ment transport capacity and bed roughness were determined 
using two formulas - one from Wu et al. (2000) and the other 
from Van Rijn’s (1984). The adaptation length, factor, and 
mixing layer thickness were 8000, 0.25, and 0.25 m, respec-
tively. These factors were evaluated by Yeh et al. (2012).

The CCHE2D model was applied to simulate the ex-
treme flooding that induces intense morphological changes 
under a climate change scenario in the Gaoping River. The 
most severe typhoon events during the 2008 - 2010 and 2012 
- 2013 periods were Typhoon Morakot and Typhoon Saola, 
respectively. Therefore, these two typhoon events were se-
lected for model calibration and validation. The complete 
hydrograph for Typhoon Morakot was selected from 5 to 
10 August 2009, and the total simulated time was 250 hours 
in the model calibration. Typhoon Saola was used as the 
simulated period for validation, which was between 1 to 5 
August 2012, reaching a total of 119 hours. Figures 4a and b  
show the flow and sediment hydrographs of significant 
flood events at the upstream boundary for model calibration 
and validation. The inflow hydrograph at the upstream was 
obtained from the Lilin Bridge gauge station. The sediment 
concentration was evaluated using a rating curve obtained 
from the measured suspended load data (WRA 2009, 2012). 
The downstream water stage hydrographs were assessed 
from the FVCOM storm surge model (NCDR 2015), which 
is shown in Figs. 4c and d.

The climate change scenario simulations used the 
cross-sectional data from 2013 as the initial bed elevation. 
The sediment transport conditions followed the model cali-
bration and validation results. The inflow hydrograph and 
outflow water stage data were obtained from the TCCIP and 
NCDR (National Science and Technology Center for Disas-
ter Reduction) technical report results (MOST 2014; NCDR 
2015), which are shown in Fig. 5. The outlet water stage 
hydrographs were retrieved from the FVCOM storm surge 
model results (NCDR 2015).

4. REsUlts And dIsCUssIons
4.1 Model Calibration and Validation

Figure 6 shows the bed elevation thalwegs and bed 
changes. The bed changes are the bed elevation variation in 
thalwegs. The positive and negative bed change values rep-
resent bed aggradation and degradation relative to the initial 

bed elevation. As depicted in Fig. 6, obvious excessive ag-
gradation occurred from the Wannta Bridge to the Gaoping 
Weir reach, with significant degradation near the estuary 
in the model calibration. In the model validation, a slightly 
higher aggradation occurred from the Wannta Bridge to the 
Gaoping Weir reach. In general, the model matched closely 
with the measured values.

Figure 7 shows a comparison of the simulated and 
measured cross-sectional data in the study reach. Some de-
viations occur in the calibration case. The calculated lateral 
erosion in some cross-sections does not agree well with 
the measured data, e.g., in Figs. 7a and c. Moreover, some 
cross-sections are slightly over-estimated in terms of the de-
position, e.g., in Fig. 7e. On the other hand, the bed changes 
in the cross-sections are generally in line with the measure-
ments in the validation case.

The deviation in the calibration case may be caused by 
the limitations of performing lateral migration mechanisms 
in the present model, and the complex morphology in the 
estuary zone was not considered. In addition, 27 typhoons 
affected Taiwan from 2009 - 2013. Meanwhile, the WRA 
implemented dredging after the typhoons, which induces 
obvious deviation in the simulated and measured results. 
Overall, the simulated results in the calibration and valida-
tion basically exhibit good agreement with the measured 
data. Therefore, this model and its relevant parameters can 
be used in the following simulations.

4.2 simulation Results and discussions for the scenario 
of Climate Change

Figure 8 shows the water levels (WL) and their corre-
sponding bed profiles at peak discharge (Qp) in the late 20th 
century and late 21st century periods. The mean water level 
in the late 21st century is 1.11 ± 0.31 m relatively higher than 
the late 20th century at peak flow discharge. There is more 
severe degradation in the late 21st century than in the late 
20th century at peak flow discharge, and the mean degraded 
depth relatively increases 0.30 ± 0.29 m. The extreme high 
water level indicates high potential risk for overbank disas-
ters between the Tsaugung Weir and Liling Bridge reach. 
There will be obvious scour around the Wannta Bridge at 
peak discharge under the climate change scenario. Increas-
ing the embankment levels and bridge pier protection will 
definitely be needed to avoid future disasters.

Figure 9 shows the simulated sediment aggradation re-
sults under the climate change scenario. The dashed lines 
indicate the initial bed, the solid lines show the simulated re-
sults for the late 20th century, and the circle-solid lines show 
the simulated results for the late 21st century. The average 
depositions for the late 20th century and late 21st century are 
3.31 ± 1.61 and 2.68 ± 1.20 m. Although the sediment ag-
gradation is 19% less in the late 21st century than the late 20th 
century, the simulated results reveal that the aggradation is 
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more severe toward the upstream in both periods, and the 
highest aggradation is at the Liling Bridge and downstream 
of the Tsaugung Weir, as shown in Fig. 9a. Figures 9b - d 
depict the cross-sectional bed elevation profile changes at 
CS08, CS30, and CS61. The Gaoping Weir is considered 
the water resource pivot in southern Taiwan. Located be-
tween the Liling Bridge and Tsaugung Weir, this exactly 
falls within the severe aggradation reach. Hence, the aggra-
dation may cause public water supply problems in southern 
Taiwan in the future.

Figure 10 shows the simulated results for mean bed 
changes and cumulated sedimentation under the climate 
change scenario. The mean bed changes and the averaged 
bed elevation variation in each cross-section are used to 
present the sediment variations to avoid possible overesti-
mation in calculating sediment degradation and aggradation 
in thalwegs using bed changes. The mean bed change values 
are 1.86 ± 0.89 m in the late 20th century and 1.59 ± 0.73 m in 
the late 21st century. The sediment variations and cumulated 
volumetric changes are illustrated according to the mean bed 

(a) (b)

(c) (d)

Fig. 4. Inlet (upstream) and outlet (downstream) boundary conditions for model calibration and validation; (a) and (c) show flow conditions of 
Typhoon Morakot for model calibration, (b) and (d) show flow conditions of Typhoon Saola for model validation.

(a) (b)

(c) (d)

Fig. 5. Inlet (upstream) and outlet (downstream) boundary conditions for the extreme flooding event in climate change scenario; (a) and (c) for the 
late 20th century, (b) and (f) for the late 21st century.
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(a) (b)

(c) (d)

Fig. 6. Simulated and measured thalwegs and bed changes; (a) and (c) for model calibration, (b) and (d) for model validation.

(a) (b)

(c) (d)

(e) (f)

Fig. 7. Comparison of simulated and measured cross-sectional bed profiles; (a), (c), (e) for  model calibration; (b), (d), (f) for model validation. 
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Fig. 8. The highest water levels and their corresponding thalwegs at peak discharges in the late 20th century and late 21st century.

(a) (b)

(c) (d)

Fig. 9. Simulated results under climate change scenario; (a) shows bed elevation thalwegs; (b), (c), (d) depict the cross-sectional profiles of bed 
changes.

Fig. 10. Longitudinal profiles of mean bed changes and accumulated deposition.
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changes and channel widths in the entire Gaoping River. 
The sediment degradation and aggradation are shown in the 
longitudinal profile. As the cumulated volumetric changes 
considered the contribution from channel widths, it could 
explain why the mean bed changes do not agree with the 
accumulated volumetric changes. The sediment variation in 
the late 20th century is 141.11 × 106 m3, while the sediment 
variation in the late 21st century is reduced by 15% com-
pared to the late 20th century. Furthermore, there are three 
obvious knickpoints where the Gaoping River sediment rap-
idly accumulates in both the late 20th century and late 21st 
century. Landemaine et al. (2015) stated that artificial river 
structures, such as weirs and dams, could modify the river 
morphology and induce changes in the sediment transport 
capacity. Wandan Groundsill Works, Tsaugung Weir and 
the Gaoping Weir therefore play major roles in the Gaoping 
River sedimentation.

To further understand why the sediment aggradation 
is less in the late 21st century than in the late 20th century, 
this study used the experimental design concept to reduce 
the variables and explore the relationship between the hy-
drograph and sediment deposition at different peak flow 
discharges. We reduced 25 and 50% of extreme flood event 
discharges in both the late 20th century and late 21st century 

to simulate and evaluate the sediment aggradation with the 
same flood durations (Fig. 11a).

Figure 11 shows the six hydrographs with the same 
flood durations and their relationship to the bed changes and 
peak discharges. The range of bed change is from 3.31 ± 1.61 
to 0.07 ± 0.67 m, and the range of mean bed change is from 
1.86 ± 0.89 to 0.02 ± 0.16 m in six hydrographs, as shown in 
Table 1. An interesting result was found in Fig. 11b. When 
peak flow discharges reach a critical discharge, which is the 
Q10 (19188 m3 s-1) in the Gaoping River for this case, sig-
nificant and abrupt bed changes will occur. However, these 
bed changes will gradually slow down when peak discharge 
increases, as shown in the gray box in Fig. 11b. Although 
the bed changes are still considered significant compared to 
those flood peak discharge smaller than Q10, it is a signifi-
cant fact that the bed changes are not as abrupt as in the Q10 
discharge. These simulation results could help explain why 
the aggregation in the late 20th century is more severe than in 
the late 21st century. In addition, we quantified the simula-
tion results and defined a bed change ratio (BCR) index to 
better understand the riverbed change variations from a peak 
discharge value in a flood event. The index is a ratio of bed 
changes and mean bed changes, which has a negative cor-
relation with the peak flow discharges.

(a) (b)

Fig. 11. Different hydrographs and bed change results for the Gaoping River; (a) shows different discharge hydrographs for the same duration with 
different rainfall intensity, (b) depicts relationship between peak discharge with changes and BCR (BCR is a ratio of bed changes and mean bed 
changes).

late 20th century late 21st cnetury

Q 0.75 0.5Q Q 0.75Q 0.5Q

Case1 Case2 Case3 Case4 Case5 Case6

Qp (m3 s-1) 19888 14916 9944 29572 22179 14786

Bed changes (m)* 3.31 ± 1.61 0.07 ± 0.67 0.15 ± 0.38 2.68 ± 1.20 2.97 ± 1.27 0.13 ± 0.39

Mean bed changes (m)* 1.86 ± 0.89 0.02 ± 0.23 0.03 ± 0.12 1.59 ± 0.73 1.30 ± 0.58 0.02 ± 0.16

Table 1. Simulation results for different hydrographs; asterisk indicates mean ± standard deviation.



Chao et al.726

5. ConClUsIon

This study employed dynamic downscaling climate 
projection data to understand the sediment transport pro-
cesses in future extreme typhoon events. According to the 
climate projection data, the runoff peak discharge in the late 
21st century will be 1.48 times larger than in the late 20th 
century. However, the sediment aggradation volume in the 
late 21st century will be 15% less than the late 20th century. 
To explain this outcome, this study applied the experimental 
design method and found that severe riverbed changes had 
a negative correlation with the peak discharge in extreme 
floods. This could help delineate why the aggregation in 
the late 20th century was more severe than in the late 21st 
century. It should be noted that this study only applied a 
single model of climate projection data. Uncertainties in the 
simulation results were inevitable. For future research, more 
climate model projections should be considered to reduce 
the uncertainties from climate models.
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