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ABSTRACT
Density currents induced by large-scale catastrophic events (earthquakes and typhoons) may cause 
various potential environmental hazards such as submarine and seafloor equipment damages.  
Approximately 150 to 200 fiber-optic cable break events are recorded each year in the area 
between the Gaoping Submarine Canyon (GPSC) and the Manila Trench. However, how 
density currents were triggered by catastrophic events is not well understood. This study aimed 
to reproduce the flow field and sediment transport processes of the density currents of the 
2008-flood events during Typhoons Kalmaegi and Fong Wong using numerical models. The 
model results showed that the riverine flow was affected by the tidal currents and descended 
to the submarine canyon. In the submarine canyon, the density current was enhanced during 
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flood tides and attenuated during ebb tides. The river discharge and SSC required for the 
occurrence of density currents were approximately 1500~3200 m3/s and 12 g/L. The internal 
Froude number exceeded the critical value of 0.8, but the required SSC was much lower than 
the critical concentration for the occurrence of the density current. 
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1 INTRODUCTION
Approximately 150 to 200 fiber-optic cable 
break events are recorded each year in the 
area between the Gaoping Submarine Canyon 
(GPSC) and the Manila Trench (Burnett, 
2014; Carter et al., 2014). Density currents 
induced by large-scale catastrophic events 
(earthquakes and typhoons) may cause various 
potential environmental hazards such as 
submarine and seafloor equipment damages. 
The average cost of repairing a submarine 
cable is 1–3 million USD (Veverka, 2014). 
Due to the high cost of telecommunication 
assets and the complexity of maintenance, 
this study aims to study the formation and the 
transport process of density currents from the 
river mouth to the deep sea. 
Typhoon-triggered river floods are known as 
one of the major causes for the occurrence 
of density currents that directly impose 
into the continental shelf and the adjacent 
submarine canyon (Liu et al., 2012; Porcile 
et al., 2020). During extreme flood events, 
small mountainous rivers (SMRs) can 
transport a significant amount of terrestrial 
sediment through the formation of density 
currents from the river mouth to the ocean 
basin (Mulder et al., 2003). Over the past 
decade, typhoon-triggered density currents 
have been widely studied to reduce their 
impacts on subsea fiber-optic cables (Carter 
et al., 2014; Gavey et al., 2016; Pope et al., 
2017; Sequeiros et al., 2019; Talling, 2014). 

At least 17 subsea telecommunication cable 
failures across the GPSC and Manila Trench 
in the Luzon Strait between Taiwan and the 
Philippines were recorded (Gavey et al., 
2016). Further insights regarding the cause of 
damaging telecommunication cables are still 
required to be further investigated. 
The geometric feature of the Gaoping River 
(GPR) and the GPSC (see Figs. 1a and 1b) 
represents a good example of source-to-
sink sediment transport system for studying 
submarine geohazards (Liu et al., 2013, 
2016). The GPSC and the Manila Trench have 
experienced multiple cable break events over 
the past decade that were possibly triggered 
by typhoon-induced density currents 
(Carter et al., 2012; Gavey et al., 2016). 
The mean annual sediment yield of Taiwan 
is approximately 9500 t km-2 y-1, which is 
about 60 times greater than the global average  
of 150 t km-2 y-1 (Kao and Milliman, 2008). 
In this region, tropical cyclone-(typhoon) 
induced floods play a significant role in 
terrestrial sediment transport (Dadson et al., 
2005; Hilton et al., 2008; Liu et al., 2012; 
Lyons et al., 2002). For example, Typhoon 
Kalmaegi passed through the northeast 
corner of Taiwan during 16–18th July, 2008, 
inducing the peak river discharge of 7,670 
m3/s and the peak SSC of 21.72 g/L (Liu et 
al., 2013). A sediment-trap mooring deployed 
in the GPSC has captured the field evidence 
of density currents that efficiently transported 
terrestrial sediments to the deep sea (Liu et 
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al., 2012). Huh et al. (2009b) also reported 
that sediment transport became dominated by 
down-canyon movements with warmer water 
associated with the Typhoon-trigger density 
current on 17th July. One week after Typhoon 
Kalmaegi, Typhoon Fong Wong  induced a 
maximum river discharge of 4,500 m3/s and a 
peak SSC of 32 g/L recorded at Linko Bridge 
on 26–29th July, 2008 (National Chiao Tung 
University, 2008). A landfall occurred during 
this typhoon period resulting in floods and 
extremely high sediment fluxes in the GPSC 
(Selvaraj et al., 2015). However, how density 
currents were triggered by the peak SSC 
lower than the threshold of 40 g/L is not well 
understood (Eidam et al., 2019; Kineke et al., 
1996; Milliman et al., 2007; Ross and Mehta, 
1989).In this study, a numerical simulation 
was used to investigate the occurrence of 
density currents from the mouth of the GPR 
to the submarine canyon during Typhoons 
Kalmaegi and Fong Wong. The Hydrologic 
Engineering Centre’s River Analysis System 
(HEC-RAS) and the Regional Ocean 
Modeling System (ROMS) were used to 

simulate the occurrence of typhoon-triggered 
density currents between the river mouth 
of the GPR and GPSC. The river discharge 
and SSC based on field observation were 
used as the basis for numerical simulations. 
The second section describes the study 
site, governing equations of HEC-RAS and 
ROMS, model configuration, and model 
validation. The model results demonstrating 
the formation and transport processes of 
density currents under flood events are 
discussed in the third section. The paper is 
concluded in the fourth section.

2 METHODS
2.1 Study Site
The GPR, the second-longest river in Taiwan, 
has its main stem meanders from the Jade 
Mountain (Yushan, the elevation is over 3000 
m) toward the southwest, creating a drainage
basin of 3257 km2 (see Fig.1) (Huh et al.,
2009a; Yu and Chiang, 1997). The annual
average rainfall of the GPR is 3046 mm and
the mean river discharge is 222.72 m3/s,

a b

Figure 1: The yellow rectangle indicates the study area. (b) The enlarge view of the GPSC and the mouth 
of GPR. Red crosses (X) represent S1 (Donggang tidal Station) and S2 (Xiao Liuqiuo tidal Station).

Green dot represents the Wanda Bridge. The contours are isobaths from -2700 to 900 meters. 
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which delivers a maximum sediment load of 
24.19 Mt/d (Chiang et al., 2019; Huh et al., 
2009a; Milliman and Syvitski, 1991; WRA, 
1997).      
The distance between the GPR and the 
head of the GPSC is less than 1 km. The 
short and narrow continental shelf merges 
to the northern end of the GPSC, which 
is approximately 260 km away from the 
Manila Trench (Carter et al., 2014; Liu et al., 
2016; Yu et al., 2009). The slope between 
the river mouth to the head of the canyon is 
approximately 0.03 (Chiou et al., 2011) and 
then becomes as steep as 0.1 at the head of 
the canyon (Yu et al., 1993).

2.2 Governing Equations of Nume-
rical Models

2.2.1 The hydraulic model, HEC-RAS 
HEC-RAS, a commonly used hydraulic 
modeling software developed by the U.S. 
Army Corps of Engineers (USACE) is 
applied for the analysis of 1D unsteady 
flows in the river. The unsteady flow analysis 
is employed where the flash flood waves 
rapidly vary the flow and water level in the 
river channel (Brunner, 2016; Lee et al., 
2006; Sharkey, 2014). In this study, the HEC-
RAS 1D unsteady flow was used to simulate 
the propagation of a flood hydrograph in the 
GPR based on the cross-sectional bathymetry 
provided by the Ministry of the Interior, 
Taiwan (surveyed in November 2016). The 
unsteady flow routing solves the 1D Saint-
Venant equation and is expressed as: 

where h is the depth of flow, V is the average 
velocity, g is the acceleration due to gravity, 

S0 is the slope of the channel based on mean 
bed elevations, and Sf is the slope of the 
energy grade-line. 
The Manning Formula is used to provide 
average roughness (Brunner, 2010) as 
presented in Eqs. 2 and 3.  

where Q is the flow discharge, K is the channel 
conveyance, n is Manning’s roughness 
coefficient, A is the flow area, and R is the 
hydraulic radius.

2.2.2 The 3-D ocean model ROMS     
ROMS was used in this study to simulate the 
formation and sediment transport processes 
of density currents in the GPSC under flood 
events during Typhoons Kalmaegi and 
Fong Wong. ROMS is a 3-D, hydrostatic 
ocean model that solves the simplified 
Reynolds-averaged Navier–Stokes (RANS) 
equations using hydrostatic and Boussinesq 
approximations under the assumption that 
the fluid is incompressible (Chassignet et 
al., 2000; Haidvogel et al., 2000). The fluid 
continuity equation is: 

where Hz is the grid cell thickness; 
u, v, and Ω are the mean components of 
velocity in horizontal (x and y) and vertical 
(s) directions, respectively.
The momentum equation of ROMS is defined
as:

(1)

(2)

(3)

(4)
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where  is the velocity vector, f is Coriolis’ 
force coefficient (f= 2 Ω sinΦ), p is the 
total water pressure,  and  are the 
turbulence terms, ρ0 is the fluid reference 
density, and ρ is the fluid field density, Fu 
and Fv  are the external forces, and Du  and 
Dv  are the diffusion coefficients.
The governing equation for sediment 
transport of ROMS can be expressed as:

where C is the sediment concentration, w 
the is vertical-settling velocity of sediment 
(positive upwards),   is the turbulent 
flux, and vθ is the molecular diffusivity. 
ROMS provides several solutions for 
the parabolic equation, the K-Profile 
Parameterization, Mellor-Yamada level 2.5 
(MY-2.5) theory, and the Generic Length-
Scale (GLS) (Durski et al., 2004; Mellor and 
Yamada, 1982; Umlauf and Burchard, 2003). 

The GLS turbulent mixing mode formula is 
defined as: 

 with

with  

where k is the turbulent kinetic energy, KM 
is the turbulent eddy viscosity, σk and σψ are 
Schmidt’s number, PS is the turbulent shear 
force, PB is the turbulent buoyancy, ɛ is the 
turbulent flow energy dissipation rate, ψ is 
the vortex degree; c1, c2, c3 are the empirical 
parameters based on water stratification, cμ0 
is the stability coefficient, l is the turbulent 
mixing length, Ks is the horizontal eddy 
current viscosity, M is the shear frequency, 
and N is the buoyancy frequency. The k-ε 

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

Coastal and Offshore Science and Engineering  
Year I – 2022 – ISSN 2785-7972104



turbulence closure is used in the model in 
which parameters are given as p=0.0; m=1.0; 
n=1.0; σk =1.96; σψ =1.96; c1=0.9; c2=0.52; 
c3+=2.5; c3-=1.0; cμ0=0.5544 (Warner et al., 
2005b). 

2.3 Model Configuration 
2.3.1 Model setup for HEC-RAS 
A total of 38 cross-sectional bathymetric 
surveys with a minimum resolution of 
20 m was applied to HEC-RAS (see Figs 
2-a,b,d). The friction slope and the Manning
coefficient were set as 0.0008 and 0.03,
respectively. The river discharge measured in
the Liling Bridge was used for the input of
the upper boundary (UB, see Fig. 2a). The
simulated time series of riverine discharge in
the lower boundary (LB) is implemented as
the input river boundary in ROMS.

2.3.1 Model setup for ROMS 
A topographic data with a 200 m resolution 
was used for making a grid model. The 
horizontal grid resolutions used in the model 
were 157.3 m (maximum) and 3 m (minimum) 
as shown in Fig. 2b. Meanwhile, the vertical 
grid resolutions were 45.07 m (maximum) 
and 0.16 m (minimum) as presented in 
Fig. 2c. The tidal constituents in the ocean 
boundary were provided by the global tidal 
level forecast of Oregon State University, the 
TPXO9_atlas_v4 data (Caogong Agricultural 
Foundation, 1999; Martin et al., 2009). The 
main tidal constituents in Kaohsiung were 
M2, O1, K1, S2. The boundary condition for 
surface elevation was the Chapman boundary 
condition (1985), and the boundary condition 
for the two-dimensional momentum equation 
boundary condition was the Flather boundary 
condition (1976).
The sediment properties, such as the grain 

Figure 2: (a) The river boundary conditions of HEC-RAS in which UB (green dot) and LB (red dot) repre-
sent the Upstream Boundary and Liling Bridge as the lower boundary, respectively. (b) The model domain 
with horizontal grid of ROMS. (c) The vertical grid along the canyon. (d) An example of the cross-section 

near UB.

a

b

c

d
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size distribution and the SSC of the GPR are 
applied to the river boundary condition. The 
median grain size for suspended particles is 
given as 0.015 mm (Lin 2019 and National 
Chiao Tung University 2008). The three 
months of field observation in the GPR 
Weir provided the rating curve between the 
riverine discharge and the SSC (Eq. 16).

where 𝑄 is the flow rate (m3/s); Qs is the 
sediment wash load (Mt/d). 
The sediment transport formula of Van Rijn 
(1993) was used to calculate the bed load 
transport. The representative particle size 
of the bed load is 0.33 mm (National Cheng 
Kung University, 2009).

Figure 3. Blue dots represent the measu-
red data of (a) temperature and (b) salinity 

observed at the mouth of GPR. The red curves 
represent the curve fitting.

The temperature and salinity field used for 
the initial condition of ROMS were based on 
the NOAA observation data from July 3rd–
August 8th, 2009 (dataset at https://www.
ncei.noaa.gov/access/world-ocean-database-
select/dbsearch.html), and the data measured 
near the river mouth by Yang (2010) 
from 2005 to 2009 (see Fig. 3). The state 
function of density considered the effect of 
temperature, salinity, and sediment density, 
while the effect of pressure was ignored. 

2.4Model Validation
2.4.1 Model Validation for Surface 

Elevation
The quantitative assessments between the 
model simulations and field observations 
provide the evaluation of the model’s 
predictive abilities (Legates and Mccabe, 
1999). In this study, the agreement between 
the model and field measurements was 
evaluated by the root-mean-square error 
(RMSE), correlation coefficient (R2), and 
model skill (S).

(16)

(17)

(18)

(19)
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Fig. 4. The comparisons water level between 
simulated model using HEC-RAS 1D and 

observed data during Typhoons Kalmaegi and 
Fong Wong.

where Mn and Cn are the measured data 
and the computed data at N discrete points. 
The overbar denotes the mean for the entire 
period of the evaluation. 
Eq. 17 represents the RMSE which indicates 
the dispersion of the predictive accuracy 
as the standard deviation of the residuals 
(the residual describes the distance of data 
points from the regression line). The RMSE 
ranges between 0 and 1, in which the smaller 
value presents the numerical model’s higher 
accuracy. For instance, if the distribution of 
data points lies precisely on the regression 
line, the RMSE is 0. The model evaluation 
R2 (scale 0.0 to 1.0) reflects the strength of 
linear association between the model and 
observed data, in which the higher values 
(S=1.0) indicate a better agreement as 
presented in Eq. 18. The model predictive 
skill (S) measurement proposed by Willmot 
(1981) was also used to compare the model 
parameters with observations as described 
in Eq. 19. The perfect agreement can be 
attained with of the value of S=1, while there 
is a complete disagreement with of S=0. 
This validation measurement was commonly 
used to evaluate the performance of the 

estuary (Warner et al., 2005a) and the coastal 
circulation models (Liu et al., 2009; Wilkin, 
2006).
Fig. 4 shows the comparison of the simulated 
water level using HEC-RAS 1D and the 
observation during Typhoons Kalmaegi and 
Fong Wong recorded at the Wanda Bridge 
Station (see the location in Fig. 1b). The 
values of RMSE and R2 were 0.13 m and 
0.67, respectively. The model predictive skill 
S of HEC-RAS 1D was 0.78.

Figure 5. Typhoon Kalmaegi-induced tidal 
elevation variations recorded at Xiao Liuqiuo 
Station compared with the model results using 

ROMS

Figure 6. Tidal elevation comparisons between 
the model results using ROMS and observed 
data during Typhoon Fong Wong recorded at 

Donggang Station.

The model evaluations in Fig. 5 show that 
Typhoon Kalmaegi-induced tidal variations 
were recorded at Xiao Liuqio Station in 
which the values RMSE, R2, and S were 
0.1125 m, 0.924, and 0.8875, respectively. 
Furthermore, the comparison between the 
observed data during Typhoon Fong Wong at 
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Donggang Station and the simulated model 
shows the values RMSE, R2, and S were 
0.144, 0.878, and 0.936, respectively (see 
Fig. 6). 

2.4.2 Model Validation for Flow Fields
The model results (Fig. 8) are compared 
with the observation data (Fig. 7; Wu 2007) 
in which the flow field changes along the 
continental shelf and in the GPSC during 

different tidal stages. The hydrodynamics and 
sediment transport of this system are affected 
by riverine flows, tidal currents, and canyon 
bathymetry, which consists of the river, the 
continental shelf, and the submarine canyon 
with slope topography. The model results 
revealed that the upper layer of seawater of the 
GPSC is affected by the interaction of riverine 
flows and tidal currents, while the slope of 
canyon bathymetry controls the lower layer 
of the density current (Wu, 1996). In general, 

Figure 7: The schematic diagram shows the observed flow field in the continental shelf and the GPSC 
during: (a) ebb tide (b) flood tide (Wu, 2007).

a b

Figure 8: (a) Surface elevation; The simulated flow field in the continental shelf during: (b) ebb tide and 
(c) flood tide; and in the submarine canyon during: (d) ebb tide and (e) flood tide.

c

a

b d e
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the tidal currents dominate the flow field 
in many submarine canyons and generate 
stronger energy (Kunze et al., 2002). The 
observation of Wu (2007) showed that the 
tidal currents in the continental shelf of the 
GPSC moved towards the Southeast during 
the ebb tide (see Fig. 7a). At the bottom of 
the canyon, the flow field moved towards the 
Northeast to the head of the canyon. During 
the flood tide, the simulated results showed 
that the tidal currents in the continental shelf 
moved towards the Northwest and descended 
along the submarine canyon; subsequently, 
the flow field moved towards the Southwest 
away from the head of the canyon (see Fig. 
7b). 

In this study, Figs. 8b and c represent the 
simulated tidal currents during the ebb tide 
(July 18th, 2008) and the flood tide (July 19th, 
2008) (see Fig. 8a for the timing of surface 
elevations) in the continental shelf which 
confirmed the same directions      with the 
field observations shown in Wu (2007). Figs 
8d and 8e highlighted the simulated flow 
field during the ebb tide and the flood tide 
along the canyon (indicated by red arrows). 
The directions of flow are shoreward during 
the ebb tide, and seaward during the flood 
tide, similar to the observation of Wu (2007). 
This means the model results have a good 
agreement with the observation, which is 
further used to simulate the occurrence and 

Figure 9: (a) The river discharge recorded at Donggang Station. Red and yellow dots indicate the river 
discharge during Typhoon Kalmaegi, while purple and green dots indicate the river discharge during 
Typhoon Fong Wong; The simulated results during Typhoon Kalmaegi: (b) the surface elevation; The 

simulated flow field and SSC in the continental shelf during: (c) ebb tide (d) flood tide; and the simulated 
flow field and SSC along the submarine canyon during: (e) ebb tide (f) flood tide.

a

b

Ebb Tide Flood Tide Ebb Tide Flood Tidec d e f
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behavior of density currents and sediment 
transport in the GPSC.

3 RESULTS AND DISCUSSION 
In this study, the model simulations were 
divided into two cases e.g. Case 1 during 
Typhoon Kalmaegi with a daily peak flow of 
2800 m3/s (July, 15–24th, 2008) and Case 2 
during Typhoon Fong Wong with a daily peak 
flow of 4500 m3/s (July, 24th–31st, 2008). 
The river discharges of the GPR (see Fig 
9a) carried a significant amount of terrestrial 
sediment, interacted with tidal currents, and 
consequently raised the complexity of the 
flow field and sediment transport patterns. 
The topography of the submarine canyon 
affected the directions of the flow field 
and sediment transport along the canyon. 
The tidal surface elevation near the river 
mouth is shown in Fig. 9b. The sediment-
laden density currents propagated down the 
continental shelf in the Southeast direction 
from the mouth of the GPR at the ebb tide 

as shown in Fig. 9c. The increase of tidal 
current velocity during flood tides caused 
the intensity of density currents to increase 
as well. Consequently, the sediments moved 
further southward as presented in Fig. 9d. In 
the submarine canyon, the density current 
moved shoreward during ebb tides (see Fig 
9e) and seaward during flood tides (see Fig 
9f). 

In order to understand the critical state for the 
occurrence of density currents, the critical 
Froude number (Jiahua, 1986) as shown 
in Eqs. (21) and (22) was applied for the 
analysis.

Figure 10. (a) The river discharge recorded at Donggang Station during Typhoon Fong Wong. The simu-
lated results during Typhoon Fong Wong: (b) the surface elevation; The simulated flow field in the conti-
nental shelf during: (c) ebb tide (d) flood tide; and the simulated flow field and SSC along the submarine 

canyon during: (e) ebb tide (f) flood tide. 

(21)

(22)

b c

a

d e
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where U is the velocity perpendicular to the 
river mouth,  is the reduced gravity, ho is 
the water depth,   is the density difference 
between the turbid inflow ( river discharge 
carrying sediment) and the impounded clear 
water (seawater),  is the density of the turbid 
inflow fluid.  
In Case 1 (Figs 11b and 11c), the density 
current occurred at 7pm on July 18th, 2008. 
The critical Froude number reached 0.8 while 
the SSC was 15.38 g/L and the discharge was 
2015 m3/s. In Case 2 (Figs 11d and 11e), 
the density current occurred at 10pm on 
July 29th, 2008. The critical Froude number 
reached 0.8 while the SSC was 18.18 g/L and 
the discharge was 2390 m3/s.

4 CONCLUSIONS
The unpredictable typhoon-induced density 
currents have increased the possibility of 
subsea telecommunication cable failures in 
the GPSC. The relationship between typhoon-
induced density currents and the occurrence 
of submarine cable disruptions is not well 

understood. Therefore, this study aimed 
to reproduce the flow field and sediment 
transport processes of density currents 
using HEC-RAS and ROMS regarding  the 
2008-typhoons Kalmaegi and Fong Wong 
on July 16–18th and 26–29th, respectively. 
The model results showed that typhoons 
transported a significant amount of sediment 
from the mouth of GPR. The density current 
further propagated through the continental 
shelf, the submarine canyon, and to the deep 
sea. 
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