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A B S T R A C T

Study region: Many reservoirs worldwide experience the challenge of managing woody debris and 
determining the feasible location to set a floating barrier as a mitigation strategy to restrict their 
progression towards the dam. While the turbidity current plunges along the reservoir bed to form 
the underflow mud layer, the reverse current generated in the plunging flow region holds the 
woody debris.
Study focus: The present study attempts to define the plunging zone in correlation with the 
floating woody debris based on field observations, densimetric Froude number, plunging formula, 
and entrainment formula to investigate the plunge point location. When woody debris is carried 
by the sediment-laden inflow through the reservoir, the volume of woody debris needs to be 
estimated and extracted after the flood recession.
New hydrological insight for the region: According to the results of the analysis, the plunge point 
location was suggested as the critical condition of the densimetric Froude number for a floating 
barrier setup. Two proposed equations are presented to identify the turbidity current vertical 
profiles of velocity and sediment concentration. Considering hydrological conditions, the inflow 
peak sediment yield has added an optimal quantitative estimation of woody debris volumes than 
that by inflow peak discharge, total inflow sediment yield, maximum rainfall intensity, and total 
rainfall. The presented threshold values of hydrological patterns can serve as a critical warning 
indicator for the preparation of extraction operations for floating woody debris.

1. Introduction

During a flood, a river naturally transports significant quantities of sediment from the upstream watershed, typically with 
vulnerable geological features. Due to the decrease in flow velocity in still and deep regions, i.e., reservoir, deposition of coarser 
sediment, which gets transported with water flow, occurs near the delta. Meanwhile, fine suspended sediments may create a turbidity 
current progressing toward the dam. Dominated by the presence of suspended sediments, the turbidity current moves into a relatively 
lighter ambient fluid in a reservoir, which may plunge and progress as an underflow along the reservoir bottom. If there is insufficient 
outlet discharge capacity to sluice the incoming turbidity current, the turbidity current may form a submerged muddy lake when it 
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arrives at the dam. Therefore, many researchers have investigated the phenomenon of turbidity current formation and movement in a 
reservoir to understand its impact on sedimentation inside the reservoir (Brasington and Richards, 2000; Minella et al., 2008; Wang 
et al., 2013; Schleiss et al., 2016; Ehmann et al., 2019; Chen, 2022; Hung et al., 2022; Panagos et al., 2024) and its influence on the 
downstream (Lee et al., 2022). In addition, sensitivity analysis is vital for the effective monitoring and management of natural re-
sources as water, particularly amid climate change challenges. It enables the assessment of diverse scenarios, optimizing hydraulic 
engineering solutions and Nature Based Solutions (NBS) for flood risk management. By comparing various reservoir configurations, 
sensitivity analysis helps in swiftly evaluating reduction effects and refining designs (Lama et al., 2021; Pirone et al., 2024). In the 
Cantareira System, it supports soil conservation policies by identifying sediment sources and modeling soil losses, thus mitigating 
erosion and enhancing water reservoir sustainability. Ultimately, sensitivity analysis ensures informed decision-making, promoting 
the protection and sustainable use of ecosystems and water resources (Lense et al., 2023).

Flume experiments and field measurements have shown that the occurrence of turbidity plunging can be related to flow velocity, 
water depth, and differential fluid density. The phenomenon of plunging density flows has been studied by several researchers, 
including Singh and Shah (1971), Wunderlich and Elder (1973), Savage and Brimberg (1975), Hebbert et al. (1979), Jain (1981), Graf 
(1983), Akiyama and Stefan (1984), Farrel and Stefan (1988), Lee and Yu (1997), Bournet et al. (1999), Parker and Toniolo (2007), Dai 
and Garcia (2007), (2009a), (2009b), Chen (2017), Lee et al. (2019) and Chang et al. (2020). Those studies have focused on the 
theoretical conditions and assumptions of the plunging point location at which the adapted densimetric Frounde number ranges 
between 0.3 and 1.0 near the location where is the plunge point. Therefore, the present study focuses on the field observation data and 
compares the distinguished methods proposed by Parker et al. (1987), Parker and Toniolo (2007), and Lee et al. (2019) to investigate 
the plunging point location in a reservoir.

In a natural flow regime of a mountainous region, a flood event is generally followed by a flash flood transporting sediments as well 

Fig. 1. Descriptions of turbidity current and floating woody debris: (a) illustration of turbidity current plunging region with velocity and con-
centration distributions; (b) (1) massive woody debris accumulation in front of the dam, (2) clogged in power generating turbine (modified from 
Water Resources Planning Branch, 2020), (3) the floating barrier with collected woody debris, (4) placement field of extracted woody debris.
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as woody debris (Ruiz-Villanueva et al., 2013). When such sediment-laden flow with floating woody debris gets transported into a 
reservoir, the plunge location will act as a separation point for the sediment-laden flow and floating woody debris. At the plunge point, 
the mechanism of river flow with high sediment concentration plunging into the ambient water of a reservoir is illustrated in Fig. 1(a). 
The sketch presented in Fig. 1(a) shows the turbidity current plunges and forms a dense underflow along the inclined reservoir bottom. 
During a flood event, the sediment-laden flow enters and disappears at the upstream limit of a reservoir. This phenomenon frequently 
observed from the water surface indicates the plunging of a turbidity current. The plunge point location may be regarded as a sharp 
transition between turbid and clear water or by the accumulation of floating woody debris with zero velocity points. Suppose there are 
suitable conditions for measuring in the field during a flood. In that case, the turbidity current may be recognized by sediment con-
centration and velocity profiling equipment, which distinguishes the inflowing and impounded waters (Morris and Fan, 2010).

Numerical models and advanced solving mechanisms have been developed to simulate water-sediment interactions, focusing on 
phenomena such as turbidity currents, sediment flushing, deposition patterns, and sediment discharge through outlets (Busico et al., 
2020; Hung, 2024; Imtiyaz et al., 2024; Lee and Huynh Nguyen, 2024). While these models provide valuable insights, each dimen-
sional model has its own limitations and drawbacks. One key limitation is the lack of integration between sediment-laden flows and 
floating woody debris, a crucial factor in understanding sediment transport dynamics. Physical modeling, on the other hand, has been 
widely employed in hydraulic engineering to address design and operational challenges. It uses scaled models to replicate water and 
sediment transport processes in various natural flow systems (Ettema et al., 2000). Numerous advanced studies have leveraged 
physical modeling to explore sediment transport in reservoirs or to assess the effects of bottom roughness in streams (Crimaldi and 
Lama, 2021; Huang, et al., 2023). These physical models provide detailed visualizations and real-time data but face practical chal-
lenges. The size limitations of experimental sites, high labor demands, and economic constraints make it difficult to carry out 
large-scale studies. As a result, few studies have been conducted to examine sediment-laden flows that also include floating woody 
debris, despite their potential significance in sediment transport processes. Developing a more comprehensive model that incorporates 
both sediment and debris dynamics would be essential for advancing our understanding and improving reservoir management and 
sediment mitigation strategies.

After heavy rainfall in the watershed, the river flood carries high sediment concentration and floating debris in the streams. Woody 
debris produced from upstream watersheds entering rivers provides various habitat structures for aquatic ecosystems. However, 
during a flood, woody debris is subjected to flowing into a reservoir, and it may damage hydraulic structures such as spillway gates, 
block flow passage, or clog the hydropower turbine (Vaughn et al., 2021). During the flood period of Typhoon Aere in 2004, as an 
example, a great amount of floating woody debris had accumulated in front of the Shihmen dam, which blocked all the entrances of 
spillways and the gaps of the trash rack at the intakes, and damaged the power generating turbine (as shown in Fig. 1(b)(1) and 1(b) 
(2)). On the other hand, dredging sediment deposits from the reservoir bottom can be costly and challenging if the floating woody 
debris sinks and deposits. In the European Union (EU) and Switzerland, the costs for sediment removal range from 2 to 50€per m3 

(Panagos et al., 2024). Therefore, setting a floating barrier usually is employed as a mitigation strategy to restrict woody debris 
progression toward the dam. Meanwhile, when woody debris is carried by the sediment-laden inflow through the reservoir, the volume 
of woody debris needs to be estimated and extracted after the flood recession. Only a few researchers have investigated the extracted 
volume of woody debris in the reservoir during flood events. By surveying woody debris quantity on the upper Rhone River (France), 
Moulin and Piegay (2004) estimated woody debris volume extracted from the Genissiat dam’s reservoir by using a linear regression 
formula related to the peak flow discharge. Seo et al. (2012) examined the relationships between large wood (LW) export and pre-
cipitation patterns and intensity by analyzing the data on the annual volume of LW removed from 42 reservoirs and the daily pre-
cipitation at or near the reservoir sites.

Furthermore, Fig. 1(a) also illustrates the flow phenomenon of turbidity current and woody debris trapped by flow circulation near 
the plunge point location and dam site. Before turbidity current generation, woody debris flowed into the reservoir and spread 
everywhere. When turbidity current developed, due to continuity assumption, turbidity current flow near the bottom would induce an 
upper circulation to trap woody debris, and the trap location is close to the plunge point location. Then, when the woody debris 
becomes denser than the turbidity current due to sediment cladding and water uptake effects, some woody debris may flow with the 
turbidity current and migrate near the bottom. The field survey showed that when woody debris flowed with the turbidity current into 
hydraulic works, such as power plants, the structures were damaged and clogged with woody debris. Therefore, avoiding the woody 
debris flowing into the intake was an essential concept of intake operation. Usually, there are two methods are executed to prevent 
woody debris from washing into the reservoir. The one is to set floating barriers downstream to prevent woody debris flow into the 
reservoir impounding area. The other method is to build a skimming wall to guide woody debris flow across the intake (Auel et al., 
2011). However, setting a floating barrier is a commonly practiced method to trap woody debris in a reservoir; the extracted woody 
debris is placed in a nearby field (as shown in Fig. 1(b)(3) and 1(b)(4)).

The present study investigates the variation of the plunging region based on different hydraulic conditions and the suitable location 
of the floating barrier setup. Therefore, this study adopts the densimetric Froude number, plunging formula (modified from Parker and 
Toniolo, 2007), field observation, and associated estimation by experimental formula and parameters (Parker et al., 1987) in a 
reservoir. This study establishes a preliminary connection between turbidity current and woody debris. Additionally, the applicability 
of the regressed formulas to estimate the volume of woody debris was discussed. There are variations in flood discharge, grain size, and 
sediment concentration throughout a flood. Consequently, turbidity currents are unsteady concerning the inflow discharge, grain size 
distribution, sediment concentration, velocity, and thickness (Morris and Fan, 2010).
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2. Study site description

The Shihmen Reservoir is a multi-purpose reservoir, and its functions include irrigation, domestic water supply, hydropower 
generation, flood prevention, and recreation. The irrigation area covered includes Taoyuan, Hsinchu, and Taipei, a total of 3.65 ×108 

m2, implying its significance in agriculture. In addition, the reservoir serves 28 districts and 3.4 million people. Hence Shihmen 
Reservoir plays a vital role as a significant water resource contributor to the livelihood in northern Taiwan. The Shihmen Power Plant 
generates 2.3 ×108 kWh (kilowatt per hour) annually utilizing the water impoundment at Shihmen Dam, offering a significant 
contribution to supplying peak demand for electricity and industrial development. Another function of the reservoir is to mitigate flood 
damage in the downstream areas during typhoons and heavy seasonal rains by reducing flood peak discharge.

The Shihmen Reservoir has a natural drainage area of 762.4 km2 formed by the Shihmen Dam located upstream of the Dahan River 
and flowing westward to the Taiwan Strait. The Shihmen Dam, completed in 1963, is a 133 m high embankment dam with six 
spillways, one bottom outlet, two power plant intakes, one irrigation intake, and two tunnel spillways. The elevations above the sea 
level of the spillway crest, bottom outlet, power plant intake, irrigation intake, and tunnel spillway are EL.235 m, EL.169.5 m, 
EL.173 m, EL.192.5 m, and EL.220 m, respectively. The design capacity of the six spillways, one bottom outlet, power plant intakes, 
one irrigation intake, and two tunnel spillways are 11,400 m3/s, 34 m3/s, 137.2 m3/s, 18.4 m3/s, and 2400 m3/s, respectively. With 
an average water level of EL.245 m, the reservoir impounding area covers a length of 16.5 km, and the water surface area of 8.15 km2. 
The initial total storage capacity was 3.09 ×108 m3, and the active storage was 2.04 ×108 m3. Since the dam was completed, incoming 
sediment has settled rapidly along the reservoir bed due to a lack of desilting activities. As a result, according to the field survey, the 
longitudinal bed profile along the reservoir thalweg has accumulated significant deposits since the earliest dam operation. Since 2000, 
the depositional pattern has taken on a wedge-like appearance. Consequently, based on the recent survey data in 2022, the storage 
capacity was estimated to be 66.02 % of its initial capacity. The sediment deposition was classified as silt or clay based on particle size 
distribution sampled from outflow discharge (Huang et al., 2013).

Due to severe sediment deposition and woody debris problem during Typhoon Aere in 2004 (Fig. 2(a)), the stratified withdrawal 
facility was built beside the dam site in 2009 to ensure water supply capacity. In addition, one of the penstocks of the power plant was 
modified in 2012 for turbidity current venting. The stratified withdrawal work with three elevations (EL.220 m, EL.228 m, and 
EL.236 m) was completed in Dec. 2009. In addition, to protect power plant facilities from being damaged by woody debris moving 
with turbidity current, two floating barriers were installed at 9.0 km (Section 24) and 11.9 km (Section 27) away from the dam. Fig. 2
(b) and (c) show woody debris accumulation in the field at Section 24 during Typhoon Soudelor in 2015, and Typhoon Megi in 2016, 
respectively.

3. Hydrological conditions

Based on the field measurement, the suspended sediment concentration could be related to the inflow discharge, as shown in the 
following regression formula. 

Qs = aQm = 0.4546Q2.0544 (1) 

where a and m are the coefficients of the regression relationship; Qs is inflow sediment discharge (ton/day);Q is inflow discharge (m3/ 
s). The regression data between discharge and sediment concentration from 1963 to 2022 of the Lofu station and the regression 
formula during typhoon floods are shown in Fig. 3. For many rivers, the rating exponent m was typically between 0.5 and 1.5 (Mulder 
and Syvitsky, 1995), and if m was determined from daily averaged or instantaneous measurements, its value could frequently reach 
2.0. Therefore, the regression formula was usually reasonable to estimate the inflow sediment concentration. In addition, a sequence of 
measured data was collected at Lofu station during Typhoon Jangmi, as shown in Fig. 3. The measured data showed different 
regression formulas. When inflow discharge increased, the inflow sediment reached the maximum concentration before the peak 
inflow discharge. This phenomenon was similar to most mountainous regions and was discussed by Hager (1985) and De Cesare et al. 
(2001). The reaching time ratio of peak concentration to peak discharge was 0.67. The regression formula and measured data were 
used to estimate the location of the plunge point, and the comparison of the results will be discussed in this study.

4. Plunge point analysis

The plunge phenomenon can be defined as the transitional flow from homogeneous open channel flow to the stratified sediment- 

Fig. 2. Field observation of woody debris in the Shihmen Reservoir at (a) 13.6 km from the dam during Typhoon Aere in 2004, (b) 9 km from the 
dam during Typhoon Soudelor in 2015, and (c) 10 km from the dam during Typhoon Megi in 2016.
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laden flow (Akiyama and Stefan, 1984). In general, the flow field can be divided into four distinct regions: open channel, plunge area, 
turbidity current body, and head region, as shown in Fig. 1(a). As shown in Fig. 1(a), Up is the depth-averaged velocity (m/s); Hp is the 
plunge depth (m); ρd is the layer-averaged density of turbidity current (kg/m3); Ud is the layer-averaged velocity of turbidity current 
(m/s); Hd is the layer-averaged thickness of turbidity current (m); Uf is the head velocity of turbidity current (m/s); ρa is the density of 
ambient water (kg/m3); Ua is the velocity of ambient water (m/s); Ha is the thickness of the ambient fluid (m).

Several plunge point experiments and numerical simulations have been studied and discussed in the introduction section. However, 
only a few studies had previously studied the movement relationship between woody debris and turbidity current. Most studies 
focused on the changes in the plunge point or vertical pattern distribution when the flow reached a steady state. The densimetric 
Froude number has been proposed to express the plunging condition as follows (Morris and Fan, 2010): 

Up
̅̅̅̅̅̅̅̅̅̅̅̅̅
Δρ
ρa

gHp

√ = Fr (2) 

where Δρ = ρd − ρa; g= gravitational acceleration (m/s2); Fr = densimetric Froude number, which experimentally ranges from 0.3 to 
1.0 as mentioned in the introduction section. In addition, the theoretical condition of the plunging point location was developed and 
discussed by Akiyama and Stefan (1984) and Parker and Toniolo (2007). The densimetric Froude number was found equal to 1, just 
downstream of plunging on steep and mild bottom slopes. The plunging formula is expressed as follows: 

θ = ϕ ×

⎧
⎨

⎩

1
2(1 + λ)

⎡

⎣
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⎭
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where ϕ = Hd
Hp
，λ =

Ua(Hp − Hd)
UpHp

Where θ is the critical value at the plunge point location, the critical value θ is approaching 0. Therefore, the plunging formula Eq. 
(3) can be used to estimate the plunge point location. Due to the mathematical limitation, Eq. (3) is not applicable when the value λ is 
less than 0. Besides, Eq. (3) can be used to assess the plunge point location and woody debris distribution during the typhoon flood 
event, and the entrainment formula (Eq. (4)) can be used to validate the plunge point location and plunge depth. The entrainment 
formula can be analyzed and expressed as follows (Parker et al., 1987; Graf and Altinakar, 1998): 

d
dx

(UdHd) = EwUd, Ew =
0.075

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + 718Ri

2.4
√ , Ri =

1
F2

r
(4) 

where Ewis the entrainment parameter, and Ri is the Richardson number. The depth-averaged velocity (Ud) and the layer-averaged 
thickness (Hd) of the turbidity current are mentioned in Eq. (3) and (4) can be obtained from the measured data by adopting the 
following equations (Parker et al. 1987; Hosseini et al. 2006): 

⎧
⎪⎪⎨

⎪⎪⎩

UdHd =

∫ ∞

0
ud(z)dz =

∫ Ht

0
ud(z)dz

Ud
2Hd =

∫ ∞

0
ud

2(z)dz =

∫ Ht

0
ud

2(z)dz
(5) 

where Ht is the height at which ud(z) is zero.

Fig. 3. Modeled inflow discharge and regressed inflow concentration at Lofu station in the flood event during Typhoon Jangmi.
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5. Results and discussion

5.1. Turbidity current identification

Due to heavy rainfall, strong wind, and deep-water depth during the typhoon flood event, turbidity current is challenging to 
observe in the field. The event lasts briefly, particularly in Taiwan, making it difficult to observe a plunging phenomenon in time. The 
plunge location will move and depend on inflow hydrological conditions. Due to the color variation caused by the turbidity difference 
of sediment-laden flow, it is possible to identify the plunging point location using satellite images or closed-circuit television (CCTV) 
cameras. However, clouds usually cover the observation zone during heavy rainfall, making it rather difficult to determine the location 
of a plunge using imagery. Therefore, the vertical regression profile of turbidity current can aid in confirming the occurrence of a 
turbidity current. Hosseini et al. (2006) established two equations based on experimental data to describe the turbidity current vertical 
profiles of velocity and concentration distributions in Eqs. (6) and (7) respectively as follows: 

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

ud(z)
Um

= exp
[

− 0.5
(

z
Hm

− 1
)2.2]

, z > Hm

ud(z)
Um

=

(
z

Hm

)0.33

, z ≤ Hm

(6) 

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

cd(z)
Cm

= exp
[

− 2.0
(

z
Hm

− 1
)1.3]

, z > Hm

cd(z)
Cm

=

(
z

Hm

)− 0.7

, z ≤ Hm

(7) 

where ud(z) is the velocity at distance z above the bed. Umis the maximum velocity of turbidity current. Hmis the height of maximum 
velocity.cd(z) is the concentration at elevation z above the bed. Cmis the maximum concentration of turbidity current. Based on the 
analysis by Hosseini et al. (2006), three regions defined in the vertical profiles of the turbidity current include the inner region between 
the bed and velocity maximum, the outer region between the velocity maximum and zero velocity, and a shear–diffusion layer (ud(z)<
0) where the particles are affected by shear and diffusion.

During Typhoon Jangmi in 2008, the measured and sampled field data were collected by using the Portable Ultrasonic Device 
(PUD) (Huang et al., 2013) in the Shihmen Reservoir along the floating barrier line (located at, − 25 m from the right side, the center 
and 25 m from the left side) positioned at cross Section 24 (9.0 km from the dam site). The inflow and outflow discharges through the 
reservoir were closely the same during the measurement period to retain the water surface elevation steady in the reservoir. Under 
such circumstances, the turbidity current could generate the vertical velocity profile consisting of a maximum velocity (Um) within the 
body of the turbidity current. In the shear–diffusion layer (ud(z)< 0), the measured velocity with a negative value between the water 
surface and ud(z)= 0 indicates that there is backflow circulation in the ambient water above the turbidity current (See Fig. 4).

Therefore, the turbidity current generates a negative velocity gradient resulting from the backflow effect in the outer region, as 
shown in Fig. 4. The field-measured velocity data at various elevations showed a similar tendency of vertical velocity profile expressed 
in Eq. (6) by the solid line when ud(z)> 0. However, the trend is different while ud(z)closed to zero in the outer region andud(z)≤ 0 in 
the shear–diffusion layer. The vertical velocity distribution whenz > Hm does not consider the circulation above the body of the 
turbidity current and suggests a suitable equation to describe it in Hosseini et al. (2006). Therefore, a new regressed equation when 
z > Hmis proposed to connect the outer region and shear–diffusion layer in Eq. (8). The proposed regressed equation of the vertical 

Fig. 4. Measured and estimated velocity at floating barrier downstream (9.0 km from the dam) in Shihmen Reservoir during Typhoon Jangmi.
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profiles agreed with the measured results reported by Huang et al. (2013) when z > Hm. It reveals that the proposed regression 
equation can describe the vertical velocity profile of the shear-diffusion layer and improve the integrity of the entire vertical velocity 
profile between the water surface and the bed. 

ud(z)
Um

= − 0.4Ln
(

z
Hm

− 2
)

, z > Hm (8) 

For the vertical concentration profile, the field-measured data and the regression curve expressed by Eq. (7) are plotted in Fig. 5. 
However, field data does not fit well with the solid line, which may be attributed to sediment particle size or complex hydraulic factors. 
A proposed regression curve is shown by the dashed line (when z > Hm) in Fig. 5 and Eq. (9). 

cd(z)
Cm

= exp
[

− 0.4
(

z
Hm

− 1
)1.3]

, z > Hm (9) 

Based on measured data collected at cross Section 24, this sampling location lies downstream of the plunge point. Therefore, Eqs. 
(2) and (3) can be used to calculate the plunge point location, and Eq. (4) can be used to validate the water depth at the plunge point 
location.

5.2. Variation of plunge point location

Based on field observations of areas commonly gathering drifting woody debris after multiple flood events, floating barriers were 
installed in 2008 at section 24 (9.0 km from the dam) and section 27 (11.9 km from the dam) to prevent woody debris from drifting 
toward the dam (Water Resources Planning Branch, 2008). The theoretical presumption is that woody debris floats with 
sediment-laden inflow and accumulates around the plunge point location. However, to select an appropriate location for the floating 
barrier and prevent the drift of woody debris towards the dam, it is crucial to carefully assess the plunge point location of the turbidity 
current, as indicated by field observations (Morris and Fan, 2010). The accumulation of floating woody debris, typically observed just 
upstream of the plunge point location, serves as a visible indicator of plunging phenomena. To determine the plunge point location, Eq. 
(2) can be utilized to calculate the densimetric Froude number in relation to the inflow hydrological conditions. In Fig. 3, hydrographs 
depicting inflow concentration are presented, showing data obtained through a regression formula and measured data. Generally, data 
on inflow concentration from the regression formula are more readily accessible than those obtained through field measurements.

To ensure reliability, continuous field measurement data during a flood event is considered more trustworthy than data obtained 
through a regression formula. The calculation of the densimetric Froude number (Fr) at each cross-section involves employing Eq. (2)
with input data comprising hourly inflow discharge, suspended sediment concentration, and water depth prior to the plunge point 
location. The estimation of the specific gravity of the turbidity current relies on measured or regressed data of the inflow suspended 
sediment concentration. Additionally, a comparison can be facilitated by evaluating theoretical data, including average velocity and 
water depth at the plunge point location, based on cross-section and water level.

According to previous studies, as mentioned in the paragraph of the introduction, both flume tests and field measurements have 
indicated that the plunging point location occurs when the densimetric Froude number (Fr) falls within the range of 0.3–1. For the 
flood event during Typhoon Jangmi, densimetric Froude numbers between 0.3 and 1 were calculated at each cross-section along the 
distance away from the dam, as illustrated in Fig. 6. Fig. 6(a) presents the variation in spatial plunging point locations over time, using 
regression data in Eq. (1) and different Fr setting values (i.e., 0.3 or 1) in the time series of the flood hydrograph (refer to Fig. 3). The 

Fig. 5. Oven-dried, measured, and estimated sediment concentration at the floating barrier downstream (9.0 km from the dam) in Shihmen 
Reservoir during Typhoon Jangmi.
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interpretation of the densimetric Froude number varies with inflow discharge and concentration conditions, as demonstrated. Initially, 
during the onset of the flood event in Typhoon Jangmi, the plunge point location was situated between 13.6 km (section 29) and 
14.4 km (section 30) away from the dam. However, as the inflow discharge increased and sediment concentration rose, the plunge 
point location migrated downstream. As the peak inflow discharge approached, the plunge point location was pushed further 
downstream, relocating between 10.8 km (section 26) and 11.9 km (section 27). During the recession period after 82 hours, the plunge 
point shifted backward in the upstream direction, settling between 11.9 km (section 27) and 12.9 km (section 28).

Fig. 6(b) illustrates the variation in densimetric Froude number during Typhoon Jangmi by incorporating the measured data of 
inflow suspended sediment concentration. This depiction further highlights the changing interpretation of the densimetric Froude 
number in response to varying inflow conditions. During the initial stages of Typhoon Jangmi, the plunge point location was situated 
more upstream than 16.2 km (section 32). However, as the inflow peak discharge approached, the plunge point shifted downstream, 
relocating between 9.0 km (section 24) and 10.0 km (section 25). In the recession period after 82 hours, the plunge point shifted 
backward in the upstream direction, settling between 12.9 km (section 28) and 14.4 km (section 30).

Fig. 6. Plunge point variation during (a) Typhoon Jangmi using regressed formula, (b) Typhoon Jangmi using measured data of Lofu station, (c) 
lower boundary of typhoon events between 2013 and 2022 using measured data of Lofu station, and (d) higher boundary of typhoon events between 
2013 and 2022 using measured data of Lofu station.

Fig. 7. Potential area of plunge point and woody debris collection during peak inflow discharge of typhoon events.
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The potential sites of the plunge point location differ around peak inflow discharge, according to the results of various inflow 
concentration hydrographs. Utilizing data collected from typhoon events between 2013 and 2022, including measured inflow con-
centration at Lofu station, Figs. 6(c) and 6(d) provide an estimation of the potential area of the plunge point location during inflow 
peak discharge. The analysis reveals that the possible location of the plunge point location occurs between 8.4 km (section 21) and 
10.8 km (section 26) during peak inflow discharge, as depicted in Fig. 7. This information proves valuable for the installation of the 
floating barrier, particularly in determining the lower boundary location of the woody debris collection area, especially during the 
recession period. Field observation of the woody debris collection area after typhoon events is presented in Fig. 7. The observed woody 
debris collection area ranged between 9.0 km (section 24) and 10.8 km (section 26). Concurrently, during the time of the photographs, 
the densimetric Froude number at 10.8 km (section 26) for Typhoon Soudelor and Typhoon Megi was recorded as 0.41 and 0.70, 
respectively.

For theoretical estimation, Eq. (3) was applied to calculate the plunge point location. However, the values of θ from 14.4 km 
(section 30) to 16.2 km (section 32) are deemed unreasonable due to the mathematical limitations of Eq. (3). Fig. 8 illustrates that the 
possible plunge point location is 12.9 km (section 28) during the measured duration. This result affirms that the measured data of 
inflow sediment concentration at Lofu station provides a more precise estimate of the plunge point location.

Additional evidence should be validated using the entrainment coefficient mentioned in Eq. (4). If the plunge point location is 
assumed to be at 12.9 km (section 28) during the measured duration at the floating barrier (9.0 km from the dam), the thickness of the 
turbidity current can be estimated. Fig. 9 illustrates the estimation results and compares them to the measured data at 9.0 km (section 
24). The difference in turbidity current thickness aligns with both the measured data and estimated results. Based on the comparison 
results, the theoretical estimation agrees when the densimetric Froude number is close to 1.0, a value near the location of 12.9 km 
(section 28) during the measured duration.

5.3. Volume estimation of woody debris

Woody debris acts as a structural element of river systems by providing habitats for aquatic ecosystems in the mountain area. 
However, flood-induced turbid inflow discharge often carries woody debris from the upstream watershed due to steep slopes and high 
rainfall intensity. Usually, the Shihmen Reservoir might trap all the woody debris delivered to it during the flood events, which were 
then mechanically extracted from the reservoir. In the case of Typhoon Aere flood event in 2004, incoming heavy sediment-laden flow 
brought a great amount of woody debris with high sediment concentration into Shihmen Reservoir. As a result, massive woody debris 
was carried into the reservoir and damaged hydroelectric power facilities (see Fig. 1(b)). Typhoon Aere was analyzed close to the 100- 
year return-period flood of 8600 m3/s. The extraction volume was about 54×103 m3. In addition, the sediment concentration of the 
water-supply intake at Shihmen Reservoir in Typhoon Aere surpassed water treatment capability, reaching 179.8 ×106 (ton/day) (Tan 
et al., 2011). Consequently, the Taoyuan area experienced an 18-day water deficit due to the high silt content. In the following year 
2005, Typhoon Matsa traversed Taiwan and resulted in 20 ×103 m3 total extraction volume of woody debris (Water Resources 
Planning Branch, 2008). More data have been collected in flood events and listed in Table 1. By referring to woody debris quantity 
surveyed on the upper Rhone River (France), Moulin and Piegay (2004) estimated woody debris volume extracted from the Genissiat 
dam’s reservoir by using a linear regression formula related to the peak flow discharge.

According to field surveys of the flood events, most of the extracted woody debris pieces investigated were classified as coniferous 
wood and broadleaf wood, which included the coniferous class: Chamaecyparis formosensis, Calocedrus formosana, Cunninghamia 
lanceolata and Cryptomeria japonica, and the broadleaf class: Cyclobalanopsis gilva, Cinnamomum camphora, Michelia formosana, 
and Alnus formosana (Water Resources Planning Branch, 2008). Due to various hydrological and morphological characteristics, the 

Fig. 8. Plunge point location assessment using the plunging formula (Eq. (3)) (Modified from Parker and Toniolo, 2007) in the Shihmen Reservoir 
during Typhoon Jangmi.
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linear regression formula may be adjusted to estimate the historical extracted volume data in Shihmen Reservoir. However, the linear 
regression formula was not appropriate to estimate the annual-based woody debris extracted volume. The annual extracted woody 
debris might decrease over time. For instance, the annual extraction volume of woody debris from 2007 to 2008 was approximately 10, 
227 m3 and 5077 m3, respectively.

Based on the data obtained from the Northern Region Water Resources Office (2020), the extraction volume of woody debris (Wv) 
in each flood event was measured from 2004 to 2022 to establish the relationships that may be related to inflow peak discharge (Qp) or 
inflow peak sediment yield (Qs), as shown in Figs. 10(a) and (b), respectively. In Fig. 10(a), the maximum value of inflow peak 
discharge of 8600 m3/s occurred in 2004 Typhoon Aere with the extracted woody debris of 54×103 m3. The relationship by linear 
regression (with R2=0.65) agrees well between the inflow peak discharge and the extraction volume of woody debris in these thirteen 
flood events as listed in Table 1. Additionally, adopting the regressed relationship, the volumes of floating woody debris from the 
upstream watershed for various return-period flood discharges can be estimated to count the cost of the extraction operation. As 
presented in Fig. 10(a), the regressed line extends and has an intersection with the inflow peak discharge axis, which may illustrate 
there is a threshold value of the inflow peak discharge to initiate the occurrence of floating woody debris entering the reservoir. The 
inflow discharge threshold is about 1994 m3/s to bring floating woody debris from the upstream watershed into the reservoir, which 
can be a warning index for the preparedness of the woody debris extraction operation.

Moreover, the extracted woody debris in each flood event may be related to the inflow sediment yield, aiding in estimating the 
amount of woody debris entering the Shihmen Reservoir. In Fig. 10(b), the inflow peak sediment yield (Qsp) of 54959.19×103 ton/day 
in 2004 Typhoon Aere flood with the extracted woody debris of 54×103 m3. The linear regression relationship (with R2=0.91) fits well 
between the inflow peak sediment yield and the extraction volume in these thirteen events. From field observation in the reservoir, the 
sediment-laden inflow may carry more woody debris while the inflow sediment yield is high. In addition, in order to make this 
regression relationship more general and be applied in other contexts,ΣQp (represents the quantitative volume of peak inflow) is 
adapted to create a dimensionless regression line of inflow peak sediment yield.

On the other hand, the total inflow sediment yield (ΣQs) is directly linked to the volume of woody debris, as depicted in Fig. 10(c). A 

Fig. 9. Turbidity current thickness assessment based on entrainment estimation in the Shihmen Reservoir during Typhoon Jangmi.

Table 1 
Events and hydrological values for the volume estimation of woody debris.

Typhoon Events Date (yy/mm/dd) Qp (m3/s) Qsp (103 ton/day) ΣQs (103 ton) Rip (mm/hr) ΣRi (mm) Measured Wv (103 m3)

Aere 2004/08/23 8594 54959.19* 30045.83* 48.60 974.00 54.00
Matsa 2005/08/03 5322 20534.19* 5167.50* 42.90 860.40 20.00
Krosa 2007/10/04 5300 20360.19* 9751.68* 42.10 666.40 10.23
Jangmi 2008/09/26 3292 7966.71 4086.00 30.70 427.10 5.08
Morakot 2009/08/05 1838 2591.00 1840.00 17.40 471.30 1.62
Fanapi 2010/09/17 1056 169.00 201.00 23.00 166.60 3.96
Saola 2012/07/30 5385 15473.00 7651.00 44.30 830.80 9.10
Soulic 2013/07/11 5458 38396.00 9219.00 94.20 450.00 25.31
Trami 2013/08/20 2412 9813.00 3205.00 29.60 525.30 4.25
Soudelor 2015/08/06 5634 8902.00 2542.00 52.70 500.80 7.01
Dujuan 2015/09/27 3802 5204.00 1882.30 39.40 334.40 2.32
Megi 2016/09/25 4268 8562.00 3510.00 46.20 442.00 10.02
Nesat 2022/10/15 1750 1533.41 672.00 26.70 308.60 4.21

* Estimated using Eq. (1)
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higher induced inflow sediment yield may signify an increased capacity for woody debris generation. Nevertheless, the correlation 
coefficient (R2) does not adequately capture the relationship compared to the peak inflow discharge and total inflow sediment yield. 
This suggests that the instantaneous intensity of the hydrological pattern of inflow peak sediment yield holds greater significance for 
woody debris production.

There are ten rain gauge stations in the Shihmen Reservoir catchment. Since the spatial distribution of rain gauge stations in the 
catchment area is not uniform, the Thiessen polygons method is employed to determine the influence control area of each rainfall 
station and obtain the Thiessen polygons weighting factor of each rain gauge station. In order to calculate the rainfall intensity and 
total rainfall in each flood event, the hourly historical rainfall records at each station were collected and multiplied by the Thiessen 
polygons weighting factor at each station to obtain the average rainfall of the watershed. Hereby, the maximum rainfall intensity (Rip) 
and total rainfall (ΣRi) are also related to the extracted woody debris by regression, as shown in Figs. 10(d) and 10(e), respectively. 
Regression results reveal that the regression relationship of total rainfall (Fig. 10(e)) is not better than that of maximum rainfall in-
tensity (Fig. 10(d)), and this result is similar to Figs. 10(b) and 10(c). Practically, if the rainfall forecasting data is available from the 
precipitation models, the volume of woody debris entering the reservoir may be calculated for the decision maker to prepare woody 
debris extraction operation.

6. Conclusions

The feasibility of determining the plunge point location using field observation data and three methods, which include the den-
simetric Froude number, plunging formula, and entrainment formula, is investigated and analyzed. Therefore, the measured vertical 
velocity and sediment concentration of a turbidity current, the plunging formula and the entrainment formula in Typhoon Jangmi 
were used to investigate the plunge point location. Two proposed and modified equations are also provided to identify turbidity 
current vertical profiles of velocity and sediment concentration in Figs. 4 and 5. Although the plunging formula was limited to a 

Fig. 10. The relationship between the measured extraction volume of woody debris and (a) inflow peak discharge (m3/s), (b) inflow peak sediment 
yield (ton/day), (b1) dimensionless inflow peak sediment yield (ton/day), (c) total inflow sediment yield (ton), (d) maximum rainfall intensity 
(mm/hr), (e) total rainfall (mm).
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distinct area, it was suitable for most calculation ranges even though the thickness of the turbidity current was higher than the plunge 
depth. The entrainment mechanism dominated the thickness development of turbidity current along with the flow distance. Therefore, 
the thickness estimation of the plunge point location was assessed using measured data at the floating barrier (at Section 24, 9.0 km 
from the dam site). The inflow sediment concentration is generally estimated from the regression formula established at the hydro-
logical station utilizing the relationship between discharge and suspended sediment. However, the regression formula typically does 
not depict the field sediment concentration hydrograph accurately. Therefore, this study adopts the measured data and the regression 
formula of sediment concentration to estimate the plunge point location and discuss the location difference.

Based on the flow mechanism at the plunge point location, woody debris could be collected near the plunge point location during 
flood events. Regarding the strength of the floating structure design and the prevention of woody debris flowing toward the dam after 
flood events, the downstream bound or next downstream section of the plunge point location is relatively feasible for floating barrier 
establishment. Therefore, for establishing the floating barrier near or slightly downstream of the plunge point location, the critical 
condition of densimetric Froude number (Fr=1.0) is suggested to estimate the plunge point location in this research. Implying 8.4 km 
(section 21) or 7.8 km (section 20) are suitable locations to set up the prevention structures for woody debris in the Shihmen Reservoir.

Based on the thickness validation of plunging depth using the entrainment mechanism at the measured location, the plunging point 
depth possessed a similar thickness value between the entrainment formula (Eq. (4)) and the plunging formula (Eq. (3)). The meanings 
of these results pointed out that the entrainment mechanism was not affected by the reservoir shape between sections. Therefore, the 
entrainment formula (Eq. (4)) and the plunging formula (Eq. (3)) can be assumed to predict a possible plunge point estimation.

In addition, this study presents five empirical relationships for the extraction volume estimation of woody debris. The study in-
vestigates the relationship between woody debris extraction and various hydrological parameters during flood events in the Shihmen 
Reservoir catchment. The analysis reveals a significant correlation between the inflow peak discharge and the extraction volume of 
woody debris, with a threshold inflow discharge of approximately 1994 m3/s identified as the discharge in which woody debris begins 
to enter the reservoir. The threshold phenomenon is also present in rainfall patterns. This threshold serves as a critical warning in-
dicator for the preparation of extraction operations. Additionally, a strong relationship is observed between the inflow peak sediment 
yield and the volume of extracted woody debris, indicating that higher sediment yields tend to carry more woody debris into the 
reservoir. Despite the total inflow sediment yield showing some correlation with woody debris volume, the inflow peak sediment yield 
is more indicative of woody debris production. The study also assesses the impact of rainfall intensity and total rainfall on woody debris 
extraction, finding that maximum rainfall intensity has a better correlation with the volume of woody debris than total rainfall. This 
suggests that peak-intensity events are more crucial for predicting the amount of the extracted woody debris.

Fig. 10. (continued).
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7. Summary

The present study proposed two equations (Eq. (8) and Eq. (9)) to identify the turbidity current vertical profile. Then the user can 
attempt to define the plunging zone of turbidity current in correlation with the floating woody debris using field observations and 
presented formulas which includes Eq. (2), Eq. (3) and Eq. (4). It can help with the design of the floating barrier. In addition, this study 
presents five empirical relationships for the extraction volume estimation of woody debris. Considering hydrological conditions, the 
inflow peak sediment yield has an optimal relationship to estimate woody debris volumes than inflow peak discharge, total inflow 
sediment yield, maximum rainfall intensity, and total rainfall. The presented threshold values for the preparation of extraction op-
erations for floating woody debris in Figs. 10(a), (c), (d) and (e) of hydrological patterns serve as a critical warning indicator.

The previous studies in the literature were limited to discussing the volume estimation of woody debris related to flood peak 
discharge. However, our study is the pioneer investigator on the relationship between varied hydrological patterns and the volume of 
woody debris. It reveals that our results and presented data are beneficial to woody debris estimation issues and help for future 
advanced studies. The relationship R2 between the measured extraction volume of woody debris and adapted variables may consider 
dimensionless terms of normalization to improve quality and make results more generalizable and applicable to others in the future.
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