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Introduction

Flooding is the most frequent natural disaster in the 
world (IFRC 2015), and it causes huge damage to the 
economy and to the people. The dangers of floods and 
their terrible consequences have been recorded in many 
places in the world. Simulating the behavior of floodwater 
plays an important role in national decision making 
regarding flood prevention, risk assessment, and 
management (An et al. 2015, Caviedes-Voullième et al. 
2014).

The Red River is the largest river in northern 
Vietnam with three main tributaries, namely, the Da, the 
Thao, and the Lo. The river runs through the Vietnamese 
capital, Hanoi, and has a huge economic and historical 
value. According to the ASEAN Coordinating Centre for 
Humanitarian Assistance on Disaster Management and 

the Japan International Cooperation Agency (2015), 
flooding is a serious problem in the Red River Delta. In 
1971, a huge flood occurred in many provinces, including 
the capital (Hanoi), in the Red River Delta. This flood 
was one of the 10 worst floods of the 20th century. 
Dangerous weather in the area led to heavy rains, dike 
breakage, and significant increase of the water levels in 
the river system. A total of 100,000 people died from this 
disaster (NOAA 1993). In 2008, there was a major flood 
in Hanoi and its surrounding areas that caused damage of 
up to 400 million US dollars in the economy (AHA 
Centre and JICA 2015). Furthermore, the water level 
during the flooding season from June to October has 
become increasingly higher because of deforestation and 
sediment deposition in the upstream parts of the river. 
Hydraulic structures, such as dams and weirs, were also 
being degraded in Vietnam (RRBO 2015). Moreover, 
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prediction of floodwater has become more difficult than 
before because of climate change and sea level rise (MONRE 
2012). Consequently, the Vietnamese Government and 
other stakeholders have devoted significant efforts to 
predicting and mitigating flooding in the Red River 
(Vietnamese Government 2011).

Van Coc Lake, located in the Dan Phuong District 
and Phuc Tho District of Hanoi City, Vietnam has an area 
of 30.83 km2. It is usually dry and include arable land and 
residential areas (see Figure 1 for a location map of Van 
Coc Lake). In order to protect the City of Hanoi from 
catastrophic floods in emergency situations, the 
Vietnamese Government at the time of this study was 
considering diverting floodwater from the Red River into 
Van Coc Lake. In this scenario, Van Coc Lake will 
receive 2,500 m3/s of floodwater from the Red River 
through the Van Coc [sluice] Gate to act as a regulating 
reservoir and drain the water to the downstream Day 
River through the Day Weir (Vietnamese Government 
2014, 2016). Assessing the impact of floods on the 

residential areas is essential and a comprehensive 
assessment of the hydraulic behavior in the area is also 
very important.

In this study, we performed numerical simulations 
to assess the behavior of floodwater in Van Coc Lake and 
investigate the impact of floodwater on its residential 
areas. A two-dimensional depth-integrated hydrodynamic 
model was constructed to simulate the inundation of 
water in Van Coc Lake in the case of the different inflow 
rates from the Van Coc Gate, that is located adjacent to 
the Red River. The model was validated with the observed 
water level in the Red River and the effects of the 
Manning’s coefficient of roughness on the floodwater 
behavior were also examined.

Materials and Methods

1. Study area
Van Coc Lake is a regulating reservoir and receives 

floodwater through Van Coc Gate from the Red River in 

Fig. 1. The targeted areas for simulations
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emergency situations. Van Coc Gate will divert 
floodwater from the Red River into Van Coc Lake to 
reduce the floodwater pressure on the Red River dike 
system to protect the City of Hanoi.  It has previously 
been used once for this purpose in 1971 to protect Hanoi 
from flooding, but there was no recorded profile at that 
time. Therefore, our model was validated at the Long 
Bien Station in the Red River before applying it to Van 
Coc Lake. Figure 1 depicts the study areas for the model 
validations and inundation simulations using the two-
dimensional depth-integrated hydrodynamic model. The 
Red River model was built to cover an area of 395.2 km2, 
and comprises 158,061 grid cells, each with a resolution 
of 50 m. Profiles observed at Long Bien in 2014 were 
used as validation data. Once validated, the model was 
applied to simulate the inundation in the Van Coc Lake 
area; that is, an area of 30.8 km2 and 12,333 grid cells 
with a resolution of 50 m.

Topographic data were surveyed by the Institute of 
Water Resources Planning, the Ministry of Agriculture 
and Rural Development, Vietnam in 2011 and 2013. The 
natural neighbor technique in ESRI’s ArcGIS software 
was utilized for interpolating topographic surfaces from 
the available points to calculate the elevation for each 
cell. Figure 2 shows the elevation of Van Coc Lake after 
integrating the final elevation for each cell with the land 
use map of residential and cultivated areas.

The Vietnamese Government (2016) set out an 
emergency plan for Van Coc Lake to receive the 
floodwater from the Red River to protect the City of 
Hanoi from flooding. In this emergency plan, the Van 
Coc Gate has to receive an inflow of 2,500 m3/s in case of 
emergency situations. Hence, we simulated inflow 
scenarios of 2,500 m3/s, as well as 1,200 m3/s and 600 
m3/s to compare the results.

2. Hydrodynamic model
Two-dimensional models (Bellos and Tsakiris 2015, 

Hu and Kot 1997, Tabata et al. 2013) and three-
dimensional hydrodynamic models (Abedini et al. 2010, 
Wu and Lin 2015) have been used to simulate water flow 
dynamics. In this study, the research area is a floodplain 
and the study therefore focuses on the behavior of 
floodwater, wherein the horizontal velocities are far 
greater than the vertical velocities; moreover, three-
dimensional models are time consuming. Therefore, we 
applied a two-dimensional depth-integrated model to 
simulate the behavior of floodwater in the area. The 
shallow water equations used in this study are as follows:

Continuity equation:

 (1)

Momentum equations in the x and y directions: 

 
(2)

 
(3)

where U and V are the depth-averaged horizontal velocity 
components in the x and y directions (m/s), ƞ is the water 
level (m), t is time (s), h is the water depth (m), f is the 
Coriolis force (1/s), g is the gravitational acceleration (m/
s2), n is Manning’s coefficient of roughness (s/m1/3), and 
νh is the coefficient of eddy viscosity (m2/s). In this paper, 

Fig. 2. The elevation and land use in Van Coc Lake
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νh was calculated using equation (4), as proposed by 
Smagorinsky (1963).

 (4)

where Sm is the Smagorinsky coefficient, and AG is the 
area of each mesh point (m2).

The basic parameters are defined in Table 1. The 
Manning coefficient of roughness n in Table 1 is 
explained more fully in item 4 of this section. The 
leapfrog finite difference method was applied to calculate 
the governing equations on the staggered mesh system. 
The model was run with a time step of Δt= 2.0 (s), in 
which the water level and velocity were calculated 
alternately.

A wetting and drying scheme of Uchiyama (2004) 
was used to identify the wet and dry areas at each time 
step.

3. Boundary conditions
The observed profiles collected in 2014 by the 

Institute of Water Resources Planning in the Red River 
area were used to validate the model. In the model 
validation scenarios, the discharge at the Son Tay Station 
and the observed water levels at the Thuong Cat and 
Hung Yen stations were used as the boundary conditions 
(Figures 3, 4). Furthermore, the observed water levels at 
the Long Bien Station were used to compare the results 
between calculated and observed profiles.

In the inundation simulations, an inflow of 2,500 
m3/s was used at the Van Coc Gate as the boundary 
condition; inflow rates of 1,200 m3/s and 600 m3/s at the 
same gate were also simulated to compare these results. 
During this study, the Day Weir was closed.

4. Manning’s coefficient of roughness
Manning’s coefficient of roughness is an important 

Table 1. The model parameters

Parameter Value

Δt(s) 2.0
Δx=Δy (m) 50.0
Sm 0.2
n (s/m1/3) 0.025-0.172
AG (m2) 2500.0
f(1/s) 5.24x10-5

g (m/s2) 9.8

Fig. 4. The calculated and observed water levels at the 
Long Bien Station and the boundary conditions 
of the water levels at the Thuong Cat and Hung 
Yen Stations and the discharge at the Son Tay 
Station from July 20th to July 28th, 2014 in the 
Red River

Fig. 3. The calculated and observed water levels at the 
Long Bien Station and the boundary conditions 
of the water levels at the Thuong Cat and Hung 
Yen Stations and the discharge at the Son Tay 
Station from February 6th to February 17th, 
2014 in the Red River
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parameter that represents the resistance of flow in 
floodplains and river channels. Flood risk is higher when 
Manning’s coefficient is higher in the upstream area (De 
Doncker et al. 2009). Differences in n imply a difference 
in both the water level and the flow velocity. Constant 
values of n have been used for the entire floodplain area 
by some researchers (Kvocka et al. 2015, Pinho et al. 
2015). However, the performance of hydraulic models 
improves when n is better estimated (Kalyanapu et al., 
2009). Moreover, the study area features a mixture of 
land uses, which affect differently the water level and 
velocity. Therefore, n was examined by defining two 
cases: Case 1: n = 0.035-0.172 s/m1/3 depending on the 
vegetation, obstructions, and residential areas; and Case 
2: n = 0.035 s/m1/3 for all the meshes (Brunner 2010, 
Bricker et al. 2015). A detailed representation of n in Case 
1 is shown in Figure 5, in which the values of 0.035 and 
0.172 s/m1/3 were used for the cultivated and residential 
areas, respectively. The two cases of n were applied to the 
three inflow scenarios at the Van Coc Gate. In the model 
validation, n for the channel, cultivated, and residential 
areas was defined as 0.025, 0.035, and 0.172 s/m1/3, 
respectively.

Results and discussion

1. Model validation
The validation results of the model are showed in 

Table 2 and Figures 3 and 4 for two validation periods 
from February 6th to February 17th, 2014, and from July 
20th to July 28th, 2014. The accuracy of the model was 

assessed using the root-mean-square error (RMSE) and 
Nash-Sutcliffe model efficiency coefficient (NASH), as 
is shown in Figures 3 and 4. Obviously, the model 
performs well: values of RMSE and NASH of 0.08 m and 
0.95 for the first period and 0.2 m and 0.93 for the second 
period indicate the good agreement between the observed 
and calculated water levels. Figures 3 and 4 also show the 
good agreement between the calculated and observed 
water level at Long Bien Station. It was concluded that 
the two-dimensional depth-integrated model developed 
here could be accurately utilized for the simulations in 
Van Coc Lake.

2. Relationship between time and water depth
Figure 6 shows the velocity vectors and land area in 

the targeted area at 2 h and 50 min after the start of the 
inflow discharge of 2,500 m3/s at the Van Coc Gate in 
Case 1 (n of 0.035-0.172 s/m1/3). Figure 7 presents a 
comparison chart of the relationship between the time 
and the water depth in front of the Day Weir with two 
different cases of n and three inflow discharges at the 
Van Coc Gate. The water depth changes in front of the 
Day Weir depending on n (Case 1: n = 0.035-0.172 s/m1/3 
and Case 2: n = 0.035 s/m1/3) and the inflow rates at the 
Van Coc Gate.

The floodwater in the scenario with an inflow of 
2,500 m3/s reached the Day Weir after 4 h. In the 
following hour, the water depth in Cases 1 and 2 rose to 
1.2 m and 1.57 m, respectively. At the fifth hour, the water 
depths significantly increased to 2.24 m in Case 1 and 
2.26 m in Case 2. The water depth rose to 4.9 m, which 

Fig. 5. The Manning’s coefficient n of Case 1, in which the 
values of 0.035 and of 0.172 s/m1/3 were used for the 
cultivated and residential areas, respectively

Fig. 6. Velocity vectors and land area in the study 
area after 2 h and 50 min with the inflow 
discharge of 2,500 m3/s at the Van Coc Gate 
in Case 1 (Manning’s n of 0.035-0.172 s/m1/3)
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corresponds to the maximum weir height, after 13 h and 
41 min in both Cases. The maximum difference in water 
depth between the two Cases was 0.37 m at the fourth 
hour. From this point onward, the difference decreased to 
become insignificant, and fluctuated between 4 cm and 0 
cm from the 5th to the 14th h.

For the 1,200 m3/s inflow scenario, the water depth 
in front of the Day Weir changed slowly. The water depth 
did not increase and remained at 0.03 m during the first 6 
h in Case 1 and the first 5 h in Case 2. In Case 1, the 
water depth quickly rose from 0 m at the sixth hour to 1.6 
m at the seventh hour. In Case 2, there is a significant 
increase of water depth to 0.52 m at the sixth hour, which 
was 0.49 m higher than water depth in Case 1 also at the 
sixth hour. However, by the seventh hour the difference 
had decreased to 0.14 m. From the 8th to the 29th h, the 
hourly water depth differed only slightly in both cases 
and fluctuated between 3 cm and 0 cm. The water depth 
slowly increased to reach a peak of 4.9 m after 28 h in 
both cases.

For the 600 m3/s inflow model, the water depth did 
not change and remained at 0 m during the first 10 h in 
Case 1 and during the first nine hours in Case 2, before 
significantly increasing in the next hour to 1.29 m in Case 
1 and 1.07 m in Case 2. At the 11th h, the water depth in 
Case 1 was 0.21 cm lower than the water depth of Case 2. 
The differences in water depth during the period between 
the 12th and 18th h decreased to 2 cm from 5 cm. However, 
the water depths in both Cases continued to increase 
hourly and reached a peak of 4.9 m after 56 h. During this 
last stage, there was minimal (< 1 cm) difference in the 
water depths.

In summary, the area was entirely inundated in 13 h 
and 41 min, in 28 h, and in 56 h for inflows of 2,500 m3/s, 

1,200 m3/s and 600 m3/s, respectively, in both cases of n. 
The most significant water depth difference between 
Cases 1 and 2 occurred in the first 2 h after the water 
depth started increasing, in all three inflow scenarios. 
The differences in water depth after the first hour of 
increasing water depth at the Day Weir for inflows of 
1,200 m3/s and 600 m3/s were 0.49 m and 1.07 m, 
respectively. Subsequently, the difference showed a 
downward trend and was zero for the last hour.

Clearly, the difference in n had an impact on the 
relationship between time and water depth in front of the 
Day Weir during the first two hours of the water starting 
to rise.

3. Inundated areas
Table 2 shows the percentages of the residential area 

that were inundated in the 2,500 m3/s inflow scenario 
when the water depth in front of the Day Weir reached 1, 
2, 3, 4, and 4.9 m. The water depth of 4.9 m corresponds 
to the maximum height of the weir. In the case of the 
lowest water depth (1 m at the Day Weir), the total 
inundated residential area was 66%, and 14% of the 
residential areas was inundated to a depth of 0.2 to 0.5 m 
(Level 1). The values for the Level 2 (0.5 to 1.0 m), the 
Level 3 (1.0 to 2.0 m), the Level 4 (2.0 to 3.0 m) and the 
Level 5 (3.0 m and more) inundation were 20%, 22%, 8%, 
and 2%, respectively. When the water depth reached 2 m 
at the Day Weir, 71% of the residential areas was 
inundated, with 19% at Level 2, 28% at Level 3, and only 
2% at Level 5. There was a significant increase in the 
percentage of residential areas that were inundated when 
water reached a depth of 3 m at the Day Weir. Eighty six 
per cent of housing areas was flooded, with 35% of the 
residential areas inundated at Level 3, 19% at Level 4, 

Fig. 7. Relationship between time and water depth in front of the Day Weir
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and 9% at Level 5. When the water depth reached 4 m at 
the Day Weir, 98% of the residential areas was inundated, 
of which 24% was at Level 3, 35% at Level 4, and 25% at 
Level 5. When the water depth reached the top of the Day 
Weir, at a depth of 4.9 m, 99% of the residential areas 
were inundated, with 15% at Level 3, 25% at Level 4, and 
58% at Level 5.

Obviously, floodwater strongly affected the 
residential areas located in Van Coc Lake. Between 66% 
and 99% of the residential areas were inundated, 
dependent on the water depth in front of the Day Weir. 
When the water depth reached between 1 and 2 m at the 
Day Weir, residential areas were inundated at Levels 1 to 
3, that is, by water of 0.2 to 2.0 m. However, the residential 
areas were mainly inundated to a depth of 1.0 to 3.0 m 
when the water depth reached 3 m at the Day Weir. When 
the water depth reached 4 m at the Day Weir, almost all 
residential areas were significantly affected by flooding, 
and 60% of the residential areas were inundated at Levels 
4 and 5. In addition, when water overtopped the Day Weir 

at 4.9 m, all residential areas were inundated, with 58% of 
the residential areas were under at least 3 m of water.

4. Highest velocity
Figure 8 presents the highest flow velocity at each 

cell for the 2,500 m3/s inflow at the Van Coc Gate for two 
cases of n. Zones 1, 2, and 3, located near the Van Coc 
Gate in the northwest of the area, lie in the highest 
velocity areas. Zone 1 had velocities of 1.5-1.8 m/s just 
after the inflow through the Van Coc Gate before moving 
to Zone 2, where the velocities decreased to 0.6-1.0 m/s. 
Zone 3 showed a higher velocity than those velocities of 
Zone 2 because of the effect of elevation. Such high flow 
velocities may cause erosion of the dike system in the 
northwest of Van Coc Lake. The remaining areas, that is 
the majority of the area, had lower flow velocities, from 
0.1 to 0.6 m/s. The velocities in front of the Day Weir 
ranged between 0.1 and 0.4 m/s.

The four different biggest velocity areas (D1, D2, 
D3, and D4), including cultivated and residential areas, 

Table 2. The percentage of the inundated residential area when the water depth in front of the Day Weir 
reached 1 m, 2 m, 3 m, 4 m, and 4.9 m in the inflow discharge of 2,500 m3/s

Water depth levels Unit
The water depth in front of the Day Weir

1 m 2 m 3 m 4 m 4.9 m

Total inundated residential area % 66 71 86 98 99
Water Depth Level 1: 0.2 to 0.5 m % 14 11 9 4 0
Water Depth Level 2: 0.5 to 1.0 m % 20 19 13 9 2
Water Depth Level 3: 1.0 to 2.0 m % 22 28 35 24 15
Water Depth Level 4: 2.0 to 3.0 m % 8 10 19 35 25
Water Depth Level 5: 3.0 m and more % 2 2 9 25 58

Fig. 8. Highest velocity at each cell in case of the inflow discharge of 2,500 m3/s at the Van Coc Gate

Case 1: Manning’s n=0.035~0.172 s/m1/3 Case 2: Manning’s n=0.035 s/m1/3
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are shown in Figure 8. These areas were used to compare 
Cases 1 and 2 of n. The velocities at these areas in Case 2 
were clearly higher than the velocities in Case 1, 
especially at the D2 area. That is because the smaller n 
allowed larger longitudinal velocity gradients to appear. 
In Case 1, n-values of 0.172 s/m1/3 and 0.035 s/m1/3 were 
used for the residential and cultivated areas located in 
areas D1, D2, D3, and D4, while the n-value of 0.035 s/
m1/3 was used for all of these areas in Case 2. The n-value 
of the residential areas in Case 1 is 0.137 s/m1/3, which is 
higher than the n-value of the residential areas in Case 2. 
Obviously, n is a sensitive parameter in the two-
dimensional depth-integrated hydrodynamic model and 
strongly influences the behavior of flood flows. Hence, 

the spatially variable n was effective for predicting local 
flow velocities. The remaining areas in Case 1 and Case 
2 did not differ significantly regarding flow velocity.

5. Inundated area at each hour
Figure 9 shows the inundated area at each hour after 

the onset of inflow through the Van Coc Gate for the 
2,500 m3/s scenario with the two cases of n (Case 1: n = 
0.035-0.172 s/m1/3 and Case 2: n = 0.035 s/m1/3). In Case 1, 
the A1 area was covered by floodwater at the 2nd hour, 
which did not occur in Case 2. On the other hand, the 
inundated areas in A2 and A3 in Case 2 were larger than 
those in Case 1 at the 2nd and 3rd hours, respectively. The 
reason for this is that the spreading of the inundated areas 

Fig. 10. The relationship between the time after the beginning of inflow and the 
inundated area

Fig. 9. Flooded area at each hour after the beginning of inflow in the case of the inflow discharge of 2,500 
m3/s at the Van Coc Gate



189

Assessment of Floodwater Behavior in Van Coc Lake, Hanoi

was affected by the different values of the n. Flood 
volumes were spread to the linked depressions using the 
volume-spreading algorithm in the shallow water 
equations. Therefore, when the velocities change because 
of the differing values of n in each plot, the flood volume 
in each plot will also change, which causes the difference 
in the spreading of the inundated areas in Van Coc Lake.

Figure 10 illustrates the relationship between the 
time from the onset of inflow and the inundated area for 
the three inflow discharges of 2,500 m3/s, 1,200 m3/s, and 
600 m3/s with two cases of n (Case 1: n = 0.035-0.172 s/
m1/3 and Case 2: n = 0.035 s/m1/3). In the scenario with 
2,500 m3/s inflow and Case 1 for n, Figure 10 indicates 
that the floodwater covered 26.2% of the area after one 
hour. The floodwater covered 48.2%, 66.1%, and 81.9% 
in the next three hours. Eventually, 90.2% of the area was 
inundated after only 5 hours, which was a total of 27.8 
km2. The inundated area spread to the remaining 9.8% of 
the total area during the next six hours. For Case 2, the 
inundated area increased from 8.5 km2 to 25.4 km2 in the 
first four hours, which was slightly more than in the Case 
1. The difference between the two cases decreased during 
the next four hours until no difference was found between 
Cases 1 and 2 after the first eight hours. The differences 
in inundated areas between Cases 1 and 2 for inflows of 
1,200 and 600 m3/s were small and reached zero in the 
latter hours of inflow.

Obviously, the different values of n affect the 
spreading of the inundated areas and the n-values play an 
important role in simulating flood flows in the two-
dimensional depth-integrated hydrodynamic model. The 
targeted area will be rapidly covered by floodwater after 
five hours (approximately 90% of the total area, for both 
cases of n).

Conclusion

In this study, a two-dimensional depth-integrated 
hydrodynamic model was constructed so as to simulate 
inundation in Van Coc Lake. A wetting and drying 
scheme was used to identify the wet and dry areas at each 
time step. Three inflow rates of 2,500 m3/s, 1,200 m3/s, 
and 600 m3/s at the Van Coc Gate were considered 
together with two cases of the Manning’s coefficient of 
roughness n: Case 1: n = 0.035-0.172 s/m1/3; and Case 2: n 
= 0.035 s/m1/3. The constructed model was validated in 
the Red River area using data from Long Bien because 
there was no recorded profile in Van Coc Lake.

It was concluded that the variation in simulated 
water depth changes in front of the Day Weir were caused 
by the difference between the variable and constant 
values of n. The water depth reached the maximum height 

of the Day Weir (4.9 m) in 13 h and 41 min, 28 h, and 56 h 
for inflow scenarios of 2,500 m3/s, 1,200 m3/s, and 600 
m3/s, respectively. Moreover, floodwater strongly 
affected the residential areas located in Van Coc Lake 
causing inundation and major damage to between 66% 
and 99% of the areas, depending on the water depth in 
front of the Day Weir. The highest velocity areas are 
primarily behind the Van Coc Gate with a velocity of 1.5-
1.8 m/s in Zone 1, 0.6-1.0 m/s in Zone 2, and 0.8-1.2 m/s 
in Zone 3. The difference in n-values resulted in different 
velocities, with smaller n permitting larger longitudinal 
velocity gradients to develop. The spread of the inundated 
areas was also affected by the difference in n. Clearly, the 
n-value is an important hydraulic resistance characteristic 
parameter in the two-dimensional depth-integrated 
hydrodynamic model and the spatially variable Manning’s 
coefficient of roughness n was effective for predicting 
local flow velocities.

A comprehensive assessment of the hydraulic 
behavior in the Van Coc Lake area was conducted and 
these results may assist the Vietnamese Government in 
issuing early warnings of damage in emergency situations 
so as to protect the City of Hanoi from flooding from the 
Red River.
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