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The Van Coc Lake is a regulating reservoir located in the Dan Phuong and Phuc Tho Districts (30 km
from the center of the Hanoi Capital). It is usually dry and includes arable land and residential areas. To
protect the Hanoi Capital from flood disasters in emergency situations, floodwater is received from the Red
River through the Van Coc Gate and the overflow point, and the floodwater drains downstream through the
Day Weir. The authors have proposed the effective operating procedure in the emergency situations by
optimizing the inflow discharge at the Van Coc Gate and the overflow point, and the outflow discharge at the
Day Weir for ensuring the flood mitigation effect of the lake and the safety of the operating system.
However, risk-reduction strategies based on a flood hazard assessment for the residential areas located
inside the lake have not been adequately resolved. In this study, the inundation situations inside the lake
area were identified with a two—dimensional depth—integrated hydrodynamic model in high resolution. The
results indicated that the residential areas were highly vulnerable to floods. When the water depth in front
of the Day Weir reached 1.0m, 3.0 m, and its peak at 4.9 m, 57.13%, 85.52%, and 99.76% of the total resi-
dential areas (6.33 km*) were inundated respectively. The highest velocity was primarily focused around

the Van Coc Gate, overflow point, and Day Weir with velocities of 0.6 — 2.0 m/s.

Key words: Flood mapping, flood risk level, two—dimensional depth—-averaged model

INTRODUCTION

Flooding is a common hydrological process and the
most frequent natural disaster in the world, and it causes
massive damage in terms of loss of lives, resources, and
communications (IFRC, 2015; Chowdhuri et al., 2020).
Many large areas around the world are affected by flood-
ing more seriously than others. One of these areas is
Southeast Asia. This is the most flood—prone region in
the world, with substantial residential areas existing on
or near the floodplain (Ahamed and Bolten, 2017). In
the developing countries of Southeast Asia, including
Vietnam, the perception of flooding is nuanced by obvi-
ous limitations in research, economy, and policy frame-
work (Nkwunonwo et al., 2020). In fact, flooding is a
severe concern in those countries because of its damage
scale for inhabitants and built infrastructures (Nur and
Shrestha, 2017). In recent decades, the influence of cli-
mate change has become more frequent and severe,
which has increased flood hazards and enhanced the vul-
nerability of residential areas on or near the floodplain
(Shadmehri et al., 2019; Nur and Shrestha, 2017).
Therefore, flood prevention is becoming more critical
than ever, and it is a predominant practice in flood haz-
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ard mitigation. Nations around the world have been
striving to protect important residential areas from
flooding at all costs with flood control infrastructures
(Liao et al., 2019).

As shown in Figure 1, the capital city of Hanoi is
located on the Red River Delta in Vietnam. The Red
River is an international river and the largest river flow-
ing in northern Vietnam, with three main tributaries: the
Da, the Thao, and the Lo. In recent decades, many mas-
sive rainfall events have been recorded in the delta, and
flooding is a severe problem in the Red River Delta
(AHA-JICA, 2015). In 1971, the most extreme flood dis-
aster inflicted in the river basin claimed the lives of
100,000 people and colossal damage to dikes, homes,
and possessions. The rapid increase in the water level of
the Red River caused the flood disaster (NOAA, 1993),
and increased urbanization, economic development, and
long—term climate variability have made the river flood-
ing problem more challenging, putting people and prop-
erty at increased risk. Moreover, flood forecasting of the
river discharge is a complex task with multiple sources
of uncertainty, especially in an international river basin,
with the challenge of transferring knowledge, data, and
techniques (Leandro et al., 2019). Consequently, the
Vietnamese Government has devoted significant efforts
to predicting and mitigating flooding in the Red River
(Vietnamese Government, 2011). The Van Coc Lake,
shown in Figure 1, is a regulating reservoir located 30 km
from the center of Hanoi. It is usually dry and includes
arable land and residential areas. To protect Hanoi from
flood disasters, in emergency situations, it receives the
floodwater from the Red River through the Van Coc Gate
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and the overflow point, and the floodwater drains down-
stream through the Day Weir. Anh et al., (2019b) pro-
posed an effective operating procedure for emergency
situations that optimizes the inflow discharge at the Van
Coc Gate and the overflow point, as well as the outflow
discharge at the Day Weir, for ensuring the flood mitiga-
tion effect of the lake and the safety of the operating sys-
tem. Unfortunately, many large residential areas are
located inside the Van Coc Lake area and are highly vul-
nerable during emergency situations. Therefore, identi-
fying vulnerable areas is necessary for the flood risk
management of residential areas.

In this study, numerical simulations were performed
to assess the influence of floodwater on the residential
areas inside the Van Coc Lake area when the effective
operating procedure for emergency situations, which
was obtained from the preceding study (Anh et al.,
2019b), is conducted to protect Hanoi. A two-dimen-
sional depth-integrated hydrodynamic model was con-
structed to simulate the inundation of residential areas
around Van Coc Lake. The influence of floodwater on
the residential areas inside the Van Coc Lake area was
investigated by the model and the boundary conditions
of the effective operating procedure in emergency situa-
tions.

MATERIALS AND METHODS

Study area and boundary conditions
Figure 1 indicates the location of the Van Coc Lake.
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The research area covered an area of 30.8 km® and com-
prised 12,333 grid cells with a resolution of 50 m. A two-—
dimensional hydrodynamic model was utilized for inun-
dation simulations in the Van Coc Lake. The model was
validated in previous research (Anh et al., 2019a,
2019b).  Topographic data were surveyed by the
Institute of Water Resources Planning under 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 topo-
graphic surfaces from the available points to calculate
the elevation for each cell.

The optimized inflow discharges at the Van Coc Gate
and the overflow point to protect Hanoi in emergency
situations, which were obtained by the scenario analyses
in the preceding study (Anh et al., 2019b), were used as
the input boundary condition. The outflow discharge at
the Day Weir was also recommended in the preceding
study and used here as the outflow boundary condition.
Figure 2 depicts the maximum discharges at the Van Coc
Gate, overflow point, and Day Weir, which were
1407 m?/s, 1224 m?/s, and 2368 m?/s, respectively, in the
effective operating procedure in the emergency situa-
tions.

Hydrodynamic model

Recently two-dimensional and three—dimensional
hydrodynamic models are utilized widely to simulate
water flow dynamics (Abedini and Ghiassi, 2010; Wu and
Lin, 2015; Bellos and Tsakiris, 2015, Hu and Kot, 1997).
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Fig. 1. Location of the Van Coc Lake.
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Fig. 2. Inflow discharges at the Van Coc Gate, the overflow point,
and the outflow discharge of the Day Weir in the effective
operating procedure in emergency situations to protect the
Hanoi Capital.

In this study, the research area is a floodplain and
focuses on the behavior of floodwater, wherein the hori-
zontal velocities are far greater than the vertical veloci-
ties. 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:
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where U and V are the depth-averaged horizontal
velocity components in the x and y directions (m/s), 7 is
the water level (m), ¢ is time (s), & is the water depth
(m), f is the Coriolis force (1/s), g is the gravitational
acceleration (m/s*), n is Manning’s coefficient of rough-
ness (s/m"™), and v, is the coefficient of eddy viscosity
(m*s). The coefficient of the eddy viscosity v, was cal-
culated using the Smagorinsky model (1963) as follows:
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where S, is the Smagorinsky coefficient, and A, is
the area of each mesh point (m*).

The basic parameters are defined as follows: the
temporal discretization At = 2.0 s; the special discretiza-
tion Aw = Ay = 50m; S, = 0.2; A, = AxAy = 25007 f =
5.24%107 1/s"; and g = 9.8 m/s*>. Manning’s coefficient of
roughness 7 for each grid element was set to be n =
0.025 s/m" — 0.172 s/m" depending on the vegetation,
obstructions, and residential areas. The leapfrog finite
difference method was applied to calculate the govern-
ing equations on the staggered mesh system. The model
was run with a time step of At = 2.0's, in which the water
level and velocity were calculated alternately. A wet-
ting—and—drying scheme of Uchiyama (2004) was used
to identify the wet and dry areas at each time step.
Besides, Figure 2 shows the simulation period from 16"
August to 27" August, 1971 that is the 11-day data of
the catastrophic flood in this year. The main initial
boundary conditions were set up as follows: the water
depth for all cells is 0.2 m, the depth-averaged horizon-
tal velocity components U and V are zero.

RESULTS AND DISCUSSION

Inundated areas

Table 1 shows the percentage of the inundated resi-
dential area when the water depth in front of the Day
Weir reached 1.0m, 2.0m, 3.0m, 4.0 m, and 4.9 m in the
effective operating procedure in the emergency situa-
tions. The Day Weir was built 70 years ago and has dete-
riorated, and overload must be avoided. Therefore, it
was concluded that a weir height of 4.9 m was equivalent
to critical water depth for its safety in the preceding
study (Anh et al., 2019b). Table 1 indicates five inunda-
tion depth levels used to summarize the percentage of
the inundated residential areas. Most of the residential
areas inside the Van Coc Lake area were inundated with
57.13%  (3.62km*»), 70.21% (4.44km*), 85.52%
(5.41km*), 98.45% (6.23km*), and 99.76% (6.31km?*)
when the water depth in front of the Day Weir reached
1.0m, 2.0m, 3.0m, 4.0m, and 4.9 m, respectively. The
most dangerously inundated residential areas were at
Inundation Depth Level 5 from 3.0m and above. The
values increased significantly from 1.35% (0.09 km?*)
when the water depth reached 1.0 m at the Day Weir to
551% (0.34km?), 17.41% (1.1km*), 44.9% (2.84 km®)
and 64.38% (4.08km®), respectively when the water
depth reached 2.0m, 3.0m, 4.0m and 4.9m at the Day
Weir. This indicates that flood risk levels for the residen-
tial areas increased rapidly, and they were dangerous
when the Van Coc Gate, Day Weir, and the overflow
point were operated. When the water depth reached
2.0m at the Day Weir, there was a significant increase in
the percentage of inundated residential areas for the
Inundation Depth Levels 3, 4, and 5 — 28.88%
(1.83km*), 13.45% (0.85km*) and 5.51% (0.34km*)
respectively. However, the percentage of Inundation
Depth Levels 1 and 2 decreased in comparison when the
water depth reached 1.0 m at the Day Weir from 15.99%
(1.01km*» to 9.8% (0.62km*) and from 15.99%
(1.01 km®) to 12.57% (0.8 km?), respectively. When the
water depth reached 3.0m at the Day Weir, 85.52%
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(5.41 km*) of residential areas were flooded, with 6.27%
(0.4 km*) of the residential areas inundated from 0.2 m
to 0.5m, 10.55% (0.67 km*) from 0.5m to 1.0 m, 24.16%
(1.563km*) from 1.0m to 2.0m, 27.13% (1.71km*) from
2.0m to 3.0m, and 17.41% (1.1km*) at 3.0m or more.
The results showed that the residential areas were
mainly inundated to a depth of 1.0m to 3.0m when
water depth reached 3.0 m at the Day Weir. In addition,
the simulated results indicated that, when the water
depth touched 4.0m at the Day Weir, the residential
areas were mainly inundated, with 44.9% (2.84 km®) at a
depth of more than 3.0m. More seriously, when the
water depth in front of the Day Weir reached 4.9m,
64.38% (4.08 km*) of the residential areas were under-
water at 3.0 m or more. Further, a huge residential area
was inundated at Inundation Depth Levels 3 and
4—12.89% (0.82km*) and 21.06% (1.32km*), respec-
tively. These results could be explained by the rapid
increase of the water depth in front of the Day Weir, and
these led to a huge damage in terms of the loss of lives
and property.

Flood risk mapping

Figure 3 shows the flood risk mapping and the most
vulnerable residential areas (R1, R2, R3, R4, R5, and R6)
of the inundated residential area when the water depth
in front of the Day Weir reached 1.0m, 2.0m, 3.0m,
4.0m and 4.9m in the effective operating procedure in
the emergency situation. From the simulated results,
the residential areas most vulnerable to flooding were
identified. R3 was the most heavily affected by floodwa-
ter and was rapidly covered by floodwater from 1.0 m to
3.0m even when the water depth in front of the Day
Weir reached 1.0m. When the water depth in front of
the Day Weir reached 2.0m, 3.0m, 4.0 m, and 4.9 m, the
R3 area was always the most dangerous residential area.
R3, located on the main flood flow, has a low elevation,
which heavily influenced the floodwater.

R4, R5, and R6 are located in the south of the Van
Coc Lake area and the downstream end of the lake.
Therefore, the elevation is lower than for the upstream
locations. This causes high flood risk vulnerability levels
for R4, R5, and R6. When the water depth touched 2 m
at the Day Weir, some residential areas were inundated

Table 1.

S. H. ANH et al.

from 2.0m to 3.0m, but most of them were inundated
from 1.0m to 2.0m in R1 and R2. However, many resi-
dential areas were flooded by more than 3.0m, but
mainly from 1.0 to 3.0m in R4, R5, and R6. All the vul-
nerable residential areas faced a more significant chal-
lenge in flooding when the water reached a depth of 3m
at the Day Weir. Approximately half the residential
areas located in R4, R5, and R6 were inundated from 2.0
m to 3.0m and above. When the water depth reached
4.0m and 4.9 m at the Day Weir, most of the residential
areas were underwater to depths of 3.0m and above.
Obviously, the residential areas located in the Van Coc
Lake area were rapidly covered by floodwater — approx-
imately 99.76% (6.29 km*) when the Van Coc Gate, over-
flow point, and Day Weir operated in the effective oper-
ating procedure in the emergency situations to protect
Hanoi.

Highest velocity

Figure 4 shows the highest flow velocity at each cell
in the case of operating the Van Coc Gate, overflow
point, and Day Weir in the effective operating procedure
in emergency situations, as well as the land use map in
the targeted area. In the areas located around the Van
Coc Gate, the highest flow velocities were mainly con-
centrated near the Van Coc Gate, with values ranging
from 0.8 to 2.0m/s. The flow velocities were also high
near the overflow point, with values from 0.4m/s to
0.8m/s. The remaining areas located in the south-west
of the Van Coc Lake had smaller velocities, from 0.2 to
0.4m/s. The high velocity was recorded around the Day
Weir, from 0.6 to 2.0m/s. However, there were many
residential areas located in the V1 area, which caused a
small flow velocity, fluctuating between 0.1 and 0.3 m/s.
Clearly, the flow velocities around the residential areas
were not high, and the highest—velocity areas were pri-
marily concentrated around the Van Coc Gate, overflow
point, and Day Weir.

CONCLUSION

This study comprehensively assessed the flood haz-
ard for the residential areas located inside the Van Coc
Lake area when using the effective operating procedure
of the Van Coc Gate, overflow point, and Day Weir in an

Percentages of inundated residential areas when the water depth in front of the Day Weir reached 1.0m, 2.0 m,

3.0m, 4.0m, and 4.9 m in the effective operating procedure in the emergency situation. The total residential area

inside the Van Coc Lake was 6.33 km*

1.0m 2.0m 3.0m 4.0m 4.9m
Water depth levels

% km® % km® % km® % km® % km®

Total inundated residential areas 57.13  3.62 7021 444 8552 541 9845 623 99.76  6.31
Water depth level 1: 0.2m —0.5m 1595  1.01 9.8 0.62 6.27 0.40 2.30 0.15 0.20 0.01
Water depth level 2: 0.5 m—1.0m 1599 1.01 1257 0.8 10.55  0.67 7.38 0.46 1.23 0.08
Water depth level 3: 1.0m —2.0m 1722 1.09 2888 1.83 2416 153 2039 129 1289 0.82
Water depth level 4: 2.0m - 3.0 m 6.62 042 1345 085 27.13 171 2348 149 21.06 132
Water depth level 5: 3.0 m < 1.35 0.09 5.51 034 1741 1.10 44.9 2.84 6438 4.08
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Fig. 3. Flood risk mapping and the most-vulnerable residential areas (R1, R2, R3, R4, R5, and R6) of the
inundated residential area when the water depth in front of the Day Weir reached 1.0 m, 2.0m,
3.0m, 4.0m and 4.9 m in the effective operating procedure in the emergency situation.

emergency situation to protect Hanoi from flooding. A
two—dimensional depth—integrated hydrodynamic model
was constructed to simulate inundation in Van Coc Lake.
A research area comprising grid cells with a 50—m reso-
lution was utilized. A wetting—and—drying scheme was
used to identify the wet and dry areas at each time step.
To identify flood risk levels in the residential areas,
the optimized discharges at the Van Coc Gate, overflow
point, and Day Weir for protecting Hanoi in an emer-
gency situation, which were obtained by the scenario

analyses in a preceding study (Anh et al., 2019b), were
used as the input and output boundary conditions. The
results indicated that most of the residential areas were
inundated, with 57.13% (3.62km?*), 70.21% (4.43km?*),
85.52% (5.40km?), 98.45% (6.22km*) and 99.76%
(6.29 km*) when the water depths in front of the Day
Weir reached 1.0, 2.0, 3.0, 4.0, and 4.9 m, respectively,
and they were rapidly covered by floodwater. In addi-
tion, the highest—velocity areas were primarily concen-
trated around the Van Coc Gate, overflow point, and Day
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Fig. 4. Highest velocity distribution and the land use map.

Weir, with velocities between 1.0 and 2.0m/s. The
remaining areas had smaller velocities of between 0.2
and 0.4 m/s. It is clear that the Van Coc Lake area is haz-
ardous in emergency situations, during which Hanoi
must be protected from flooding. Therefore, an immi-
gration plan is needed for the design of risk-reduction
strategies and the overall development planning of
Hanoi.
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