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Abstract. Qiqgihar is a significant city on the Nen River in China, which is the main stream of the Songhua
River basin. The length of the return period of Qiqihar’s flood control design standard is fifty years. If a 100-year
flood event happened, Qigihar would face the risk of a burst levee. To quantitatively evaluate flood risk to the
city from a burst levee or proactive flood diversion, a model for analysing flood submergence from a burst levee
in the City of Qiqgihar is established based on MIKE Flood. The model integrates one- and two-dimensional
hydrodynamic models to implement coupled simulation. The terrain data are from city elevation data on a scale
of 1: 10000. Following local modifications made based on survey data, such as on levees, roads, and buildings, a
20m x 20 m grid of terrain data was formed as the terrain input of the model. The model simulates the water level
of Nen River and the flood path, submerged time/depth/area, and duration in floodplain under three scenarios:
baseline, proactive downstream flood diversion, and an upstream levee burst under a flood with a one hundred-
year return period. Proactive downstream flood diversion can reduce the maximum water level by 0.068 m and
correspondingly decrease peak flood flow by 1120m>s~!. These results provide basic information to support
urban flood risk analysis and flood dispatching and management across the whole river basin.

1 Introduction tute, 2012a, b, ¢, d; Wang et al., 2017), the SWMM model de-

veloped by the USA EPA (Beck, 2016), and the LISFLOOD

Flood protection levees are a vitally important hydraulic
structure; if a levee bursts, it will bring immeasurable losses.
The evolution of levee-bursting floods is an important fac-
tor in evaluating urban flooding risk. There are two main
types of models that simulate urban flooding: static and dy-
namic models. Static models focus on statistical represen-
tation of simulation results while dynamic models focus on
the changes that take place during the whole flooding pe-
riod (Siddiqui et al., 2011). Two-dimensional hydrodynamic
models are the most widely used type of model, are based on
exact physical significance, and can dynamically predict and
simulate the flood process (Shirvan et al., 2013). Hydrody-
namic models include: the MIKE models developed by the
Danish Hydraulic Institute (DHI) (Danish Hydraulic Insti-

model developed by the European Commission Joint Re-
search Centre (Van der Knijff et al., 2010), amongst others
(Teng et al., 2017). Many researchers have applied numer-
ical simulation techniques and proposed new perspectives
and concepts (Soares-Frazao et al., 2008; Chen et al., 2009).
Based on two-dimensional Saint-Venant equations, different
discrete methods are used to obtain different calculation sta-
bilities, accuracies, and applications. Among them, the finite
volume method has been widely used due to its conservative-
ness and geometric flexibility (Caleffi et al., 2003). In addi-
tion, some researchers have drawn on the methods and tech-
niques of other academic fields, such as neural networks (Kia
et al., 2012) and cellular automata (Guidolin et al., 2016).
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These methods are beneficial for decreasing calculation com-
plexity and reducing calculation time. This paper dynami-
cally couples the MIKE 11 HD and MIKE 21 HD models.
The one- and two-dimensional models are linked through set-
ting up a virtual river. Use of both models allows exploitation
of their advantages whilst avoiding some problems — such
as simulation efficiency and accuracy — that arise when the
models are applied separately. Based on a 100 year return pe-
riod designed flood event, the flooding process is simulated
and analysed in Qiqihar City.

2 Methodology

The urban flood simulation system is established based on
the MIKE 11 and MIKE 21 hydrodynamic (HD) models. The
coupled model is called MIKE FLOOD and is used to sim-
ulate the inundation processes, duration, and inundation area
within urban areas, which can provide decision support for
flood management.

2.1 MIKE 11 hydrodynamic model

MIKE 11 HD is mainly used for flood forecasting, dispatch-
ing measures, canal/irrigation system design, and dispatch
and storm surge research. The basic aim of MIKE 11 HD is
to provide hydrological factors, such as river water level and
discharge process of each river section. It is solved by one-
dimensional unsteady flow Saint-Venant equations based on
vertical integration. Water level and discharge at each grid
point are calculated alternately by the Abbott-Ionescu six
points implicit scheme (Fig. 1), and the discrete equations
are solved using the chasing method.
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where H is the water level of the channel section, Q is dis-
charge, u is average velocity, B is the width of the river cross-
section, gp, is lateral flow, R is hydraulic radius, C is the
Chezy coefficient, and x and ¢ are position and time coor-
dinates.

2.2 MIKE 21 hydrodynamic model

MIKE 21 HD is mainly used to simulate two-dimensional
free surface flow. This module can simulate changes in wa-
ter level and discharge due to the impact of various forces
in lakes, river mouths, and coastal areas. When the user pro-
vides terrain data, Manning coefficients, wind fields, and hy-
drodynamic boundary conditions, the model can simulate
changes in water level and discharge in each grid. The model
uses the finite difference method of alternating-difference
implicit (ADI) second-term accuracy to solve the mass equa-
tion and momentum equation of dynamic flow. This model
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Figure 1. Water points and discharge points of the Abbott scheme.

can describe various hydraulic phenomena, such as tidal ex-
change, tidal flow, storm surge, whirlpools, surface undula-
tion, dam bursts, and tsunamis. The equations take into ac-
count many factors, such as Coriolis force (£2), wind force
(V), and atmospheric pressure (P,). The variables ¢, d, h,
p, and g represent water level, water depth, elevation, and
discharge in the x- and y-directions respectively.
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2.3 MIKE Flood model

The MIKE Flood model dynamically couples the one-
dimensional (MIKE 11 HD) and two-dimensional
(MIKE 21 HD) models. The coupled model can take
advantage of the benefits of both models, and can solve
problems of spatial resolution and computation that often
occur when the two models are used separately. In this
study, the MIKE Flood model was used to simulate the
two-dimensional flood evolution path, submerged area, and
duration in urban areas as well as one-dimensional river
flood overtopping and levee bursts.

MIKE Flood provides two different approaches to link
one-dimensional and two-dimensional models, namely stan-
dard and lateral links, which are fitted for different occasions.
An important part of MIKE Flood model application is link
selection and creation.
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Figure 2. Standard and lateral links.

2.3.1 Standard links

Standard links in MIKE Flood correspond to one or
more MIKE 21 grids linked to the beginning or end of
MIKE 11 sections. This link can simulate submersion pro-
cesses in urban inflow areas after levee bursts, by setting up
a virtual river canal (Fig. 2). The section of MIKE 11 is con-
nected to grids of MIKE 21 by Weir flow formula.

2.3.2 Lateral links

Lateral links are a series of grids linked with part or all
of MIKE 11 side by side (Fig. 2). Flow through the lateral
links is calculated using hydraulic structure formulae or wa-
ter level-discharge relations. This type of link is particularly
suitable for flood simulation from river to floodplain.

3 Datasets for urban flood modelling in Qiqihar

3.1 Terrain data

Basic terrain data of Qiqihar are available on a 1: 10000
scale, and are supplemented with road, house, and urban res-
idence community datasets (Fig. 3). The datasets were con-
verted into 20m x 20 m grids using ArcGIS 9.3 software.
The grid terrain data was input to the MIKE Flood model
to simulate the urban submersion process in Qiqgihar City.

3.2 Manning roughness coefficient data

Manning roughness coefficients (MRC) for urban terrain are
discussed in DHI’s global urban flood simulation projects in
the past decades (Wang and Hartnack, 2006). Choice of dif-
ferent values of MRC will affect the flood peak time and to
some extent the flow path within the urban area, but has little
impact on the inundation area and flood depth (for a given
design flood event, within the given flood duration the total
breach volume could reduce as MRC increases). Roughness
values are evaluated mainly on the basis of land use types.
For instance, the roughness coefficient is set to 0.08 for de-
veloped areas, such as the leisure square with low buildings,
gardens, and dense vegetation area; and in open space com-
prising grassland, sparse vegetation, streets, and pavements
is set to 0.06. In similar projects in Germany, roughness co-
efficients in urban areas, streets, and gardens are set at 0.040-
0.067 (considering the influence of pavements and vehicles
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parked on roads, the roughness coefficient of paths is larger);
for vegetation are set at 0.05-0.2 (0.2 in dense young forest
and 0.05 in open agricultural areas); and in other areas are
set at 0.033-0.1, according to landscape features. Roughness
coefficients in this study are not less than 0.033 (Fig. 4).

Based on the analysis above and field investigations, the
principles of determining all-terrain roughness coefficients
for Qigihar are as follows:

1. Urban roads in the simulated city are generally wider,
some main roads have central reservations, and some
have green verges on both sides of the road. There are
generally pavements on both sides and varying amounts
of vehicles on the road at any one time. Therefore, the
roughness coefficient of the main roads is set at 0.06.

2. Vegetation in parks is generally dense, so the roughness
coefficient is set at 0.083.

3. In suburbs and other open spaces, there are no buildings
and land cover is mainly grass or crops, so the roughness
coefficient is set at 0.06.

4. Buildings usually interrupt water flow, which can store
water inside. The roughness coefficient is set at 0.2 for
buildings (houses and urban residence communities).

3.3 Hydrological data

Basic hydrological data were used for scenario simulation,
including the once-in-a-century design flood process up-
stream of the Qigihar hydrological station, the Q-H curve
in the downstream section (Jiangqiao hydrological station)
and design flood/peak/discharge in Nen River (Fig. 5).

4 Simulation scenarios

There are three simulation scenarios, which are shown in Ta-
ble 1. In scenario 2 and 3, there are two burst points. The
burst point of Daang embankment (Water Gate 2 in Fig. 8)
is set for flood diversion, and the burst point at ““7 km point
of west embankment” (Water Gate 1 in Fig. 8) is set for
flood damage simulation. The burst point of Daang embank-
ment is select according to the Qiqihar City Flood Prevention
Scheme. Because the outside of Daang embankment is a re-
served flood storage area, and the main stream of Nenjiang
River turns from the southward to the westward, which is
the best point for flood diversion. The burst point at “7 km
point of west embankment” is select by “the most unfavor-
able principle”. In other words, if there is a collapse at this
point, the city will suffer the greatest flooding. The “7 km
point of west embankment” is located at the upstream of
Qigihar. The flood through this point will flood over through-
out the whole city, thus it is the most appropriate point by
“the most unfavorable principle”.
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Figure 3. Location and residence data of Qiqihar (the black line around is MIKE Flood simulation grid boundary).
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Figure 4. Distribution of Manning roughness coefficients.

4.1 MIKE 11 HD basic parameters

Qigihar City lies on the bank of the Nen River, which is up-
stream of Songhua River. The 1-D hydrodynamic model is
established between CS31 and CS64, where the main stream
of Nen River flows from 169437 to 320987 m (Fig. 6).
The section position identification, such as 169437 and
320987 m, is a relative distance. The start point is at the dam
of Nierji reservoir, which is a large and very important reser-
voir in the upper reaches of the Nenjiang River.

The upstream boundary condition of the model is the
discharge of a 100-year return flood that occurred in Au-
gust 1998. The downstream boundary condition of the model
is the Q-H curve at Jiangqiao hydrological station in section
CS64, which is more than 150 km from Qiqihar City and has
little effect on the upstream water level.
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Figure 5. Design flood hydrograph of 100-year return period.

4.2 MIKE 21 HD basic parameters

After considering the topography and elevation of Qiqgihar
City, the real land elevation is defined as 165 m, which means
regions where elevation is higher than 165 m are not included
in the model. In order to satisfy the requirements of lateral
links, the river is filled with land (because the river is calcu-
lated by a one-dimensional model and is not included in the
two-dimensional simulation process).

The Nen River runs through the whole of Qigihar City
and divides the city into the main urban and Hulan Ergi re-
gions. The model uses a 20m x 20 m grid and the total cal-
culated areas are 2081 x 1881 x 400 m? = 1565.7 km?. The
actual calculation areas cover about 430km?, after remov-
ing the areas outside the boundary and inside the river, and
urban areas that are not involved in simulation, as shown in
Fig. 7. The boundary is set along the levee in the research
area. The levee is surveyed and mapped by Songliao Water
Conservancy Commission and provided in shape file of Ar-
cGIS.
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Figure 6. Main sections of one-dimensional model.

Figure 7. Simulation area of two-dimensional model in Qigihar.
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Figure 8. Simulation area of MIKE Flood and setting model links.

4.3 MIKE Flood basic parameters

The complete design flood process over one month is simu-
lated, with a time step of 3 s. In order to simulate the defence
level of the Qigihar City levee in resisting the Nen River
flood and to analyse locations and times where dangerous
overtopping in levees may occur, all urban levees are linked
with the main stream of Nen River by lateral links.

4.4 Levee burst simulation parameters

The simulation of urban levee burst outfall is mainly used
to analyse the urban inundation range, duration, and water
depth distribution after the most dangerous levee section is
broken. As there is no module in the MIKE Flood model
designed especially for levee bursts, a water gate is used to
simulate the burst process. When the water level in the river
rises to the levee burst control threshold, the gate is opened,
which corresponds to the levee having burst. The gate will
not close until the flood is over. There are two water gates
in this simulation, one to simulate the bursting of the west
embankment in Qiqihar, and the other to simulate the flood
diversion at Daang embankment (Fig. 8). MIKE 11 HD and
MIKE 21 HD are linked by adding the virtual river at the two
water gates.

5 Results

Three scenarios were simulated (Table 1). The first is a base-
line (normal) for comparison. The second simulates the flood
control effect of proactive downstream flood diversion. The
third simulates flooding processes when the west embank-
ment of Qiqgihar bursts.
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Table 1. Simulation scenarios for urban flooding in Qigihar.

No. Flood Scheme  Flood Control Levee
(return period)  Measures Bursts
1 100-year None No
2 100-year Flood diversion  No
at Daang
embankment
3 100-year None Bursts at 7km

point of west
embankment

Water level (m)
149

148.5 /
148 /
147.5 /

147

146.5

146 \/

145.5
31-7-1998 4-8-1998 8-8-1998

12-8-1998  16-8-1998  20-8-1998  24-8-1998  28-8-1998

Normal Flood division

Figure 9. Water level at Qigihar hydrological station (P =1 %).

In scenario 2, the highest water level decreases by 0.068 m
and peak flow discharge decreases by 1120 m> s~! after flood
diversion. The water level and discharge at Qiqihar hydro-
logical station (CS35) are shown in Figs. 9 and 10. The sub-
merged area reaches a maximum 5 d after implementation of
flood diversion measures. The maximum submerged area is
about 50km?2, and the maximum submerged depth is 3.5 m,
as shown in Fig. 11.

In scenario 3, it is assumed that the west embankment of
Qigihar bursts when the water level reaches the threshold of
a 30-year return flood. The simulation results show that the
discharge when the levee is broken is 328 m? s~! and the wa-
ter level decreases by 0.05m after the levee bursts. About
7 d after the burst, the submerged area reaches a maximum
(nearly 100km?), or about 1/4 of the calculation area. The
maximum depth of submersion is 3.2 m. Figure 12 shows the
submerged area and depth 7 d after the burst.

6 Discussion and conclusion

This paper has established an urban flood model based
on MIKE Flood, which integrates MIKE 11 HD and
MIKE 21 HD models. MIKE Flood software is suitable for
urban flood simulation, but still presents some problems,
such as computational stability and the simulation of water
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Figure 10. Discharge at Qiqihar hydrologic station (P = 1 %).
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Figure 11. Submerged area in scenario 2.

inflow in buildings. Since the urban flood model simulates
the process of levee bursts, flow discharge changes suddenly
and rapidly and the time step must be short in order to en-
sure stability and accuracy of the simulation. For the two-
dimensional model, a time step of 3 s significantly decreases
the calculation speed of the urban inflow process. With an
increase in grid points, simulation time increases obviously.
However, if the variable time step method is used, results of
the two-dimensional model must be further processed fol-
lowing simulation.

The model simulates the flood inflow of buildings by
increasing roughness in building areas, which reflects the
blocking and backing effect of buildings to water. However,
this method is subjective and cannot reflect actual building
inflow processes. Furthermore, the roughness coefficients are
sensitive to discharge and velocity calculation, which may in-
troduce random errors.

This study has simulated three scenarios of urban flooding
in Qigihar, despite the above problems. The result is reason-
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Figure 12. Submerged area in scenario 3.

able and provides key technical support for urban flood con-
trol in Qiqgihar. Comparing the proactive flood diversion sce-
nario and upstream levee burst scenario, the former has less
submerged area and a better effect on flood control. In addi-
tion, the submerged areas in the former scenario are mainly in
rural regions, reducing losses caused by submersion. There-
fore, proactive flood diversion is an effective measure to re-
duce losses resulting from urban floods.
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