Answers to Anonymous Referee #1 comments
We would like to thank Referee #1 for the constructive comments, very detail corrections, and
recommendations towards improving our manuscript. We are improving our writing quality based
on your kind suggestion. These comments are all valuable and very helpful for improving our paper.
We appreciate that we have a chance to revise the manuscript as you recommend and to resubmit
our manuscript will meet your approval.
In the following, we respond point by point to the comments. The referee comments appear in black

and the answers appear in blue.

1/ My first comment is directed to the title. Flood prediction is stated as the main aim. This should
be rephrased to flood simulation to avoid confusion. Prediction is often associated with forecast,
which is not the aim of this manuscript.

The title has been changed to "A Dynamic Bidirectional Coupled Surface Flow Model for Flood

Inundation Simulation" combined with consideration of the second comment.

2/ My second comment is related with the branding of "2D diffusion wave" with "hydrological
model". It seems that the authors have developed a 2D diffusive wave model (line 139). If that is
the case, this cannot be categorised as hydrological model. The title should be rephrased to "coupled
diffusive-full dynamic". Unless the authors can justify the branding of hydrological model, this must
be changed.

Some properties of Hydrological models are: a) only propagate information downstream; b) are
inherently one-dimensional when simulating flood routing (channels or links), and ¢) able to
simulate other discharge components such as interflow and baseflow besides direct discharge.
Hence it seems that this not fits to the description of the authors. This requires some rethinking and
restructuring of the manuscript, but is required in order to avoid misinterpretation of the good work
developed.

Indeed, the method proposed in the manuscript was mainly on the coupling of a 2D diffusion wave
model and a full-dynamic model. Whereas, the model developed includes the hydrological
processes: precipitation, infiltration and runoff routing, so we thought it belongs to a grid based
distributed hydrologic model which will include more hydrological processes in the future, such as,
evapotranspiration, snowmelt, saturated zones, etc.

Based on this comment, lots of modification and explanation have been made in the modified

manuscript. We have modified the title and reorganized the second Methodology section.

3/ My third comment is related to the time steps. how are the time steps being calculated, and how
are the two model synchronized?
Time steps are determined by CFL condition as following:
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This formula has added to the end of section of 2.3 Hydrodynamic model in the modified manuscript.
In DBCM, the same grid mesh system was used to solve the DWE and SWE. For each grid cell,

only one approach whether DWE or SWE is solved except for some special treatment on the
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coupling boundary. This can be found in the 2.4 Coupling approach section in the modified

manuscript.



4/ My forth comment is related with the display of the results. The manuscript is about coupling two
different models; however, it is not clear in the plots where the boundary is. Please add to all plots
the location of the boundary between the two.

The evolvement of coupling boundary has been added to the V-shape catchment case and Helin

Basin case in the modified manuscript. See Figure 14 and Figure 24 in the modified manuscript.

5/ minor comments:
line 60, "evolved" instead of "involved"

Thanks for correction

line 60, "overestimate the flood risk in some extent" is too vague, please rephrase

The text was rephrased in the modified manuscript. See line 51~53 in the modified manuscript.

line 70 to 73, is confusing. e.g. the same sentence starts with "the next step", and ends with "the next
time step", is the former not time? What is the meaning of "present flow state"? is that same as
current, as stated previously? if yes, always use same wording for the same meaning.

Yes, the former is not time.

“present flow state” means the flow information of each grid cell in current time step.

The text was rephrased in the modified manuscript to make it clear, see line 60~65 in the modified

manuscript.

line 80, why is it a "significant problem" please explain.
The problem indicates the bargain of cost and benefit between simulation efficiency and resources
as illustrated the following text.

It is explained in line 69~71 in the modified manuscript

line 85, remove "of"

Thanks for correction

line 86, should read "considers"

Thanks for correction

line 91, "apt to", replace with "adequate". to perform what? (not clear). "doesn’t" replace with "does
not"

Thanks for correction

line 82 should read "further studies are necessary"

Thanks for correction

line 109, what is "slope runoff" - consider removing the word "slope" and use simply runoff
throughout the text

Thanks for suggestion.



line 173, is telemac being used, or it was "re-written". please clarify this.

TELEMAC is not used since it is developed based on unstructured grid, while the model in this
paper is based on Cartesian grid.

The sentence has been changed into: These equations are solved using the finite volume method
similar to TELEMAC (Ata et al., 2013). And the convection flux on grid faces is calculated using
the HLL scheme with WAF approach (Toro, 2001).

See line 164~165 in the modified manuscript.

line 193, is the hydrological model 1D or 2D, if it is the latter, it can also produce inundation extents.
please add some plots which show the boundary of the "hydrological" and hydraulic model being
changed. Overlay these with the flood inundation extent.

The 2D diffusion wave equations were used for the runoff routing process, so it is 2D.

The time varied coupling boundary evolvement has been added to the modified manuscript (Fig.14
and Fig.24).

line 212, "is moved to point A", so where was it before?
This indicates the coupling boundary position at the present time step. For the first case, the coupling

boundary position will moved to A in the next step, as shown in the following figure (a).
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In the modified manuscript, the paragraph has been rewritten to make it clear. See line 198~204 in

the modified manuscript.

lines 215 to end of paragraph is confusing.

The text has been rewritten in the modified manuscript. See line 198~204 in the modified manuscript.

Figures 2 and 4, what is the colour code?

Figure 2 and Figure 4 have been merged into a single figure: Figure 3 in the modified manuscript.

Figure 4, why water cannot flow to the left in the middle figure?
This is because the effects of gravity are that the flow at any point will trend to be in the direction

of the steepest water surface slope(Bradbrook et al., 2004), as shown in the following figure:
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For clarification, figure 4 (Figure 5 in the modified manuscript) was modified as following:
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Figure 7, why are there spikes on the depth?
The spikes at the convergent wall is due to the lack of boundary fitting of the Cartesian grid. Same
boundary effect can be also found in other studies e.g. (Rogers and Fujihara et al., 2001).

Figure 8, is this already with the DBCM? if yes, where is the boundary of the two models in those
plots.

Figure 8 is the results of dam-break test case which is used to verify the performance of the
hydrodynamic model. Thus, only hydrodynamic model was implemented in this dam-break case

and no boundary in this case.

References:

Bradbrook, K. F., S. N. Lane, S. G. Waller, and P. D. Bates, 2004, Two dimensional diffusion wave
modelling of flood inundation using a simplified channel representation: International Journal of River
Basin Management, v. 2, p. 211-223.

Rogers, B., M. Fujihara, and A. G. Borthwick, 2001, Adaptive Q - tree Godunov - type scheme for
shallow water equations: International Journal for Numerical Methods in Fluids, v. 35, p. 247-280.



Answers to Anonymous Referee #2 comments
We would like to thank Referee #2 for the constructive comments, very detail corrections, and
recommendations towards improving our manuscript. We are improving our writing quality based
on your kind suggestion. These comments are all valuable and very helpful for improving our paper.
We appreciate that we have a chance to revise the manuscript as you recommend and to resubmit
our manuscript will meet your approval. In the following, we respond point by point to the

comments. The referee comments appear in black and the answers appear in blue.

The manuscript presents a novel dynamic coupling approach of hydrologic-hydrodynamic
simulation, where representation of flood processes and simulation can be potentially improved,
and therefore a substantial research topic. However, unfortunately the performance assessment of
the model has not been done properly and extensive enough to justify the strength of the proposed
coupling scheme. For instance, the performance is only compared to UCMs, instead of BCM, as
that’s where the novelty value of DBCM lies upon and should be evaluated. Meanwhile, in the
comparison to UCMs (section 4), the hydrological consideration using point source inflow boundary
is not an appropriate method to support authors’ claim (see below point 3).

The key feature of the DBCM, is the coupling boundary where accounting both mass and
momentum transfer between hydrologic model and hydrodynamic model. And focus is on the
momentum transfer which consider less in existing UCM and BCM. Since UCM always use SWE
for simulation, and momentum transfer information can be readily obtained. Thus, in the original
manuscript, lots of efforts were put on comparison between UCM and DBCM. Even though, in the
modified manuscript, the comparison between UCM, BCM and DBCM has been added to the V-

shaped catchment, see Figure 11.

I also think that the presentation of the manuscript can be much further improved in terms of
language clarity, and figure presentation.
Based on the comments of the two referees, most sections of the manuscript were rephrased or

rewritten. Besides, lots of figures have been regenerated, as can be seen in the modified manuscript.

More specific comments can be found below:

1) In Section 4, Scenarios in table 2 and their related text: It is not sure how the result from the
hydraulic model in Case B being transformed into the spatial distribution of water depth, e.g. in
figure 20.b. Is the HEC-RAS setup, i.e. in case B, considers both 1D & 2D unsteady flow simulation
(i.e. in HEC-RAS v.5) OR just 1D + GIS “bathtub method”” OR just 2D? Also please provide at least
table or information for these setups in the supplementary so that it benefits others who may want
to compare in the future.

Case B use HEC-RAS v.5 2D, and inundation area can be obtained directly through the post process
RAS Mapper tool. However, in the modified manuscript, case B has been removed and this issue

no longer exists in the modified manuscript.

2) I would also consider improving the presentation of figures 20 & 22, e.g. to remove the
information of the elevation in the backgrounds and they may only confuse readers with many colors.
Instead, since the authors validated vaguely with the record of water depth reported in the urban
areas, the addition of extent, e.g. hollow polygon of these urban areas would be more useful. This



could also point out further the claim of the author regarding case A failing to simulate flood in the
urban areas (lines 488 -495), or rather parts of the urban areas (higher elevation).
Figure 20 in the original manuscript has been removed. And regenerated Figure 22 using a satellite

imagery base map to make it clear.

3) Line 495-498, with regards to mentioned reasoning of case A and B failing to simulate the flood
depth at the higher elevation further from the river bed, I would add the obvious reasoning is the
fact that case A and B contains NO distributed hydrologic modelling, they only consider point
sources inflow boundary conditions obtained from SWAT, and therefore none of the spatial rainfall
distribution is considered. Such failure has NOTHING to do with the lack of dynamic nor bi-
directional coupling method. Therefore, the author’s approach for the evaluation/ comparison is not
appropriate to prove the strength of the author’s DBCM.

Indeed, case A and case B in the original manuscript are not appropriate to support the strength of
DBCM. In the modified manuscript, case B has been removed. Besides, the evolution of the

coupling boundary added. Actually, Helin town case is just an implementation of DBCM.

4) Since the BCM coupling model (i.e. MIKE SHE + 11) is described timely and only compared
conceptually along with author’s proposed DBCM and UCM, why is the DBCM is only compared
with UCM in terms of performance (instead of all 3)?

Results of Mike she add to V-shaped catchment case in the modified manuscript. See Figure 11 in

the modified manuscript.

5) The performance of bi-directional against uni-directional coupling for flood modelling has
already been compared/accessed and known overtime in literatures for its improved water transfer
dynamic representation and result when setup properly. Since the author’s novelty for the coupling
approach is emphasize on the improved representation of changing extend of boundary or in other
words spatial-dynamic on top of the BCM, I would say the strong focus of the finding should be on
the performance assessment of author’s DBCM over BCM instead of the obvious UCM vs DBCM.
Thanks for your advice. In the modified manuscript, for V-shaped case, we add the results from
other researchers, see Figure 11 in the modified manuscript. And remove case B(UCM) in Helin

town case.

6) Line 115, : : :involves the “processes of precipitation”? What does it mean within the context?
Actually, we mean “hydrological processes”. The sentence has been rephrased, see line 105 in the

modified manuscript.

Line 430-440 and Figure 18, not very clear, please provide a better legend for the soil type, what
they mean instead of meaningless abbreviation only and imply for the model, e.g. relating to SCS
number or others. Also, please consider providing appropriate reference & source to data inputs like
GDEMV2, LULC, and soil type database.

Most of the datasets were obtained from online public data center. In data availability section, we
have add links to these websites. These can be found in Data availability section.

The legend of the soil type has been updated, see Figure 18b in the modified manuscript.



Line 443, The selected coefficient of rainfall and floods: : : in table 2 & 3, I think you meant Table
3 & 4 instead. Also ‘coefficient of flood’ is not appropriate.
Thanks for correction. The sentence has been rephrased. See line 422~423 in the modified

manuscript.

Line 483, “The red cycle: : :urban area”? Even if it is “circles/ points”, I understand they are
discharge comparison site (p1, 2 & 3).
Red cycle indicates the urban area of Helin town, not p1, p2 & p3. The figure has regenerated, see

Figure 20 in the modified manuscript.

Minor: Figure 17 & 18, the DEM information/ figures are repeated, and besides they are also shown
differently/ not consistent.

DEM information in Figure 18 has been removed, see also Figure 18 in the modified manuscript.

Figure 19, I suggest “Simulated Discharge (SWAT)” instead of “Calculated Discharge”.

The figure has been updated in the modified manuscript. See Figure 19 in the modified manuscript.

Figure 20 & 22, considers revising the legends (incl. the scale) into one single space since they are
the same rather than repeated in 2 separate figures, currently It may give the impression that only
elevation legend applies to figure a while depth only to figure b.

Figure 20 has been removed from the manuscript because of the removing of Case B. And Figure
22 has been regenerated using a satellite imagery base map, see Figure 20 in the modified

manuscript.

Table 2, "outflow" instead of "out flow".

Thanks for correction

Line 340, "slopes" instead of "lopes".

Thanks for correction



List of changes of the manuscript

Based on the comments of the referees, most parts of the sections of the manuscript have been

rephrased and rewritten.

The details of the changes made in the manuscript list as following, (line numbers are based on the

last manuscript version: nhess-2019-355-manuscript-version1.pdf’)

1.

10.
11.
12.
13.

14.
15.
16.
17.
18.

19.
20.

21.
22.
23.

24.
25.
26.

217.

The title changed from “A Dynamic Bidirectional Coupled Hydrologic-Hydrodynamic Model
for Flood Prediction” into “A Dynamic Bidirectional Coupled Surface Flow Model for Flood
Inundation Simulation”

Line 11~line22 of the abstract has been rewritten.

Line27 “...plays an important role...” changed into “ plays a rather important role”

Line 29 “With the advances in computation ...” changed into “With the advances in numerical
computation ...”

Line 32~line43 has been rephrased

Line 44~line51 has been rephrased

13

Line 55 “...can be used easily applied to UCM. “ changed into “can be used into UCM
simulation”

Line 57~line64 has been rephrased

Line 67 remove “(Muskingum method, etc) which only consider the precipitation and
infiltration processes”

Line 70~line75 has been rephrased

Line76~line81 has been rephrased

Line83~line84 has been rephrased

Line85 “The UCM feed hydrodynamic model with the output of hydrologic model as the inflow
boundary, and does not assess...” changed into “However, the UCM run the hydrodynamic
model using the hydrologic model output as the inflow boundary, and the hydrologic model
does not assess....”

Line 86 “considers” instead of “consider”

Line 87 “Taking the MIKE SHE/MIKE 11” instead of “Taking MIKE SHE/MIKE 11”

Line 88 “the velocity of a local grid” instead of “the grid velocity”

Line 89 remove of “then”

Line 90 remove of “before determining whether the flow impact from hydrologic model is side
inflow or outflow”

Line 91 “adequate” instead of “apt to”, remove of “ and perform”, “does not” instead of “doesn’t”
Line 92 remove of “only”, “further studies are necessary for general implementation” instead
of “further study is necessary to be done for more general implementation”

Line 93 “other complicate flow cases” instead of “other more complicate cases”

Line 95 “account” instead of “consideration”

Line 98 “switching between hydrologic model and hydrodynamic model” instead of “switching
of applied hydrologic and hydrodynamic models”, “The” instead of “A”

Line 99 remove of “a”

Line 100 “the proposed DBCM” instead of “DBCM proposed in this paper

Line 101 “the flow description of the model is more consistent with...” instead of “the running
process of the model is consistent with...”

Line 102 “the flow information determination based on the theory of characteristic on the



28.

29.

30.
31.

32.

33.

34.

35.

36.
37.
38.
39.
40.
41.
42.
43.

44.

45.

46.

47.
48.

49.

coupling boundary...” instead of “the flow calculation on the coupling boundary...”

2

Line 104 “and comprehensively consider the local flow...” instead of “comprehensively
considering the current flow...”

Line 107 “is applied to a real river catchment —Helin town in Chongqing City” instead of “is
applied to the Longxi river catchment in Chongqing City”

Line 109 “runoff routing” instead of “slope runoft”

Line 111 “within” instead of “at”, the mass and momentum transfer on the coupling boundary
are determined based on the characteristic wave propagation theory which is commonly ...”
instead of “flow information on the coupling boundary is calculated based on the theory of
characteristic wave propagation commonly ...”

Section 2.1 was divided into two sections: 2.1 Runoff generation and 2.2 Diffusion wave
approach, and the following section numbers increase accordingly.

Line 114 “The hydrologic model used in this study is a raster-based distributed model.” Instead
of “The hydrologic model used in this study is a physics, raster-based, and distributed model.”
Line 115 “involves the hydrological processes, e.g. precipitation and infiltration.” instead of
“involves the processes of precipitation and infiltration.”, “for” instead of “in”

Line 116 “The precipitation module reads in record datasets from rainfall stations and rainfall
intensity in each grid is interpolated using a spatial interpolation function (Thiessen polygon
method, Inverse Distance Weighted, etc.)” instead of “The precipitation module reads in record
datasets from a rainfall station and interpolates the data over the whole computational domain
using a spatial interpolation function (Thiessen polygon method, Inverse Distance Weighted,
etc.)”

Line 118 “module” instead of “model”

Line 126~line137 rephrased and moved to 2.1 Runoff generation.

Line 138 “are” instead of “is”

Line 146 “obvious” instead of “significant”

Line 151 “at each time step(see Fig.01a)” instead of “at each time step”

Line 159 add “The depth definition is show as Fig.1.”

After line 161, add new figure: Figure 1 typical grid and water depth definition

Line 164 “2D shallow water equations are the most widely used hydrodynamic model in
inundation simulation (Bradbrook,2006;Yu and Duan, 2014; Yu and Duan, 2017)” instead of
“The governing equations for the hydrodynamic model are the widely used 2D shallow water
equations.”

Line 173 “These equations are solved using the finite volume method similar to TELEMAC(Ata
et al., 2013).” Instead of “The finite volume method following TELEMAC(Ata et al., 2013) are
used to solve these equations.”

Add the formula of time step after line 189.

Line 190 “2.4 Coupling approach” instead of ‘2.3 Dynamic bidirectional coupling
model(DBCM)”

Line 191~line 204 has been rephrased

Figure 2 has been replaced by a new one, the caption changed accordingly and the explanation
(line207~1ine219) has been rephrased.

Line 222~line286: some minor corrections were made. Besides, Figure 4 and Figure 5 were
merged into one new figure (Figure 5 in the modified manuscript).



50.

51.

52.
53.
54.
55.
56.
57.
58.
59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.
70.

71.

72.
73.

Line 292 “and then the performance of DBCM will be verified using a V-shaped catchment.”
instead of “and then the DBCM will be verified.”

Line 300 remove of “respectively”, “and the oblique angle 8 = 8.95°” instead of “and 6 =
8.95°”

Figure 10 was replaced by a new one and the caption updated.

Line 341 “slopes” instead of “lopes”

Line 344~line353 make into a new paragraph with some minor corrections.

Figure 11 was replaced by a new one. Add several hydrographs from reference models.

Line 356~line 357 was rephrased.

Line 361~line 370 was removed

Line 383~line395 as well as Figure 14 were removed.

Add a new figure to show the evolution of the coupling boundary (Figure 14 in the modified
manuscript) and the corresponding explanation(line360~365 in the modified manuscript)

Add a figure to show the simulation efficiency between SWE, DBCM and DWE (Figure 15 in
the modified manuscript) and the corresponding explanation (line 373~line380 in the modified
manuscript)

Line 405 “DWE” instead of “diffusion wave equation”

Line 408 “the momentum transfer need to be taken into consideration in order to get reasonable
simulation results” instead of “the application of hydrologic model inevitably leads to errors.”
The caption of Figure 16 was updated

Line 412~1ine420: some minor corrections were made

Line 423~line429 was rephrased
Line 430 “The input datasets for DBCM include...” instead of “The model data includes...”
Line 435 “...the public data provided by local administrative sectors” instead of “...the public
data”
Figure 18 was replaced by a new one: the DEM information was removed and the Soil type
codes were updated.
Line 441~line452 was rephrased

Case B was removed and Table 2 was updated accordingly. Case C in the older manuscript was
replaced by Case B in the modified manuscript.
The legend of Figure 19 was updated: “Simulated Discharge(SWAT)” instead of “Calculated
Discharge”
Line 461~line475 as well as Figure 20 and Figure 21 were removed
Line 480~1ine498: some minor corrections were made, “Case B” instead of “Case C”

a) Line 483 “that” instead of “the one in inlet”

b) Line 486 “following” instead of “follows”

c) Line 487 remove of “course”

d) Line 488 “in the catchment” instead of “of the reach”

e) Line 489 remove of “Reviewing the simulation results(Fig.20), the maximum water depth

is generally between 2m and 5m along the banks”

f)  Line 490 “in terms of the” instead of “it comes to”

g) Line 495 “reason for” instead of “cause of”

h) Line 496 “due to local” instead of “by”

i) Line 497 “uphill surface flow” instead of “flow from the uphill slope”



j)  Line 498 “closer” instead of “approximate”

74. Figure 22 was replaced by a new one using the satellite imagery as the base map and add the
red circle to indicate the location of Helin town (Figure 20 in the modified manuscript).

75. The legend of Figure 23: “Case B” instead of “Case C” (Figure 21 in the modified manuscript)

76. Add a new figure to show the evolution of coupling boundary in Helin town (Figure 22 in the
modified manuscript), and the corresponding explanation (line471~line474 in the modified
manuscript)

77. Line 517~538: the Conclusions section, some minor corrections were made:

a) Line 517 “surface flow inundation simulation” instead of “flood prediction and analysis”

b) Line 518 “solution scheme” instead of “the solution schemes”

¢) Line 519 remove of “study”

d) Line 520 “determine” instead of “compute”

e) Line 524 “alteration” instead of “change”

f)  Line 525 “accounts” instead of “enables”

g) Line 526 remove of “significantly”

h) Line 530 “information” instead of “state”

i) Line 534 “benchmark tests” instead of “test cases”

j)  Line 535 “the dynamic switching” instead of “the switching”

k) Line 536 “... in simulating surface flow, which hardly...” instead of “...in simulating
overland flow, hardly achieved...”

78. Data availability section: line 540~line543, add the source of satellite imagery base map used
in Helin town simulation.

79. References section: line 554~line650, add a new reference: Yu, C. and Duan, J.: Simulation of
Surface Runoff Using Hydrodynamic Model, Journal of Hydrologic Engineering, 22, 04017006,
10.1061/(ASCE)HE.1943-5584.0001497, 2017. And some minor corrections were made to the
other references.
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Abstract. As one of the main natural disasters, flood disaster poses a great threat to township development and property
security. Numerous hydrological models and hydrodynamic models have been developed and implemented for flood
simulation, risk prediction and inundation assessment. In this study, a dynamié&bidirectional coupled hydrologic-hydrodynamic
model (DBCM) is developed to simulate and evaluate flood inundation impacts. Based on characteristic theory, as one key
feature of DBCM, the proposed method is able to dynamically adapt and alternate the boundary between hydrologic model
and hydrodynamic model according to the local flow condition. The proposed model accounts both mass and momentum
transfer on the coupling boundary which only mass transfer is considered in existing unidirectional coupling model (UCM)
and bidirectional coupled model (BCM). Several benchmark tests were used to validate the performance of DBCM, and the
results show good agreement with analytical solution as well as experiments results obtained from reference study. The DBCM
effectively reproduces flood propagation process and accounts for surface flow interaction between non-inundation region and
inundation region. And then, the DBCM was implemented to a typical mountainous river basin — Helin town located in
Chongging City. The simulation results show its capability for conducting flood simulation which can support flood risk early

warning and future management.

1 Introduction

Over the past decades, flood events occurred frequently as one of the most devastating natural hazards which impact millions
of people across the world, as a result of global warming, population growth, rapid urbanization and climate change (Zhu et
al., 2016). Between 1998 and 2016, economic loss due to flood induced disasters has reached millions of yuan in China (Osti,
2017). Thus, prediction and early warning of flood events play a rather important role in the flood risk assessment and
management as well as urban design and policy-making.

With the advances in numerical-computation and information technology, a large number of studies have been carried out
to investigateQ[he hydrologic process and to-assess flood risk. Numerous hydrologic models and hydrodynamic models have
been proposed to deal with these related problems (Li et al., 2016; Leandro et al., 2014; Li et al., 2013; Singh et al., 2015; Yu
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and Duan, 2014; Yu and Duan, 2014). The purpose of the hydrologic model is to assess the water cycle between and within
atmosphere, surface and soil over a wide range of space and time scales involving most of the hydrological processes, e.g.
precipitation, evaporation, infiltration, etc. Both lumped and distributed hydrologic model are commonly used in real practice
related to flood simulation and water management (Singh and Woolhiser, 2002). Whereas, hydrodynamic model solves the
two-dimensional mass and momentum equations with full description of the water flow in the study domain (Yu and Duan,
2014; Patro et al., 2009; Singh et al., 2015), such as the water depth, flow velocity, flow duration, etc. However, when
conducting the hydrodynamic simulation, initial and boundary conditions datasets need to be prepared ahead, and the accuracy
of the datasets impacts the accuracy of the final results obtained from hydrodynamic models.

Recently, much of efforts have been done on the coupling between hydrologic model and hydrodynamic model to take full
advantages of both models. These models can be classified into: unidirectional coupling model (UCM) (Montanari et al., 2009;
Choi and Mantilla, 2015) and bidirectional coupling model(BCM) (Yu and Duan, 2014; Yu and Duan, 2017; Thompson, 2004;
Zhu et al., 2016). In terms of the widely implemented UCM, the hydrologic model is used on the first stage and the results
obtained feed the hydrodynamic model as boundary conditions subsequently. Thus, the flow information is transferred in one-
way manner from the hydrologic model to the hydrodynamic model. This makes the UCM easy to conduct in real practice.
(McMillan and Brasington, 2008) developed a coupled precipitation-runoff hydrological model with 1D dynamic wave model
being used to assess the flood inundation for several flood return periods. Other researchers (Choi and Mantilla, 2015; Grimaldi
etal., 2013; Montanari et al., 2009) adopted similar coupling methods to investigate flood risks. Many advanced opens-source
and commercial modellingq’packages (SWAT(Liu et al., 2015), HEC-HMS(Hdeib et al., 2018), DHI MIKE(Rayburg and
Thoms, 2009), etc.), can be used into UCM simulation.

However, for the cascade coupling manner and one-way flow information transfer, the UCM cannot make a full description
of water movements on the coupling boundary which are always involved with each other. For example, under some specific
conditions, flow information from hydrodynamic model may affect the surface runoff yield in hydrologic model(Lerat et al.,
2012) and in this case, the flood risk may be underestimated. During a real flood event, the rainfall-runoff production is time
dependent and spatial varied among the study basin. BCM is one possible solution for this problem, coupling the hydrologic
model with the hydrodynamic model and using rainfall, climate condition, soil distribution and other GIS information as input
data. In line with this objective, various techniques have been proposed, ranging from simple approach through changing
boundary conditions, such as point source or lateral flow conditionsQ(BouiIIoud et al., 2010), to relatively complicate models,
such as using the simplified 2-D shallow water equations to simulate overland flow instead of traditional hydrologic model
(Viero et al., 2014). The coupled MIKE SHE/MIKE 11 modelling system (Thompson, 2004; Thompson et al., 2004) is one
kind of BCM that the discharge can exchange within hydrodynamic and hydrologic models at pre-defined river links. The flow
velocity is computed based on water level gradient between MIKE SHE and MIKE 11, and théftalculated flow be treated as
lateral flow when solving the momentum equation of the hydrodynamic model. And after updating the flow direction, the

discharge fed back to the hydrodynamic model in the next time step. Through this approach, the present water level of the
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hydrologic model and hydrodynamic model have been used in velocity calculation on the mutual boundary (Bravo et al., 2012;
Laganier et al., 2014).

The existing coupling methods, either UCM or BCM, still have some limitations for the flood simulation and prediction.
On the one hand, the location of the coupling boundary, where flow information exchange between these two models, is
predetermined. Generally, in this paper, model domain areas for hydrological model and hydrodynamic model are defined
with non-inundation area and inundation area respectively. The non-inundation and inundation areas are time-dependent
according to the local flow conditions. However, a pre-specified coupling boundary leads to the bargain of cost and benefit
between simulation efficiency and resources. A very large inundation region will cost more computing resources and reduce
efficiency, while a very small inundation region may lead to the flood area being located beyond the pre-set boundary. Thus,
the size of domain is one key issue in coupling models. On the other hand, the discharge through the coupling boundary need
to consider the flow information of both models. However, the UCM run the hydrodynamic model using the hydrologic model
output as the inflow boundary, and the hydrologic model does not assess the feedback effect from the hydrodynamic model,
which has been taken into account by BCM. The existing BCM considers the water volume exchange between two models
without precise consideration of local velocity information. Taking the:MIKE SHE/MIKE 11 coupling model as an example,
the velocity of a local grid on coupling boundary is temporal calculated based on flow depth difference between the two models,
and®he obtained temporal velocity is used to solve momentum equations in hydrodynamic model. This approach is adequate
conduct, while the temporal velocity still does not take their own original velocity of both models into consideration which
limits its application to 1D flow. Thus, further studies are necessary for general implementation, such as 2D flow or other
complicate flow cases. In order to reach the goal of dynamic coupling and keep mass and momentum conservation, the flow
states from both hydrologic and hydrodynamic models on the coupling boundaryq’should be taken into account which means
the grid-self flow depth and velocity cannot be discarded. Besides, special focus should be paid to the boundary dynamic
change and subsequent flow states after the determination of discharge variation.

The aim of this study is to develop a dynamic bidirectional coupling hydrologic-hydrodynamic model (DBCM) capable of
realizing the dynamic switching between hydrologic model and hydrodynamic model. The two-dimensional hydrodynamic
model andgrainfall-runoff hydrologic model are coupled based on the techniques of characteristic wave theory. In comparison
tc?existing approaches, the main advantages of the proposed DBCM are two folds, (1) a dynamic coupling approach of hydro-
hydrodynamic model based on characteristic wave theory is developed for the first time, and the flow description of the model
is more- consistent with the natural flood propagation; (2) the flow information determination based on the theory of
characteristic on the coupling boundary is the key point to realize the dynamic switch of the surface flow simulation within
both models, and comprehensively consider the local flow state computed by both models.

Prhe methodology of the proposed DBCM is described in section 2. After that, the performance of the proposed model is
verified by numerical and physical experiments in Section 3, as well as comparison and discussion with former approaches. In

section 4 the DBCM is applied to a real river catchment — Helin town in Chongging City, and then followed by conclusions.
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2 Methodology

The DBCM model comprise a hydrologic model which includes three sub-models (rainfall, infiltration and runoff routing) and
a hydrodynamic model which solves 2D shallow water equations used to simulate channel and overland flow. Both models
are solved simultaneously within each time step, and the mass and momentum transfer on the coupling boundary are
determined based on thefzharacteristic wave propagation theory which is.commonly employed in solving Riemann problems
(Toro, 2001).

2.1 Runoff generation

The hydrologic model used in this study is a raster-based distributed model. The runoff yield of a catchmentvaoIves the
hydrological processes, e.g. precipitation and infiltration. 2-D diffusion wave equations is used for overland flow modelling.

The precipitation module reads in record datasets from rainfall stations and rainfall intensity in each grid is interpolated
using a spatial interpolation function (Thiessen polygon method, Inverse Distance Weighted, etc.). The infiltration module
solves the Green-Ampt equation (Rawls et al., 1983), a theoretical formulation obtained based on Darcy formula with a simpler
form as follows.

fo =K (1+8=20%) (1)

c

where f, is the infiltration rate(mm h™1), K, is the hydraulic conductivity(mm h™1), S, is the average effective suction of the
wetting front (mm), 65 and 6; are saturated and initial soil moisture content respectively (%), F; is the cumulative infiltration
(mm). According to the relationship between infiltration rate, soil moisture content and rainfall intensity, this formula can
reflect runoff yield conditions under whether saturated storage or excess infiltration, and it has been widely verified and works
well.

Surface flow routing models can be divided into conceptuagmodel and physicalgnodel. The conceptual model, such as Soil
Conservation Service(SCS) formulation (Rallison and Miller, 1982) ,an empirical model for estimating the amounts of runoff
under varying land use and soil, and unit line formulation, commonly output the runoff hydrographs at control section, but it
is not capable of providing detailed information about the water movement over the entirerasin. Moreover, the location of the
control section and computing grid cannot be changed once determined. The mesh generation principle of the conceptual
hydrologic model is not consistent with that of the hydrodynamic model. Therefore, the conceptual hydrologic and
hydrodynamic models cannot be processed using the same computational grid. Hence the conceptual hydrologic model and
hydrodynamic model can only be solved sequentially and independently. Nevertheless, the governing equations of the process
based hydrologic model often take advantage of the simplified forms of hydrodynamic model (kinematic wave model (Borah

and Bera, 2000), diffusion wave model (Leandro et al., 2014; Downer et al., 2002), etc.) to simulate the flow routing process.


Text Replaced�
Text
[Old]: "slope runoff) and 110" 
[New]: "runoff routing) and"

Text Inserted�
Text
"100"

Text Replaced�
Text
[Old]: "at" 
[New]: "within"

Text Replaced�
Text
[Old]: "and flow information on the coupling boundary is calculated" 
[New]: "and the mass and momentum transfer on the coupling boundary are determined"

Text Deleted�
Text
"theory of"

Text Inserted�
Text
"theory which is"

Text Replaced�
Text
[Old]: "Hydrologic model The hydrological" 
[New]: "Runoff generation The hydrologic"

Text Replaced�
Text
[Old]: "physics, raster-based, and" 
[New]: "raster-based"

Text Deleted�
Text
"115"

Text Replaced�
Text
[Old]: "processes of" 
[New]: "105 hydrological processes, e.g."

Text Replaced�
Text
[Old]: "in" 
[New]: "for"

Text Replaced�
Text
[Old]: "a rainfall station and interpolates the data over the whole computational domain" 
[New]: "rainfall stations and rainfall intensity in each grid is interpolated"

Text Replaced�
Text
[Old]: "model" 
[New]: "module"

Text Replaced�
Text
[Old]: "120" 
[New]: "110"

Text Replaced�
Text
[Old]: "125" 
[New]: "115"

Text Deleted�
Text
"hydrologic"

Text Deleted�
Text
"hydrologic"

Text Deleted�
Text
"130"

Text Inserted�
Text
"120"

Text Replaced�
Text
[Old]: "grid model." 
[New]: "grid."

Text Replaced�
Text
[Old]: "135 model(kinematic" 
[New]: "model (kinematic"

Text Inserted�
Text
"125"


2:2:Diffusion wave approach

The diffusion wave equations (Bates and De Roo, 2000) are used to determine the runoff routing, which are composed of

mass conservation equation and momentum equations:

oh | %x 4 Ody _
at ax = dy - Qm! (2)
. _ A?Q« 175)(5).5
130 G = “H =4 ©
0.67 ¢0.5
0y =225, @

1

where q,, (Z are unit discharges along the x and y directions(m? s~1), h is water depth(m), Q,,, equals to rainfall rate minus

infiltration rate (ms™'), Q,, Q, are flow rate in the direction of x and y (m® s™"), respectively, A is flow area (m?), R is
Qnydraulic radius (m), S is water level gradient, and n is roughness coefficient.

135 Since the effect of acceleration and inertial terms of water flow on the urban surface is not obvious compared to gravitational
and frictional terms (Chen et al., 2012; Hsu et al., 2000), the time dependent terms in the original momentum equations are
omitted, thus two diffusive wave equations are obtained. The numerical scheme can be found in the JFLOW model (Bradbrook
et al., 2004; Yu and Lane, 2006). The diffusive wave model does not compute the flux term in thefomentum equations.
Velocity entirely depends on the local water level gradient and roughness, and water depth relates to discharge from the

1400 neighbour grid. The possible flow is up to two of the adjacent cells at each time step (see Fig.01a):

Wh5/3s; whb/3s;
Q= 2 211/41Qj= 2 2]1/4v ®)
n(Si +53 ) n(Si +57 )
where
Si — 71i,j_7li11,j’5j — Ni,j—Mij+1 ’
w
@ b=y max(zy 7 ) by = ngy — max (2, 740),
WS 2+h;S?
45 h=9a S (6)
@+s]

where w is the width of the cell(m), S;, S; are water level slope in the orthogonal direction of i and j, respectively, h;, h; are
effective depth in orthogonal direction of i and j, respectively, n; ; and z; ; are the water surface level and ground elevation(m),
respectively, and h is the effective depth. The depth definition is shown as Fig.1. The change of water depth in each of the

cells is then calculated using the following?equation:

o O )
150 Ah = (ZQH’LL,] 2Qout i j Qméfq (7)

w
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Figure 1 typical grid and water depth definition
2.3 Hydrodynamic model

2D shallow water equations are the most widely used hydrodynamic model in inundation simulation (Bradbrook, 2006; Yu
155 and Duan, 2014; Yu and Duan, 2017). Neglecting the Coriolis force term, wind resistance term and viscosity term, the
equations are composed of the continuity equation

oh dhu dhv

ot ox

and the momentum equations

%u + ﬁ?(huz + %ghz) -IQ(% (huv) = —gl@é = &u\?um? ©)
1&96{%@1@;} (huv) +Q??<h1§ + ;Qghz) = —ghg—; N T (10)

where u, v are velocities along the x and y direction(m s~1), respectively, h is water depth(m), g is gravity acceleration
(m s~2), z is bottom elevation(m), C is Chezy coefficient representing roughness, Q,, is the source term which equals to
rainfall rate minus infiltration rate (m s™1).

These equations are solved using the finite volume method similar to TELEMAC (Ata et al., 2013). And the convection

165 flux on grid faces is calculated using the HLL scheme with WAF approach (Toro, 2001).

Fpnit — 5.0
Fh'” — SRFL_SLF?;f;jR(UR_UL\Q SL < 0 < SR , (11)
Fhl = |, Sp <0

S, = UL_\/EISR =Ug ++/ghg,

where Uy, Ug, h;, hg are the components of the left and right Riemann states for a local Riemann problem, and S;, Sy are

estimates of the speeds of the left and right waves. F™ is the fluxes in the middle region. Based on this flux, the WAF method
170: guarantees a second order accuracy in time and space is proposed:

N+‘Q
F 1= Z B F®
l+E i
k=1

1
2
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1 AtS
B = E(Ck = Ck-1),Ck = A_xk'CO =-landcy, =1, (12)Q

where Pi‘fl) = F(U(")), N is the number of waves in the solution of the Riemann problem, and B corresponds to the
2

differences between the Courant numbers ¢, of successive wave speeds Sj,.

The topography term on the right hand-side of equation (9) and (10) is calculated by the hydrostatic reconstruction scheme:

~ghZ =9 = 98 igury2 _ (nf2] (13)

h® = max[0.0, h; + z; — max(z;, zi41)]
h} = max[0.0, h; + z; — max(z;_q, ;)] ?

The friction term is computed by a semi-implicit scheme to ensure numerical stability (Liang et al., 2007):

(h)™
(hu)n+1 = ~z (14)
1+At<"7V (hZ)ZZCJ;(h”QPQ Q

QThe time step is determined by CFL condition as following.

_ . Ax; Ay;
At = C;min (luil"’\/g_hi ‘ Ivi|+Jg_hi) ’ )

Where C; is Courant number, limited by 0 < C, < 1 for simulation stability, a typical value of 0.9 is used for the following

simulation-cases.-More details of the numerical schemes can be referred to (Ata et al., 2013).

2.4 Coupling approach

The computation domain in DBCM s divided into non-inundation regions and inundation regions, and the diffusion wave
equation(DWE) is solved in non-inundation region with small water depth while the hydrodynamic model(SWE) is applied in
inundation regions with high water depth and discharge. The model for a specific grid is determined based on its own and
neighbouring flow state. The boundary between the non-inundation regions and inundation regions forms the dynamic coupling
boundary which is time dependent. Besides, special treatment on discharge through the coupling boundary need to be taken
based on the local flow state using the characteristic theory.

The flow status always changes time to time, and the model applied also alters based on given criterion. This leads to the
changes of coupling boundary position accordingly. As shown in Fig.2, with the increasing of rain intensity, the inundation
region expands as a consequence of the gradually accumulating of surface water volume from upstream regions. The position
of the in-flow boundary, flow path and discharge change subsequently. The coupling models proposed by other researchers,
either UCM or BCM, consider less of this phenomenon.
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Figure Z.QSchematic diagram of DBCM

Figure 3 shows a detailed process of flow state change on both sides of the coupling boundary. Fig.3a shows the case of the
flow on slope flows to the channel. The discharge on the coupling boundary equals to the upstream discharge and not affected
by the downstream flow, which means the local discharge is completely determined by DWE. After the water depth is updated,
the location of the coupling boundary point O is moved to point A according to the comparison of its water depth to the water
depth threshold. Moreover, in the inundation region the flow may move from downstream to upstream, as shown in Fig.3b.
The discharge and water depth on the coupling boundary should be determined by the flow on both sides. In this case, the
coupling boundary location moves to point B due to inundation area expanding.Q

Dy, B O

Dy, 0 A
(a) E ‘ (b) - B

— SWE

- s u
Non-inundation area Inundation area

- 3
Non-inundation area Inundation area
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~ Coupling boundary at t, - Coupling boundary at t,.;

Figure%?;—%w state change and position of the coupling boundary

In previous studies by other researchers, the discharge on the coupling boundary may be computed directly through the
hydrologic model, using empirical formulae, or by interpolation approaches according to the water level or velocity gradient
on both sides. Such methods may still fail to provide an overall understanding of the flow regime status of the combined
hydrologic ananydrodynamic model. The DBCM is conducted as following procedures on the coupling boundary: the flow
state is obtained by both the hydrologic and hydrodynamic models in their local grids, then the discharge through the coupling
boundary is computed and the entire water depth is updated according to the water volume variation. After that, the location

of the coupling boundary is updated and the@rea of non-inundation region and inundation region are remapped. The key issue

8
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of DBCM igQo establish a reasonable approach to determine the discharge on the coupling boundary, which need to integrate
the effect of current flow state obtained by both models on both sides of the coupling boundary.

According to Godunov theory (Godunov, 1959), the solution ofzonvective flux implementing the finite volume method can
be considered as a local Riemann problem. The discontinuity characteristics speed between each grids represent the
propagation of local fluid variables in time and space, as shown in Fig.4. When the characteristic speeds are all positive, the
flux depends entirely on the left-side flow state, and vice versa. However, when the characteristic speeds have a negative value
and a positive value, bothQ[he current flow state in the two grids must be taken into consideration. Applying this theory to
DBCM, the computational scheme at the boundary can be specified. It is known that the hydrologic model only transfers water

mass, while the hydrodynamic model transfers both water mass and momentum. More details of different coupling cases are

shown Fig.5.
t t ‘
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Figure 4. Direction of Characteristic wave

For first case in Fig.5a, the hydrologic and hydrodynamic models are calculated independently, corresponding to the
situation that positive bed slopes inducing confluence flows into the river, thus only the discharge calculated by the
hydrological model passes through the coupling boundary (Fig. 3a). The flow information in grids k and i is calculated using
DWE and grid j using SWE, see Fig. 5a. Firstly, slope analysis of DWE is applied uniformly. Obviously the water level
gradient between k and i is smaller than that between grid i and grid j. According to the calculatior?results from the DWE, the
velocity points to the maximum water level slope (in Fig.1a, flow directs to right). Therefore, the change of water depth in grid
k has nothing to do with the flow state at grid i, and the velocity change at grid k is analysed by the-other grids on the left of
grid k. The flow information at grid i and j forms a local Riemann problem and then:the characteristic speed is analysed. The
velocity at grid i is obtained from above analysis, and the velocity at grid j is the velocity at current moment. The interface
water depths at contact discontinuity are calculated as: h} = h; + z; — max(z;, z)), hl = h; + zj — max(z;, z;). Thus a pair of

Qcharacteristic wave at the interface are obtained:

S, =u; —~/ghf,Sg = u; + /gh-L , (16)

When the characteristic speeds S = S, > 0, the flux calculation only depends on the flow information at grid i, independent
of that at grid j. The velocity at grid i is calculated using the diffusion wave equations and only outflow is allowed. In addition

to the water depth change calculated according to the hydrodynamic model at grid j, the water volume transferred from grioq
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should also be added. No convection term in the momentum equation of DWE indicates no momentum transfer at the

discontinuity between grid i and grid j, and thus:the velocity of the two grids does not interact with each other.
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Figure 59Coup|ing condition A: discharge on coupling boundary depends on hydrologic model

For the second case in Fig.5b, the hydrological model and hydrodynamic model are calculated together, corresponding to
the situatiochhat inundation area expanding (Fig.3b). As shown in Fig. 5b, the water depth in grid k and grid:i are small, and
the hydrologic model is applied. While grid j has a deeper water depth and smaller elevation, the hydrodynamic model is
applied. In this case, the velocity direction is form grid i to grid k. The characteristic wave analysis at the interface of grid i
and grid j reveals that S, > 0 > S;, which means that the momentum at grid j can be transferred to grid i. Grid i is involved
in the computational domain of the hydrodynamic model. The water depth increment at grid i needs to deduct the current
discharge output to grioQK and the flow rate obtained by solving the hydrodynamic equation with the flow state at grid j. The
velocity increment at grid i is obtained by solving the hydrodynamic equation with the flow state at grid j based on current
velocity. Then the flow state at grid i is updated. And coupling boundary position may change when water depth varies.Q

The slope gradient analysis and characteristic wave analysis are key issues of the computational theory for solving DWE
and SWE respectively. The key point to couple these two approaches is to successfully address the connection on the coupling
boundary. As discussed above, in existing research only one governing equation is solved throughout the computational
domain, but hardly considering the interaction between two kinds of governing equations and resized the area of different
computational domain. A reasonable and implementable approach coupling the solutionQprocedure of DWE and SWE is the
precondition for establishing DBCM. In this study, the slope gradient analysis is performed to determine the current calculated
velocity together with current depth, and the characteristic wave analysis is conducted on coupling boundary as long as velocity
and depth have been provided, no matter it is calculated from hydrologic or hydrodynamic model. Then, flow information
exchange on coupling boundary is determined according to the characteristic speed which reflect the propagation of flow state
in time and space. This method integrates?nydrologic model and hydrodynamic model into a comprehensive system by means

of joining the two core steps of slope gradient analysis and characteristic wave analysis together.

10
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265 In the proposed DBCM, the coupling boundary position will not keep fixed in advance throughout the calculation process.
The location where the§runoff enters the inundation region varies dynamically, and the flood level can also submerge the
original inflow points and regenerate new coupling boundaries. Such alternation mechanismris close to natural flow processes.
The characteristicfvave theory is used to determine the mass and momentum exchange through the coupling boundary.
Compared to the "cascade" operation in UCM, the present DBCM solves DWE and SWE simultaneously. When non-

270 inundation regions get larger, the flow movement is mainly obtained by utilizing DWE. Whereas, when the inundation regions

extend, the computational domain is given priority to SWE.

@ Model validation

¢rhe numerical model results from DBCM are compared witl@analytical solutions, experimental data, and results obtained from
existing numerical models. Considering the complexity of the numerical model schemes used in the hydrologic and

275 hydrodynamic models, the hydrodynamic model performance will be validated in the first stage, and then the performance of
DBCM will be verified using a V shaped catchment. As described in 2.2, the numerical schemes of the hydrodynamic model

(referred to HM2D in the following section) used in this study have second order accuracy in both time and space.

3.1 Oblique hydraulic jump

The oblique hydraulic jump example is a special flow pattern, with an analytical solution being available in open channel flows,
280: which is often used to verify the capability of the numerical scheme in simulating shock wave formation. When a supercritical
flow is deflected by a converging wall at an angle 8, the resulting shockwave forms an oblique hydraulic jump at an angle 8,
as depicted in Fig. 6. Both the angles of water surface lines behind the shock wave front can be obtained by analytical solution.
¢|n this study, the upstream water depth and velocity are set as 1m and 8.57m s, and the oblique angle & = 8.95°. The width
and length of channel are 30m and 40m respectively. In these conditions, the exact analytical solutions are downstream water
285 depth D, = 1.49984m, downstream velocity V, = 7.95308 ms™1, and angle =~ = 30° (Rogers et al., 2001) when flow
reaches a steady state.
40m

| |
I |

Water depth=Im

E| —— 857mis
o
ol
- . «‘A\’e’“c_.
S“OC e -
Be
— 7 #=895

QFigure 6. Oblique hydraulic jump: definition sketch
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The spatial step size is set as Ax = Ay = 0.33m. The time step is set to dynamic adjustment and total calculating time is 90s.
290: Figure 7 shows a 3-D view water depth results predicted by our model. The oblique jump is sharply captured, and has an angle
B =~ 32°. The average water depth downstream behind the shock front is 1.532m, and the average velocity is 7.86m s~ 1. The
numerical solution is close to the analytical solution, as shown in Table 1. The results of references are also shown below. The

Qoutput of HM2D and the references, either the water depth or velocity, show good agreement (see Table 1).

295 Table 1. Comparison between analytical solution and calculation result for oblique jump case

¢ Angle B Water Depth(m) Velocity(m s*)  Depth Error(%) Velocity Error(%)
Analytical solution 30° 1.49984 7.95308 - =
HM2D results 32< 1.532 7.86 219 1.2
Reference results ~ 30° 153 7.9 2@9 0.6

Depth(m)

oz,

QFigure 7. Steady state of water depth of oblique hydraulic jump

3.2 Dam-break over a dry of flood plain

3000 Dam-break is a classic benchmark problem, which is often used to verify the capability of a numerical scheme in dealing with
dry-wet boundary, and the physical experimental model is easy to conduct. Thus, it is convenient to collect measured data for
comparison with numerical results. An experiment performed by (Fraccarollo and Toro, 1995) was used to validate the DBCM

@ developed in this study. The entire model domain is 3m>2m, which is separated into two areas by a dam at X=1m. Initially,

the still water with a depth of 0.64m in the reservoir is surrounded by solid walls, while the downstream area is initially dry.
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305 The boundaries of the downstream floodplain were all open flow. A 0.4m wide section in the middle of the dam was breached

instantaneously. The numerical model spatial step is Ax = Ay = 0.04m, and roughness coefficient is n = 0.01.

QQI‘—?gure 8 shows the water surface elevation at different times. It can be clearly seen that as the bore wave propagate toward
downstream initially. A depression wave travels upstream, which is reflected back by the walls surrounding the reservoir,
causing the water surface elevation in the reservoir to oscillate. In Fig.9, a comparison between the measured and computed

3100 water level data was made, which shows a good agreement. The results are encouraging and the overall trend is well captured.

9

(w)pdaq

8%

(d)

(w)pdag

Figure 8. Snapshot of the water elevation for dam-break simulation: a. t=0.1s; b. t=0.5s; c. t=1.1s; d. t=5.0s
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Figure 9. Comparison of water depth variation at four positions: a. x=1m. y=1m; b. x=0.18m, y=1m; c. x=0.48m, y=0.4m; d. x=1.802m,
y=1.45m

3.3 Two-Dimensional surface flow over a tilted VV-shaped catchment

A two-dimensional surface flow over a tilted V-shaped catchment is simulated (Di Baldassarre et al., 1996; Panday and

QHuyakorn, 2004), we aim to verify whether the computational domains of the hydrologic and hydrodynamic models can

320: dynamically switch and compare the difference between the DBCM, UCM and BCM. As shown in Fig.10, the topography of

the example is depicted.
QQFhe computational domain is symmetrically V-shaped, with a pair of symmetrical hillslopes forming a channel at the central
region. The bed slopes are #0.05 spanwise, and 0.02 streamwise parallel to the channel. The manning coefficient on the

hillslope is 0.015 while it is 0.15 in the main channel. The total simulation time is 180min and the constant rainfall intensity is

325 10.8 mm h'* for a duration of 90 min. Fig.10 shows the detailed dimension and related information of the V-shaped catchment.
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20m

Figure 10.  Diagram and dimension of the tilted V-shaped catchment

Considering the hydrodynamic model providing more detail$fo describe the overland flow than the hydrologic model, the

HM2D and DBCM under the same rainfall conditions were adopted. The water depth threshold for DBCM to distinguish the

330 hydrological model and the hydrodynamic model is set to 0.005m. When water depth is less than the threshold, the grid is

calculated using the hydrological model, and when water depth greater than the threshold the grid is applicable to the

hydrodynamic model. Results are compared with reference numerical models developed by (Di Baldassarre et al., 1996;
Panday and Huyakorn, 2004; Yu and Duan, 2014).

SAs shown in Fig.11, the discharge hydrographs obtained by the HM2D and DBCM are compared with other existing models.

335 The discharge hydrographs show good agreement for the peak discharge. The start periods of discharge rising and receding

limbs simulated by the HM2D and DBCM are consistent with those predicted by others. However, discrepancies gradually

grow, so that both the HM2D and DBCM under-predict the discharge. Despite this disparity, the overall trend of the

¢nydrographs indicates that the accuracy of the proposed models are satisfactory.

Comparing the hydrographs between the HM2D and DBCM, it can be seen that their rising limb and peak discharges are in

340: very good agreement. Consequently, both models adopted the hydrodynamic model to simulate the overland flow. The

difference between the HM2D and DBCM gradually emerges at the receding limb due to the switching of applied models. The

HM2D simulates water movement using hydrodynamic model (SWE) throughout the computation process?while the DBCM

switches from the hydrodynamic model to the hydrologic model (DWE) when the upstream water depth falls below threshold.

Since no time partial derivative terms in the hydrologic model, the velocity at the present is a function of the current water

345 level gradient, and is not equal to the velocity at the previous moment plus the flux term. For this reason, when the DBCM
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365

switches from the hydrodynamic model to the hydrologic model, the velocity calculation approach changes accordingly, and
the discharge difference between the HM2D and DBCM emerges. Therefore?(he outlet flow is slightly larger, but later slightly

smaller, in the DBCM, assuring the overall is mass conserved.
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¢Figure 11. Comparison of discharge hydrograpthof the V-shaped catchmentQ

Prhe spatial variability of flow depth, velocity and flux in x,y direction at 90 min and 120min are shown in Fig.12 and Fig.13.
The hydrological model and the hydrodynamic model are solved simultaneously iffDBCM. The main difference between the
governing equations of the hydrologic model and hydrodynamic model is that the flux term is not calculated in the former,
meanwhile the latter needs to calculate the convection term. The non-inundation region and inundation region can be
determined by whether the flux term is generated during the calculation process. When t=90min, the rain stops, the water depth
reach the peak value and the flow information is determined by the hydrodynamic model over the whole domain. At t=120min,
the water continues to flow to the outlet and the water near the upstream region decreases, but a small amount of water still
exists. No flux is calculated while velocity computation continues. Obviously, a sharp division line separating the domain
arises at this moment.

For DBCM, the coupling boundary between DWE and SWE is time dependent. Fig.14 shows the evolvement of the coupling
boundary. During the first 90min, rainfall keeps constant among the whole catchment and water depth arises in a short time.
As a result, water depth in almost all of the region is larger than the depth threshold and SWE was implemented to most of the
simulation domain. However, 90min later, the rainfall stops and no extra water flow into the domain. Then, water depth begins
to decrease. Once the depth is lower than the depth threshold, the grid cell use DWE to determine discharge and depth and the

coupling boundary shrinks (see Fig.14). The evolution of coupling boundary is consistent with the flux analysis stated above.
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Figure 12. Water depth and velocity distribution at 90min(a and ¢) and 120min(b and d)
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Figure 13. Flux distributions of in X and Y direction at 90min(a and c) and 120min(b and d)
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Figure 14. Evolvement of coupling boundary

It is well known that solving SWE needs large number of resource and time. This limits its application, especially for large
scale simulation. In terms of this small scale V-shaped catchment, the simulation performance between SWE, DBCM and

375 DWE was conducted. Fig.15 shows the result and the simulation time of SWE was used as the reference (100%). It can be

seen that both DBCI\/%nd DWE need less simulation time compared to SWE, especially for DWE nearly 15% simulation time
saved. Whereas, DBCM alters the SWE and DWE according to the local flow information of each grid. Compared with SWE,
the simulation time of DBCM was only a small lower than SWE for the reason that in the early half simulation time in this V-
shaped catchment most of the flow information is calculated by SWE as discussed in above section (Fig.14). When

380 implemented to large scale catchment, the simulation time of DBCM would be much less than SWE.

10(‘Q r
95 r
Q0 r
85 r
80 r

Simulation time[%]

1L
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75

Figure 15. Relative simulation time of different models
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Finally, the need for model transformation is discussed. Flood propagation is a phenomenon of high speed movement with

erastic change of water depth and velocity. The hydrologic model(DWE, omitting convection term) is insufficient to describe

385 this movement. Fig.16 depicts the rapid change of water depth profile near the outlet in a short time, while the water depth on
both sides of hillslopes hardly changed. This leads to strong convective flow near the channel, and the momentum transfer

need to be taken into consideration in order to get reasonable simulation results.
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¢Figure 16. Evaluation of water depth profile at the channel outlet

3900 4 DBCM implemented to a natural watershed

The proposed DBCM was implemented to a natural watershed for flood risk assessment, that is, Helin town of the Longxi
River in Chongging City. The Longxi river basin is located in the eastern region of Chongging (see Fig.17), which is a first-
class tributary of the Yangtze River. The main channel lengthis about 221knfand the basin area is about 3280km?. The overall
terrain graduallﬁgoes down from northeast to southwest, consistent with the trend of the main channel. Most of the central
395 and southwest areas are relative flat areas, and the east and west areas are mountainous, a typical topography of a trough
sandwiched by two mountains. The average annual rainfall in the basin is 1192.4mm, which is prone to heavy rain in summer,
and the flood spreads rapidly to the central district as a consequence of the topographic feature. The selected catchment, Helin
town, located in the northeast of the Longxi river basin, was chosen as a case study for investigating the surface flow
phenomena using the DBCM. The administrative location and DEM information@f Helin town is shown in Fig.17.
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Figure 17. Location of Helin town. Chongqing City(left), Longxi river basin (middle), Helin basin(right)

The river section in Helin basin is a typical mountainous river. The upper part of the river has a steep slope, while the middle
and lower reaches are relatively gentle. At present, no flood protection works exist on the river banks along the main channel.
The terrain along the river is open plain, and the farmland is widely distributed, resulting in the poor ability to resist flood
disasters. Once heavy rainfall occurs and flow overtops the river banks, the residential area and farmland along the river will
be inundated. Floods in Helin town are always caused by heavy rainstorm, and the flood season is consistent with the rainstorm
season which lasts from April to September. Heavy rainstorms and flood often occur during this period.

The input datasets for DBCM include DEM, LULC(land use and land cover) and soil type as shown in Fig:17 and Fig.18.
DEM data were obtained from the GDEMV?2 database with a-spatial resolution of 30m. The DEM was resampled according
to some channel section field survey data to get finer resolution. There are four main kinds of land use in Helin basin: urban,
forest, farmland and water. Besides, several soil types with little proportion have been consolidated into the categories with a
large ratio. Soil properties determine the infiltration rate, which further affect the surface runoff. The parameters, such as
roughness and soil moisture‘?content, are extracted from the public data provided by local administrative sectors. The LULC
data are processed by remote sensing interpretation tools using the satellite image. The soil data are processed by SWAT, Soil-
Plant-Air-Water (SPAW) model using the Harmonized World Soil Database (HWSD). Then the collected parameters are
conformed according to the reference opinions for hydraulic engineering construction provided by local water conservancy

department.
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QFigure 186 ULC and Soil of Helin basin

420 The DBCM was applied to simulate the rainfall runoff process in Helin town and the result was compared with a UCM
composed of SWAT (as hydrologicmodel). The SWAT was calibrated by the design storm and hydrographs (flood return
period of 1%) in the Helin town outlet. The selected coefficients and parameters of rainfall and flood event-are listed in Table
3 and Table 4. The calibration results are shown in Fig.19. It can be seen clearly that the flood process calculateoQoy the SWAT
model is very similar to the design flood, with similar flood peak flow and fluctuation process. At the beginning of the

425 simulation, because of the soil infiltration, no surface runoff occurs although the rainfall exists for a short time. Then, when
the soil saturated, the discharge curve climbs rapidly which is consistent with the rainfall intensity. The simulation result
reflects the storm runoff production process affected by the combined action of rainfall and infiltration. The hydrographs show
good agreement with the design flood, demonstrating that results from SWAT are reliable for hydrodynamic model. Once
being calibrated, the hydrographs generated by SWAT at different locations were extracted and applied as inflow boundary

430 conditions for hydrodynamic models. Two simulation scenarios were designed, as shown in Table 2.

Table 2. Simulation scenarios

Case  Model Boundary condition Descriptions
A HM2D  Helin outflow as inflow BC SWE
B DBCM  Helin inlet flow Coupling DWE and SWE
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Qrable 3. Rainfall parameters (Cs: coefficient of skewness Cv: coefficient of variation P: flood recurrence period)

Duration Mean value P(%)

Cv Cs/Cv
(h) (mm) 1 2 5 10
6 81.7 0.5 35 224 197 162 137
24 112 0.48 35 297 263 218 183

Table 4. Peak discharge at Helin outlet for different flood frequency
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Figure 19. Design rainfall and discharge with simulated flow in Helin basin outlet(1%0)

43$QQQ|?results from Case A and Case B are compared to investigate the capability of the DBCM. Fig.20 depicts the maximum

445

water depth distribution in Case A and Case B. The inundation region has expanded significantly in Case B. Not only the
lowland areas, but the hillsides have been inundated. Even though Case A adopted the simulated outlet hydrographs larger
than that used in Case B, the runoff failed to inundate the hillside because of topographic obstruction. The red cycle in Fig.20
indicates the urban area. Water depth was extracted for each cases. Due to the lack of measured data, field surveyQand historical
records have to be used as reference data to verify the model outputs. The current river bed conditions are as following: both
sides of the river are flat, with a lot of farmland and some villages distributed along the main river. No embankments or bank
protection works have been built along the river. All of these problems lead to low flood control capacity in the catchment. As
local residents recall, in 2017, the flood covered the middle of the trees along the bank, equivalent to at least 3m water depth.

When in terms of the urban area, according to the historic record, the rainstorm in 12 August 1998 caused a flood that local
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streets and airports were inundated with water depth of 1.0m and 1.4m respectively. All villages and towns in the Helin town
catchment were submerged with water depth exceeding 0.5m on average. In Case B, this phenomenon was simulated that the
maximum water depth in urban areas is more than 0.6m, in accord with the historic data. But no water emerged in Case A,
although the Helin outlet flow is utilized as inflow discharge, greater than that of Case B, as shown in Fig.21. Referring to
local topography, the main reason for this problem is that urban locates in a higher position, between riverbed and hillside,
hence the upwelling movement of water in rivers is easily blocked due to local terrain. Nevertheless, urban area will be
submerged by uphill surface flow, even though the river flow has been obstructed. Obviously, the computed results of Case B

by the DBCM are closer to the practical situation.

(b)

Figure 20. Comparison of maximum depth, (a)case A, (b)case C. Red circle denotes Iocation%f Helin town( Satellite imagery base
map was obtain from Google Earth)

The capability of DBCM for switching models dynamically during computational process is tested, and the parameters of
water depth, velocity and flux term are selected to conduct this assessment. The water depth threshold (0.01m) is used to
Qdistinguish the two models. Velocity is calculated in all of the inundation region, while the flux term is computed only in the
region where hydrodynamic model is used, not the hydrologic model region. As shown in Fig.23, the rainfall stopped after
17h since the simulation started, and the surface flow on the slope gradually decreases. Flux calculation no longer exists in
most part of the slope regions. However, a small amount of water is still left on the sloping area, and the flow in the confluence
area is calculated by the hydrologic model (DWE). Thus, even though flux calculation has stopped, flom?velocity still exists
in most of the slope. The low-lying area at the northeast corner, due to the obstruction of the terrain, cannot be flooded in Case
A. However, through the DBCM, the confluence of the surrounding slope accumulated to the local area and form a small range

of flooded area.
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5 Conclusions

A dynamic bidirectional coupling model (DBCM) for surface flow inundation simulation was developed. The mathematical
formulations and solution scheme of the DBCM are realized. In DBCM, the runoff production is depicted by the hydrologic
model through the rainfall-runoff process, while the hydrodynamic modefemphasizes on the floooq’propagation processes. The
characteristic wave theory is applied to determine the coupling boundary between the hydrologic and hydrodynamic
computational domains.

In using the proposed DBCM, a dynamic alteration of the boundary position is realized for determining the non-inundation
and inundation regions, which accounts the mass and momentum exchange and interaction between the two regions. The
hydrologic and hydrodynamic model are carried out simultaneously. The DBCM is more in line with the natural physical

‘?process of flood formation and propagation, which has the potential t&ymprove the accuracy of flood prediction.

The main advantage of the proposed DBCM are:(1) Based on the characteristic speed theory to predict flow propagation.
The DBCM realizes the discharge calculation at coupling boundary by coupling slope gradient analysis and characteristic wave
analysis, which are the foundations for solving hydrologic model and hydrodynamic model respectively. (2) The discharge on
coupling boundary is used to update conservation variables of hydrologic model and hydrodynamic model with explicit

physical significance based on the consideration of the flow information on both sides of the coupling boundary.(3) Contrast
with the UCM and BCM, where the computational domains for hydrologic and hydrodynamic models are independent of each
other and remain fixed, the DBCM can resize the computational domains of inundation and non-inundation regions according
to the flow state throughout the calculation process, which is more aligned with natural rainfall and flood propagation
conditions.

Three benchmark tests show that the DBCM is capable of accurately simulating the hydrologic and hydrodynamic response
terainfaII events in various catchments. The DBCM gains good agreement with the analytical solution, and realizes the
dynamic switching between the hydrologic and hydrodynamic models in simulating surface flow, which hardly achieved by
former methods with single model working. The DBCM also succeeds in predicting the inundation regions in real flood events
with more reasonable results when compared with the UCM.

Data availability

Model simulation and calibration data are available upon request from the corresponding author. Digital elevation model data
are provided by the Geospatial Data Cloud at http://www.gscloud.cn. The data sets of Soil Properties and Land cover are
provided by Cold and Arid Regions Sciences Data Center at Lanzhou (http://westdc.westgis.ac.cn). The Satellite imagery base

map of Helin town was obtained from Google earth Pro.
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Abstract. As one of the main natural disasters, flood disaster poses a great threat to township development and property
security. Numerous hydrological models and hydrodynamic models have been developed and implemented for flood
simulation, risk prediction and inundation assessment. In this study, a dynamic and: bidirectional coupled hydrodynamic-
hydrologic-hydrodynamic model (DBCM) is developed to predict and evaluate inundation impact in a catchment in mountain
area. Based on characteristic theory, the proposed method is able to dynamically adapt and alternate the simulation domain of
hydrologic model, and/or hydrodynamic model according to the local flow condition, and a key feature of the proposed model
is the dynamic coupling splitting the hydrologic and hydrodynamic simulation domains. The proposed model shows good
prediction accuracy and overcomes the shortage existing in previous unidirectional coupling model (UCM). Existing numerical
examples and physical experiments were both used to validate the performance of DBCM. Compared to UCM, results from
DBCM show good agreements with analytical and measured data which indicates that the proposed model effectively
reproduces flood propagation process and accounts for surface flow interaction between non-inundation region and inundation
region. Finally, DBCM is applied to predict the flood in the Longxi river basin, and the simulation results show the capability
of DBCM in conducting flood event simulation in interested catchment which can support flood risk early warning and future

management.

1 Introduction

Over the past decades, flood events occurred frequently as one of the most devastating natural hazards which impact millions
of people across the world, as a result of global warming, population growth, rapid urbanization and climate change (Zhu et
al., 2016). Between 1998 and 2016, economic loss due to flood induced disasters has reached millions of yuan in China (Osti,
2017). Thus, prediction and early warning of flood events plays an important role in the flood risk assessment and management
as well as urban design and policy-making.

With the advances if;zomputation and information technology, a large number of studies have been carried out to investigate

the hydrologic process andgassess flood risk. Numerous hydrologic models and hydrodynamic models havefoeen proposed to
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deal with these related problems (Li et al., 2016; Leandro et al., 2014; Li et al., 2013; Singh et al., 2015; Yu and Duan, 2014;
Yu and Duan, 2014). The purpose of the hydrologic model place emphasis on accurate simulating the temporal processes and
responses of water cycle between and within atmosphere, surface and soil over a wide range of space and time scales. Both of
lumped and distributed hydrologic model are commonly used to conduct hydrologic processes simulation(Singh and Woolhiser,
2002), and the outputs of most hydrological models only cover time-dependent discharge at controlled outlets without a full
description of flow information across the entire domain. Whereas, hydrodynamic models solve physics based mathematical
equations to conduct simulation of the interested catchment over two-dimensional computational domains, and full information
of the flow in the study domain can be obtained (Yu and Duan, 2014; Patro et al., 2009; Singh et al., 2015), such as the water
depth, flow velocity, flow duration, etc. However, as a prerequisite for starting a hydrodynamic model simulation, specific
data on boundary conditions need to be prepared from other sources, such as hydrologic model results, historical records and
real-time monitoring data, etc. Therefore, it has been a hot topic for decades in flood prediction research that effectively
coupling hydrologic model with hydrodynamic model so as to solve the problem stated above and making the full use of their
own characteristics of both models.

At present, a number of hydrological-hydrodynamic coupled models have been proposed and developed for flood
assessment. These models can be classified into two main categories: unidirectional coupling model (UCM) (Montanari et al.,
2009; Choi and Mantilla, 2015) and bidirectional coupling model(BCM) (Zhu et al., 2016; Thompson, 2004). In terms of
unidirectional model which is the most widely implemented method in real practice, the hydrologic sub-model is performed
at the first stage to obtain hydrographs, and the data obtained feed the hydrodynamic sub-model subsequently. Thus, for UCM,
the flow information is transferred from the hydrologic model to the hydrodynamic model in one direction without water
exchange between these two sub-models. Nevertheless, the UCM has the advantages of easy to run and making full use of
existing models without the need for users to modify or rebuild the original models. (McMillan and Brasington, 2008)
developed a coupled precipitation-runoff hydrological model with 1D dynamic wave model being used to assess the flood
inundation for several flood return periods. Other researchers (Choi and Mantilla, 2015; Grimaldi et al., 2013; Montanari et
al., 2009) adopted similar coupling methods to investigate flood risks. Many advanced opens-source and commercial modelling
packages (SWAT(Liu et al., 2015), HEC-HMS(Hdeib et al., 2018), DHI MIKE(Rayburg and Thoms, 2009), etc.), can be easily
applied to UCM.

Although UCM is easy to use, it is unable to describe the natural flow processes. The output results from the hydrological
model are taken as the inflow boundary condition for the hydrodynamic model, and the boundary conditions are fixed
throughout the computation. They may introduce errors because the surface runoff yield in the hydrodynamic domain
hydrodynamic is not involved in the flood simulation (Lerat et al., 2012) and overestimate the flood risk in some extent.
However, for a real flood event, the process of rainfall-runoff production can occur at any location within the study basin, and
the inflow position is time varying. One solution to solve this problem is to use rainfall datasets as input data, and then employ
BCM to link the hydrologic model with the hydrodynamic model. In line with this objective, various techniques have been

proposed, ranging from simple approach through changing boundary conditions, such as point source or lateral flow conditions
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(Bouilloud et al., 2010), to relatively complicate models, such as using the simplified 2-D shallow water equations to simulate
overland flow instead of traditional hydrologic model (Viero et al., 2014)(Muskingum method, etc) which only consider the
precipitation and infiltration processes. The coupled MIKE SHE/MIKE 11 modelling system (Thompson, 2004; Thompson et
al., 2004) is one/"kind of these BCMs that the hydrodynamic and hydrologic models can exchange discharges at pre-specified
reaches, where the flow velocity is computed based on water level gradient between MIKE SHE and MIKE 11, and the
calculated flow be treated as lateral flow when solving the momentum equation of the hydrodynamic model. The next step is
to determine whether the discharge term is inflow or outflow fed back to the hydrodynamic model in the next time step. In this
method, the current water level of the hydrologic model and hydrodynamic model have been used in velocity calculation at
the mutual boundary, It does not consider present flow state (Bravo et al., 2012; Laganier et al., 2014). It is different from
BCM using the lateral inflow conditions that velocity provided by hydrologic model will be added to the governing equations
of hydrodynamic model directly, not considering present flow state.

The existing coupling methods, either UCM or BCM, still have some shortcomings in the simulation of flood propagation
processes. On the one hand, the location of the joint boundary between the hydrologic and hydrodynamic models, where these
two models exchange flow information, is predetermined. Generally, for a coupling model domain, non-inundation region the
hydrological model is used and inundation region the hydrodynamic model is used. However, in a real flood event, the non-
inundation and inundation regions may change according to the predefined flow state. Whereas, a significant problem may
occur if boundary position is specified in advance. A very large inundation region will cost more computing resources and
reduce efficiency, while a very small inundation region may lead to the flood area being located beyond the pre-set boundary.
Thus, the size of domain is a key issue in coupling models. Secondly, the discharge at the boundaries of the two types of
models ought to be calculated by hydrologic model and hydrodynamic model, considering of the water depth and velocity.
The UCM feed hydrodynamic model with the output of hydrologic model as the inflow boundary, and does not assess the
feedback effect from the hydrodynamic model, which has been taken into account by the BCM. The existing BCM consider
the water volume exchange between two models without precise consideration of local velocity information. TakingMIKE
SHE/MIKE 11 coupling model as an example, the grid velocity on coupling boundary is temporal calculated based on flow
depth difference between the two models, and thenithe obtained temporal velocity is used to solve momentum equations in
hydrodynamic model before determining whether the flow impact from hydrologic model is side inflow or outflow. This
approach is apt to conduct and perform, while the temporal velocity still doesn’t take their own original velocity of both models
into consideration which limits its application only to 1D flow. Thus, further study is necessary to be done for more general
implementation, such as 2D flow or other more complicate cases. In order to reach the goal of dynamic coupling and keep
mass and momentum conservation, the flow states from both hydrologic and hydrodynamic models on the coupling boundary
should be taken into consideration which means the grid-self flow depth and velocity cannot be discarded. Besides, special
focus should be paid to the boundary dynamiéichange and subsequent flow states after the determination of discharge variation.

The aim of this study is to develop a dynamic bidirectional coupling hydrologic-hydrodynamic model (DBCM) capable of
realizing the dynamic switching of applied hydrologic and hydrodynamic models. A two-dimensional hydrodynamic model

3
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and a-rainfall-runoff hydrologic model are coupled based on the techniques of characteristic wave theory. In comparison to
existing approaches, the main advantages of DBCM proposed in this paper are two folds, (1) a dynamic coupling approach of
hydro-hydrodynamic model based on characteristic wave theory is developed for the first time, and the running process of the
model i§onsistent with the natural flood propagation; (2) the flow calculation on the coupling boundary is the key point based
on the theory of characteristic to realize the dynamic switch of the surface flow simulation within both models,
comprehensively considering the current flow state computed by both models.

The methodology of the proposed DBCM is described in section 2. After that, the performance of the proposed model is

Yerified by numerical and physical experiments in Section 3, as well as comparison and discussion with former approaches. In

section 4 the DBCM is applied to the Longxi river catchment in Chongqing City, and then followed by conclusions.

2 Methodology

The DBCM model comprise a hydrologic model which includes three sub-models (rainfall, infiltration and slope runoff) and
a hydrodynamic model which solves 2D shallow water equations used to simulate channel and overland flow. Both models
are solved simultaneously at each time step, and flow information on the coupling boundary is calculated based on the theory

of characteristic wave propagatiofp commonly employed in solving Riemann problems (Toro, 2001).

2.1 Hydrologic model

The hydrological model used in this study is a physics, raster-based, and distributed model. The runoff yield of a catchment
involves the processes of precipitation and infiltration. 2-D diffusion wave equations is used in overland flow modelling.

The precipitation module reads in record datasets from a rainfall station and interpolates the data over the whole
computational domain using a spatial interpolation function (Thiessen polygon method, Inverse Distance Weighted, etc.). The
infiltration model solves the Green-Ampt equation (Rawls et al., 1983), a theoretical formulation obtained based on Darcy

formula with a simpler form as follows.

fy = K (148205 (1)

where f;, is the infiltration rate(mm h™"), K is the hydraulic conductivity(mm h™"), S, is the average effective suction of the
wetting front (mm), 65 and 6; are saturated and initial soil moisture content respectively (%), F; is the cumulative infiltration
(mm). According to the relationship between infiltration rate, soil moisture content and rainfall intensity, this formula can
reflect runoff yield conditions under whether saturated storage or excess infiltration, and it has been widely verified and works
well.

Surface flow routing models can be divided into conceptual hydrologici model and physical hydrologic: model. The
conceptual model, such as Soil Conservation Service(SCS) formulation (Rallison and Miller, 1982) ,an empirical model for

estimating the amounts of runoff under varying land use and soil, and unit line formulation, commonly output the runoff
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hydrographs at control section, but it is not capable of providing detailed information about the water movement over the entire
basin. Moreover, the location of thecgacontrol section and computing grid cannot be changed once determined. The mesh
generation principle of the conceptual hydrologic model is not consistent with that of the hydrodynamic model. Therefore, the
conceptual hydrologic and hydrodynamic models cannot be processed using the same computational grid model. Hence the
conceptual hydrologic model and hydrodynamic model can only be solved sequentially and independently. Nevertheless, the
governing equations of the process based hydrologic model often take advantage of the simplified forms of hydrodynamic
model(kinematic wave model (Borali%and Bera, 2000), diffusion wave model (Leandro et al., 2014; Downer et al., 2002), etc.)
to simulate the flow routing process?A dynamic switch between the process based hydrologic and hydrodynamic models is
implementable, as a result of the numerical solution procedure and mesh generation principle are consistent.

The diffusion wave equations (Bates and De Roo, 2000) are used to determine the runoff routing, which is composed of

mass conservation equation and momentum equations:

’iif?' 6qX ’f) Qy
ot T ax = Qm. @)

AXR,‘Z-G@X-S

Qu="7""% €)

n

4 \@5750 5

&= ; “4)

n
where qy, q, are unit discharges along the x and y directions(m? s~1), h is water depth(m), @, equals to rainfall rate minus
infiltration rate (ms~1), Q,, Q, are flow rate in the direction of x and y (m?® s™"), respectively, A is flow area (m?), R is
hydraulic radius (m), S is water level gradient, and n is roughness coefficient.

Since the effect of acceleration and inertial terms of water flow on the urban surface is not significant compared to
gravitational and frictional terms (Chen et al., 2012; Hsu et al., 2000), the time dependent terms in the original momentum
equations are omitted, thus two diffusive wave equations are obtained. The numerical scheme can be found in the JFLOW
model (Bradbrook et al., 2004; Yu and Lane, 2006). The diffusive wave model does not compute the flux term in the
momentum equatlons Velocity entirely depends on the local water level gradient and roughness, and water depth relates to
discharge from the nelghbour grid. The possible flow is up to two of the adjacent cells at each time step:

wh5/3s; wh5/3s;

Q= )1/4 > Qj = )1/4 > (5)

n(sl? +5? n(si2 +5?

where

S, = Wi,j"liil,j’s_ — Mij7Mij+1

w >

hi = r]i']' - maX(Zi,j, Zl:il,j) ) h] = ni,j - maX(Zi,j, Zi,jil)’

\:}/ hiS,-'2+h]'S]2

th = —LJ 6
where w is the width of the cell(m), S;, S; are water level slope in the orthogonal direction of i and j, respectively, h;, h; are

effective depth in orthogonal direction of i and j, respectively, 1; ; and z; ; are the water surface level and ground elevation(m),

5
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respectively, and h is the effective depth. Th&rhange of water depth in each of the cells is then calculated using the following
160 equation:

Ah = (ZQini,j=Qout i,j—Qm)At ’ (7)'5?,

w

22 Hydrodynamic model

The governing equations for the hydrodynamic model are the widely used 2D shallow water equations. Neglecting the Coriolis

165 force term, wind resistance term and viscosity term, the equations are composed of the continuity equation
oh  Ohu edhiy

Fridrmi e )

and the momentum equations

aﬂ +—= (hu + sghz) +'=w‘9‘(huv) —glé’ff = Uz + v2 , 9)

Dz

i, (huv) + (hv += ghz) gh— =C*vWZ + v2, (10)

3170@'}/‘5}Where u, v are velocities along the x and y direction(m s™1), respectively, h is water depth(m), g is gravity acceleration
(m s™2), z is bottom elevation(m), C is Chezy coefficient representing roughness, Q,, is the source term which equals to
rainfall rate minus infiltration rate (m s™1).
The finite volume method following TELEMAC (Ata et al., 2013) are used to solve these equations. And the convection
flux on grid faces is calculated using the HLL scheme with WAF approach (Toro, 2001).

Fhl = F, S, =0
175 {Fhi = SRFL‘SLFIS*:ER(”R‘”L) S, <0<5S, (11)
FM = F, Se<®

Sy =U,—+9ghy,Sg =Ug +9ghz,
where Uy, Ug, h;, hy are the components of the left and right Riemann states for a local Riemann problem, and S;, S are
estimates of the speeds of the left and right waves. F* is the fluxes in the middle region. Based on this flux, the WAF method

Yguarantees a second order accuracy in time and space is proposed:

N+1
180 Z B
l+—
Ats
B = E(Ck — Ck-1),C = A_xk,co =-=landcyy, =1, (12

where F] (il) =F (U (k)), N is the number of waves in the solution of the Riemann problem, and f corresponds to theg?
7]

differences between the Courant numbers c;, of successive wave speeds Sy.

0\ he topography term on the righ€&ide of equation (9) and (10) is calculated by the hydrostatic reconstruction scheme:



Text Inserted�

Text

"depth definition is shown as Fig.1. The"



Text Deleted�

Text

"160"



Text Replaced�

Text

[Old]: "( ∑" 
[New]: "(∑"



Text Replaced�

Text

[Old]: ") Δ" 
[New]: ")Δ 150"



Text Deleted�

Text

""



Graphic Element Deleted�

Graphic Element

 



Text Inserted�

Text

""



Image Inserted�

Image

 



Text Replaced�

Text

[Old]: "2.2 Hydrodynamic model The governing equations for the hydrodynamic model are the widely used 2D shallow water equations. Neglecting the Coriolis 165" 
[New]: "Figure 1 typical grid and water depth definition 2.3 Hydrodynamic model 2D shallow water equations are the most widely used hydrodynamic model in inundation simulation (Bradbrook, 2006; Yu 155 and Duan, 2014; Yu and Duan, 2017). Neglecting the Coriolis"



Font-size "10.02" changed to "9".



Graphic Element Inserted�

Graphic Element

 



Text Inserted�

Text

"+"



Text Inserted�

Text

"+"



Graphic Element Inserted�

Graphic Element

 



Text Replaced�

Text

[Old]: "1 " 
[New]: "∂"



Graphic Element Inserted�

Graphic Element

 



Text Deleted�

Text

""



Text Deleted�

Text

"+ ∂"



Text Inserted�

Text

"1"



Text Inserted�

Text

""



Graphic Element Deleted�

Graphic Element

 



Text Inserted�

Text

""



Graphic Element Inserted�

Graphic Element

 



Text Inserted�

Text

""



Graphic Element Deleted�

Graphic Element

 



Text Deleted�

Text

"− "



Text Inserted�

Text

""



Text Deleted�

Text

""



Text Attributes Changed�

Text

Font-style changed.



Graphic Element Deleted�

Graphic Element

 



Text Deleted�

Text

"+"



Graphic Element Deleted�

Graphic Element

 



Text Deleted�

Text

"+"



Text Inserted�

Text

"∂ 1"



Text Inserted�

Text

""



Text Inserted�

Text

"+"



Graphic Element Deleted�

Graphic Element

 



Text Deleted�

Text

"∂"



Text Deleted�

Text

"∂y"



Graphic Element Deleted�

Graphic Element

 



Text Deleted�

Text

"1 2"



Text Replaced�

Text

[Old]: " " 
[New]: "160 − "



Font "CambriaMath" changed to "TimesNewRomanPSMT".
Font-size "7.02" changed to "9.96001".



Text Deleted�

Text

"− "



Text Inserted�

Text

""



Text Deleted�

Text

""



Text Attributes Changed�

Text

Font-style changed.



Graphic Element Deleted�

Graphic Element

 



Text Deleted�

Text

"+"



Text Inserted�

Text

"∂y"



Text Replaced�

Text

[Old]: "170" 
[New]: "2 "



Font "TimesNewRomanPSMT" changed to "CambriaMath".
Font-size "10.02" changed to "6.96001".



Text Inserted�

Text

"−"



Text Inserted�

Text

"+"



Text Replaced�

Text

[Old]: "The finite volume method following TELEMAC (Ata et al., 2013) are used to solve these equations. And the convection" 
[New]: "These equations are solved using the finite volume method similar to TELEMAC (Ata et al., 2013). And the convection 165"



Text Inserted�

Text

"{"



Graphic Element Deleted�

Graphic Element

 



Text Attributes Changed�

Text

Font-style changed.



Text Deleted�

Text

"{ 175 , (11)"



Text Inserted�

Text

", (11)"



Text Replaced�

Text

[Old]: "," 
[New]: ", "



Text Inserted�

Text

"170"



Text Deleted�

Text

"(  ) 1 180"



Text Inserted�

Text

"(  ) 1"



Text Attributes Changed�

Text

Font-style changed.



Text Replaced�

Text

[Old]: "−  −1 ) , " 
[New]: "− −1 ) ,"



Text Deleted�

Text

"where  i+"



Text Deleted�

Text

"1"



Text Inserted�

Text

"where  i+"



Text Inserted�

Text

"1"



Text Inserted�

Text

"175"



Text Inserted�

Text

"hand"





185

190

195

200

9z © G
—gh2 = v Ay — (7). SEIPS

>
W

hR = max[0.0, h; + z; — max(z;, z;41)]
h¥ = max[0.0, h; + z; — max(z;_1,2)] ~
The friction term is computed by a semi-implicit scheme to ensure numerical stability (Liang et al., 2007):

(hu)™

hu)"+t =4 —
h2c2 )

(14)

1+At<

5?’1" he time step is determined by CFL condi§o@€pre details of the numerical schemes can be referred to (Ata et al., 2013).

2.3 Dynamic bidirectional coupling model(DBCM)

The hydrologic model and hydrodynamic model in DBCM are solved simultaneously. The main features of the DBCM are:
(1) the computation domain is divided into a non-inundation region and an inundation region, and the hydrologic model is
solved in non-inundation region while the hydrodynamic model is in inundation region. Whether the hydrologic or
hydrodynamic model is implemented in a specific grid is determined based on its own and neighbouring flow state, and the
location dividing the non-inundation region and inundation region forms the dynamic coupling boundary which is time
dependent; (2) the flow rate calculation on coupling boundary takes full account of the current flow state computed by
hydrologic model and hydrodynamic model.

The hydrologic model is used to calculate the overland flow in a non-inundation region with a small water depth, and the
hydrodynamic model is used to simulate the flood propagation process in an inundation region. The model applied to one
location at different times may be changed according to the local water depth fluctuation, and the boundary location where
flow enters the inundation region is also changing constantly. As shown in Fig.1, with the increasing of rain intensity, the
inundation region expands as a consequence of the gradually accumulating the surface water volume. The positions of the inlet
flow boundary, flow path and discharge change subsequently, and vice versa. The coupling models proposed by other

researchers, either UCM or BCM, hardly consider this phenomenon.
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Figure I@Schematic diagram of DBCM

Figure 2 shows a detailed process of flow state change on both sides of the coupling boundary, and the resulting position
transition of the coupling boundary between the non-inundation region(zone 1) and inundation region(zone 2). In the case the
slope confluence flows to the river, and water flows in the inundation region from the slope to the river, as shown in Fig.2a
and Fig.2b, the discharge at the coupling boundary equals to the upstream discharge and not affected by the downstream flow,
which means the local discharge is completely determined by the flow routing calculation in the hydrologic model. After the
water depth is updated, the location of the coupling boundary is moved to point A based on the water depth threshold, which
is defined to distinguish the two regions. Moreover, in the inundation region the flow may move from downs to upstream, as
shown in Fig.2c and Fig.2d. The discharge at the coupling boundary may be determined by both upstream and downstream
flows. In this case, if the upstream slope flow is assigned directly to the discharge on the coupling boundary, an error will
inevitably occur. Therefore, the discharge at the coupling boundary is calculated on the basis of current flow states in zones 1
and 2. Then, the same process will be performed to update water depth as well as the new distribution of inundation and non-

inundation regions. When the inundation zone expands due to water level rise, the coupling boundary location moves to point
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Figure 2. Flow state change on both sides of the coupling boundary and resulting position of the coupling boundary

In previous studies, the discharge at the coupling boundary may be computed directly through the hydrologic model, using
empirical formulae, or by interpolation@ccording to the water level or velocity gradient on both sides of boundary. Such
methods may still fail to provide an overall understanding of the flow regime status of the combinethydrologic and
hydrodynamic model. The DBCM is conducted following the procedures at the coupling boundary: the flow state is obtained
by both the hydrologic and hydrodynamic models in their local grids, then the discharge through the coupling boundary is
computed and the entire water depth is updated according to the water volume variation. After that, the location of the coupling
boundary is updated and the relativerarea of non-inundation region and inundation region are remapped. The key issue of
DBCM is how:to establish a reasonable approach to compute the discharge on the coupling boundary, which need to integrate
the effect of current flow state obtained by the hydrologic and hydrodynamic models on both sides of the coupling boundary.

According to Godunov theory(Godunov, 1959), the solution of a: convective flux using the finite volume method is
considered as a local Riemann problem. The grid discontinuity characteristic speed represents the propagation of local fluid
variables in time and space, as shown in Fig.3. When the characteristic speeds are all positive, the flux depends entirely on the
left-side flow state, and vice versa. However, when the characteristic speeds have a negative ValueQand a positive value, both
the current flow state in the two grids must be taken into consideration. Applying this theory to DBCM, the computational
scheme at the boundary can be specified. It is known that the hydrologic model only transfers water mass, while the

hydrodynamic model transfers both water mass and momentum. More details of different coupling cases are shown Fig.4.
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Figure 3. Direction of Characteristic wave

For case A, the hydrologic and hydrodynamic models are calculated independently, corresponding to the situation that
positive bed slopes inducing confluence flows into the river, thus only the discharge calculated by the hydrological model
passes through the coupling boundary (Fig. 2a and 2b). The flow values at grids k and i are calculated using the hydrologic
model and at grid j is solved by hydrodynamlc model, see Fig. 4. Firstly, slope analysis of diffusion wave equations is applied
uniformly. Obviously the water level® gradlent between k and i is smaller than that of i and j. According to the calculation
results from the diffusion wave equations, the velocity is directed to the maximum water level slope. Therefore, the change of
water depth in grid k has nothing to do with the flow state at grid i, and the velocity change a€k is analysed by ©@ther grids on
the left 0%\1{ The flow information at grid i and j constitute a local Riemann problem and@the characteristic speed is analyzed.
The velocity at grid i is obtained from above analysis, and the velocity at grid j is the velocity at current moment. The interface

Gwvater depths at contact discontinuity are calculated: h] = h; + z; — max(z;, z), ht = h; + z; — max(z;, z;). Thus a pair of

characteristic wave at the interface are obtained:

—VghR,Se =w; + |ght, (15)

When the characteristic speeds S = S; > 0, the flux calculation depends only on the flow information at grid i, independent

of that at grid j. The velocity at grid i is calculated using the diffusion wave equations and only outflow is permitted. In addition
o the change of water depth calculated according to the hydrodynamic model at grid j, the water volume transferred from grid
i should also be added. That no convection term in the momentum equation of the hydrological model indicates no momentum

transfer at the discontinuity between grid i andj, and$he velocity of the two grids does not interact with each other.

-~ QUR! t
h,‘ h \\ b
h, h, h, k, S,
L E —_— s
Be _//
z | =2 = R = bt i
ki ki i

[+)
Figure 4.7Coupling condition A: discharge on coupling boundary depends on hydrologic model

For the second case, the hydrological model and hydrodynamic model are calculated together, corresponding to the situation

that inundation area expands(i.e. Fig.2c and 2d). As shown in Fig. 5, the water depth in grid k and are small, and the hydrologic

10
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model is applied. While grid j has a deeper water depth and smaller elevation, the hydrodynamic model is applied. In this case,
the velocity direction is form grid i to grid k. The characteristic wave analysis at the interface of grid i and grid j reveals that
Sg > 0 > §;, which means that the momentum at grid j can be transferred to grid i. Grid i is involved'in the computational
domain of the hydrodynamic model. The water depth increment at grid i needs to deduct the current discharge output to grid
k and the flow rate obtained by solving the hydrodynamic equation with the flow state at grid j. The velocity increment at grid
1is obtained by solving the hydrodynamic equation with the flow state at grid j based on current velocity. Then the flow state

at grid i is updated. And coupling boundary position may change when water depth varies.

h, Qnm
I I ‘/h A
A S; Se
i
y i,
>
ki i

Figure 5. Coupling condition B: discharge at coupling boundary is determined by both hydrologic model and hydrodynamic model

The slope gradient analysis and characteristic wave analysis are key issues of the computational theory for solving diffusion
wave equations and shallow water equations respectively. The main point to couple these two approaches is to successfully
address their connection on the coupling boundary. As discussed above, in existing research only one governing equation is
solved throughout the computational domain, but hardly considering the interaction between two kinds of governing equations
and resized the area of different computational domain. A reasonable and implementable approach coupling the solution
procedure of diffusion wave equations and shallow water equations is the precondition for establishing DBCM. In this study,
the slope gradient analysis is performed to determine the current calculated@\‘/elocity together with current depth, and the
characteristic wave analysis is set at coupling boundary as long as velocity and depth have been provided, no matter it is
calculated from hydrologic or hydrodynamic model. Then, flow information exchange at coupling boundary is determined
according to the characteristic speed which reflect the propagation of flow state in time and space. This method integrates
hydrologic model and hydrodynamic model into a comprehensive system by means of joining the two core steps of slope
gradient analysis and characteristic wave analysis together.

Q A’ln the proposed DBCM, the coupling boundary position will not keep fixed in advance throughout the calculation process.
The location where the sloperunoff enters the inundation region varies dynamically, and the flood level can also submerge the
original inflow points and regenerate newédoundaries. Such alternatiorfis close to natural flow processes. The characteristic
wave theory is used to determine the mass and momentum exchange through the coupling boundary. Compared to the
"cascade" operation in UCM, the present DBCM can select a hydrologic or hydrodynamic model simultaneously. When a non-
inundation region is larger, the water flow movement is mainly obtained by utilizing the hydrologic model. Whereas, when

the inundation region is large, the computational domain is given priority to hydrodynamic model.
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3 Model validation

The numerical model results from DBCM are compared with theranalytical solutions, experimental data, and results obtained
from existing numerical models. Considering the complexity of the numerical model schemes used in the hydrologic and
6Pnydrodynamic models, the hydrodynamic model performance will be validated in the first stage, and then the@BCM will be
verified. As described in 2.2, the numerical schemes of the hydrodynamic model(referred to HM2D in the following section)

used in this study have second order accuracy in both time and space.

3.1 Oblique hydraulic jump

The oblique hydraulic jump example is a special flow pattern, with an analytical solution being available in open channel flows,
@\‘Vhich is often used to verify the capability of the numerical scheme in simulating shock wave formation. When a supercritical
flow is deflected by a converging wall at an angel 6, the resulting shockwave forms an oblique hydraulic jump at an angle £3,
as depicted in Fig. 6. Both the angles of water surface lines behind the shock wave front can be obtained by analytical solution.
In this study, the upstream water depth and velocity are set as Im and 8.57m s~ respectively, and 6 = 8.95°. The width and
length of channel are 30m and 40m respectively. In these conditions, the exact analytical solutions are downstream watei:'/;bdepth
D, = 1.49984m, downstream velocity V, = 7.95308 m s, and angle = 8 = 30° (Rogers et al., 2001) when flow reaches a
steady state.
40m

L |
I |

Water depth=Im

E| - 857mis
[ap}
 —— NEN@“O“‘
ot -
s
N 9=895

X g 1 1

Figure 6. Oblique hydraulic jump: definition sketch

The spatial step size is set as Ax = Ay = 0.33m. The time step is set to dynamic adjustment and total calculating time is 90s.
‘;)Figure 7 shows a 3-D view water depth results predicted by our model. The oblique jump is sharply captured, and has an angle
B ~ 32°. The average water depth downstream behind the shock front is 1.532m, and the average velocity is 7.86m s™1. The
numerical solution is close to the analytical solution, as shown in Table 1. The results of references are also shown below. The

output of HM2D and the references, either the water depth or velocity, show good agreements(see Table 1).,
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Table 1. Comparison between analytical solution and calculation result for oblique jump case

Angle Water Depth(m) Velocity(m s') Depth Error(%) Velocity Error(%)

Analytical solution  30° 1.49984 7.95308 - -
HM2D results 32° 1.532 7.86 2.1 1.2
Reference results 30° 1.53 7.9 2.0 0.6

Depth(m)

“.““‘}0‘00

315" Figure 7. Steady state of water depth of oblique hydraulic jump
3.2 Dam-break over a dry of flood plain

Dam-break is a classic benchmark problem, which is often used to verify the capability of a numerical scheme in dealing with
dry-wet boundary, and the physical experimental model is easy to conduct. Thus, it is convenient to collect measured data for
comparison with numerical results. An experiment performed by (Fraccarollo and Toro, 1995) was used to validate the DBCM
320r developed in this study. The entire model domain is 3mx2m, which is separated into two areas by a dam at X=1m. Initially,
the still water with a depth of 0.64m in the reservoir is surrounded by solid walls, while the downstream area is initially dry.
The boundaries of the downstream floodplain were all open flow. A 0.4m wide section in the middle of the dam was breached

instantaneously. The numerical model spatial step is Ax = Ay = 0.04m, and roughness coefficient is n = 0.01.
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325 Figure 8. Snapshot of the water elevation for dam-break simulation: a. t=0.1s; b. t=0.5s; c. t=1.1s; d. t=5.0s

Figure 8 shows the water surface elevation at different times. It can be clearly seen that as the bore wave propagate toward
downstream initially. A depression wave travels upstream, which is reflected back by the walls surrounding the reservoir,
causing the water surface elevation in the reservoir to oscillate. In Fig.9, a comparison between the measured and computed

‘water level data was made, which shows a good agreement. The results are encouraging and the overall trend is well captured.
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QF igure 9. Comparison of water depth variation at four positions: a. x=1m. y=1m; b. x=0.18m, y=1m; ¢. x=0.48m, y=0.4m; d. x=1.802m,
y=1.45m

3.3 Two-Dimensional surface flow over a tilted V-shaped catchment

A two-dimensional surface flow over a tilted V-shaped catchment is simulated (Di Baldassarre et al., 1996; Panday and
335: Huyakorn, 2004), we aim to verify whether the computational domains of the hydrologic and hydrodynamic models can
Qdynamically switch and compare the difference between the DBCM and UCM. As shown in Fig.10, the topography of the

example is depicted.
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Figure 10. A tilted V-shaped catchment: a. dimension of the catchment; b. 3D view of the mesh grid

The computational domain is a symmetrically V-shaped, with a pair of symmetrical hillslopes forming a channel at central
region. The bed lopes are +£0.05 spanwise, and 0.02 streamwise parallel to the channel. The manning coefficient on the hillslope
is 0.015 while it is 0.15 in the channel region. Although different from natural conditions, these Manning's values are used to
facilitate comparison with other available solutions. The model simulation time is 180min and the rainfall intensity of 10.8
mm h! over the duration of 90 min is used 1%9[1’16 entire domain. Considering the hydrodynamic model providing more details
to describe the overland flow than the hydrologic model, the HM2D and DBCM under the same rainfall conditions were
adopted. The water depth threshold distinguishing the hydrological model and the hydrodynamic model is set to 0.005m. In
the DBCM the computational region with the water depth being less than the threshold is calculated using the hydrological
model, and the region with water depth greater than the thresholds applicable to the hydrodynamic model. The results are
compared with four different numerical models developed by (Di Baldassarre et al., 1996; Panday and Huyakorn, 2004), US
Environmental Protection Agency (HSPF) (Johanson and Davis, 1980), and US Army Corps Engineers(HEC-1) (Feldman,
1990). Among these models, HEC-1 cannot handle critical depth(CD) boundary, then the zero depth gradient(ZDG) boundary
was specified as the channel outlet boundary. In terms of the other models, including HM2D and DBCM, adopted the critical
depth(CD) boundary.
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Figure 11. Comparison of hydrographs simulated by the presented HM2D, DBCM with four different models

As shown in Fig.11, the outlet hydrographs obtained by the HM2D and DBCM are compared with the other four models.
These outlet hydrographs show good agreement for the peak discharge. The start periods of discharge rising and receding
limbs simulated by the HM2D and DBCM are consistent with those predicted by others. However, discrepancies gradually
grow, so that both the HM2D and DBCM under-predict the discharge. Despite this disparity, the overall trend of the
hydrographs indicates that the accuracy of the proposed models are satisfactory.

Comparing the hydrographs between the HM2D and DBCM, it can be seen that their rising limb and peak discharges are in

‘g,};\‘/ery good agreement. Consequently, both models adopted the hydrodynamic model to simulate the overland flow. The

difference between the HM2D and DBCM gradually emerges at the receding limb due to the switching of applied models. The
HM2D simulates water movement using hydrodynamic model(shallow water equations) throughout the computation process,
while the DBCM switches from the hydrodynamic model to the hydrologic model(diffusion wave equations) when the
upstream water depth falls below threshold. Since no time partial derivative terms in the hydrologic model, the velocity at the
present is a function of the current watef%evel gradient, and is not equal to the velocity at the previous moment plus the flux
term. For this reason, when the DBCﬁj’lsswitches from the hydrodynamic model to the hydrologic model, the velocity

calculation approach changes accordingly, and the discharge difference between the HM2D and DBCM emerges. Therefore,

O
the outlet flow is slightly larger, but later slightly smaller, in the DBCM, assuring the overall is mass conserveé{,f )
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Figure 12. Water depth and velocity distribution at 90min(a and c) and 120min(b and d)
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Figure 13. Flux distributions of in X and Y direction at 90min(a and c¢) and 120min(b and d)
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The spatial variability of the flow at 90 min and 120min are shown in Fig.12. The hydrological model and the hydrodynamic
model are solved simultaneously in thetDBCM. The main difference between the governing equations of the hydrologic model
and hydrodynamic model is that the flux term is not calculated in the former, meanwhile the latter needs to calculate the
convection term. The non-inundation region and inundation region can beYdetermined by whether the flux term is generated
during the calculation process. At t=90min, the rain stops, the water depth is the highest and, the flow state is calculated by the
hydrodynamic model over the whole domain. At t=120min, the water continues to flow to the outlet and the water near the
upstream region decreases, but a small amount of water still exists. No flux is calculated while velocity computation continues.
Obviously, a sharp division line separating the domain arises at this moment.

The results from the UCM is compared with those by the HM2D and DBCM. Both the HM2D and DBCM use rainfall as
the boundary condition and simulate the flow movement in the whole domain. The UCM employs the outlet hydrographs
obtained by the HM2D as the upstream inlet flow and lateral flow boundary condition respectively to calculate the flood
movement in the channel. At first, the hydrographs of UCM adopting the inlet flow boundary condition are compared with
that of HM2D and DBCM at the inlet and at outlet, as shown in Fig.14. Note that the upstream discharge is calculated by the
HM2D and DBCM are both very small, which are several orders of magnitude smaller than that by the UCM. Both the results
by the HM2D and DBCM are close to the actual situation. After the rain falls in the upper reaches of the basin, water flows to
the lower reaches very quickly. The overland flow in the downstream region includes the local rainfall-runoff and surface
runoff from upstream. The closer the region is to the downstream, the greater the surface flow. However, the UCM takes the
outlet hydrographs as the upstream inlet boundary condition to computer channel flow, which amplifies the upstream flow
significantly. The outlet flow also appears differently, not only the time lag of flood peak, but also the reducti&n;v’gf peak
discharge and the flood waveform changéii.:j(t can be concluded that the UCM overstates the disaster in the upper reéches of

the basin, and the overflow in the downstream reach is small, thus the arrival time of the flood peak will be inaccurate.

5 5
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Figure 14.A comparison of hydrographs at upstream(a) and outlet(b) for upstream inlet boundary condition

Figure 15 shows the UCM results when adopting a lateral flow boundary condition, in which the flow is distributed evenly

throughout the channel. The upstream flow is reduced, but a significant gap between the UCM, HM2D and DBCM still exists.
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Even though the peak flow is almost equal to the results from the HM2D and DBCM, the outlet discharge obtained by the

UCM with lateral flow boundary is biased, no matter the arrival time of flood peak or flood waveforn2 &<
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@Figugg 15. A comparison of hydrographs at upstream(a) and outlet(b) for lateral flow condition

Finally, the need for model transformation is discussed. Flood propagation is a phenomenon of high speed movement with

405

drastic change of water depth and velocity. The hydrologic model(diffusion wave equation, omitting convection term) is

insufficient to describe'this movement. Fig.16 depicts the rapid change of water depth profile near the outlet in a short time,

while the water depth on both sides of hillslopes hardly changed. This leads to strong convective flow near the channel, and

the application of hydrologic model inevitably leads to errors.
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410" Figure 16. A comparison of water depth profile in the channel outlet

4 DBCM implemented to a natural watershed

The proposed DBCM was used to undertake a flood risk assessment to a natural watershed, i.e., Helin Basin of the Longxi

River in Chongqing City. The Longxi river basin is located in the eastern region of Chongqing, which is a first-class tributary

of the Yangtze River. The main channel& about 221km longand the basin area is about 3280km?. The overall terrain gradually

[T
4151 goes down from northeast to southwest, consistent with the trend of the main channel. Most of the centrai‘and southwest areas
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are plain, and the east and west areas are mountainous, a typical topography of a trough sandwiched by two mountains. The
average annual rainfall in the basin is 1192.4mm, which is prone to heavy rain in summer, and the flood spreads rapidly to the
central plain as a consequence of the topographic feature. The selected catchment, Helin basin, located in the northeast of the
Longxi river basin, was chosen as a case study for investigating the surface flow phenomena using the DBCM and UCM. The

location of the Helin basin is shown in Fig.17.
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Figure 17. Location of Helin town. Chongqing province(left), Longxi river basin (middle), Helin basin(right)

The river section in Helin basin is a typical mountainous river. The upper part of the river has a steep slope, while the middle
and lower reaches are relatively gentle. The river banks is in the raw without flood protection works. The terrain along the
river is open plain, and the farmland is widely distributed, resulting in the poor ability to resist ﬂooc@disasters. Once the flood
level rises, the river bank collapses and floods overflow due to the erosion of the bank slope with high flow rate, resulting in
serious collapse of the existing natural river bank and serious damage to the coastal crops. The flood is caused by the rainstorm,
and the flood season is consistent with the rainstorm season which lasts from April to September. Heavy rainstorms and flood
often occur during this period.

The model data includes DEM, LULC(land use and land cover) and soil type as shown iFig.18. DEM data were obtained
from the GDEMV?2 database witl{patial resolution of 30m. The DEM was resampled according@co some channel section field
survey data to get finer resolution. There are four main kinds of land use in Helin basin: urban, forest, farmland and water.
Besides, several soil types with little proportion have been consolidated into the categories with a large ratio. Soil properties
determine the infiltration rate, which further affect the surface runoff. The parameters, such as roughness and soil moisture
content, are extracted from the public data. The LULC data are processed by remote sensing interpretation tools using the
satellite image. The soil data are processed by SWAT, Soil-Plant-Air-Water (SPAW) model using the Harmonized World Soil
Database (HWSD). Then the collected parameters are conformed according to the reference opinions for hydraulic engineering

construction provided by local water conservancy department.
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Figure 18. DEM; LULC and Soil of Helin basin

Ql" he DBCM was applied to model the rainfall runoff process in the Helin basin and the result was compared with a UCM
composed of SWAT(as hydrologic model) and HEC-RAS(as hydrodynamic:model). The SWAT was calibrated by the design
storm and hydrographs (flood return period of 1%) in the Helin basin outlet. The selected coefficient&bf rainfall and floodgure
listed in Table 2 and Table 3. The calibration results are shown in Fig.19. It can be seen clearly that the flood process calculated
by the SWAT model is very similar to the design flood, with similar flood peak flow and fluctuation process. In the early stage,
there is no surface runoff although the rainfall lasts for a short time, as a result of the soil infiltration. Later, the discharge curve
climbs rapidly, consistent with the rainfall intensity, on account of the saturated soil. The simulation result reflects the storm
runoff production process affected by the combined action of rainfall and infiltration. The hydrographs show a:good agreement
with the design flood, demonstrating that SWAT has been calibrated and its output are reliable for hydrodynamic model.

After calibration, the hydrographs computed by SWAT in different locations were extracted and applied as inflow boundary
Qconditions for different models. Three simulation scenarios are designed, as shown in Table 2. Thefirsttworcases areused to

verify the proposed model to real catchment, while the third one is employed to compare the DBCM with the UCM.

Table 2. Simulation scenarios

Case Model Boundary condition Descriptions

A HM2D Helin out flow as inflow BC HM2D is a kind of UCM proposed in the present study
B HEC-RAS Same as Case A HEC-RAS is also a kind of UCM

C DBCM Helin inlet flow The coupling model proposed in this study
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455 Table 3. Rainfall parameters (Cs: coefficient of skewness Cv: coefficient of variation P: flood recurrence period)

460

465

470

Duration Mean value P(%)
Cv Cs/Cv
(h) (mm) 1 2 5 10
6 81.7 0.5 3.5 224 197 162 137
24 112 0.48 3.5 297 263 218 183
Table 4. Peak discharge at Helin outlet for different flood frequency
P(%) 1 2 5 10 20 50
Discharge 5300 1920 1470 1150 831 433
(m”s7)
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Figure 19. Design rain and flood with calculated flow in Helin basin outlet(1%)

The maximum water depth distribution and hydrographs at three positions (pi, p2 and p3) are used to validate UCM and the
DBCM model. The calculation results of case A and case B are shown in Fig.20 and Fig.21. In the scenario for the flood of
once in 100 year (P=1%), the low areas in the Helin basin are almost completely submerged, and the maximum submerged
depth in most areas is between 2 and 5 meters, while the scattered highlands are relatively safe, which can be reflected in the
predictions using the HM2D and HEC-RAS. In Fig.21, the water depth profiles of HM2D and HEC-RAS at three locations
also show good agreement. Note that the profile descends to a crest in a later period, then rises to a slightly higher level, which
is attributed to the sampling point location and terrain topographic influence. The three points all locates in the riverbed lower
than surrounding land. Recalling the model predicted inflow hydrograph in Fig.19, a tiny discharge crest appears in latter part
of the simulation time and then falls to zero. In Fig.21a, this small trough still exists in the upper reach and keeps the same

pattern as the inflow, but vanishes in the middle and downstream reaches due to surface resistance in Fig.21b and Fig.21c. In
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475

the early stage of simulation, a large amount of water flows out of the channel and floods the plain area. Later on, the inflow
gradually falls resulting in that no water supplement from upstream enters reaches, hence the crest arises. Soon, the water
inundating plains flows back into the river gradually because of elevation difference, then water depth rises and keep steady.
Either the global or local distribution of water depth has demonstrated that the proposed HM2D gained satisfactory results
compared with HEC-RAS, and HM2D(as part of DBCM) can be applied in practical engineering projects with complex terrain.

() N (b) A

Depth (m)

[[Joos

0 250 500 1,000 ) 0 250 500 1,000
—— — _—— —

Figure 20. Comparison of maximum depth, (a)case A, (b)case B. Red points denote 3 locations to compare water depth
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Figure 21. Comparison of water depth at 3 positions, (a)P1, (b)P2, (c)P3

The results from Case A and Case C are compared to investigate the capability of the DBCM. Fig.22 depicted the maximum
water depth distribution in Case A and Case C. The inundation region has expanded significantly in Case C. Not only the
lowland areas, but the hillsides have been inundated. Even though Case A adopted the simulated outlet hydrographs larger
than the one in inlet used in Case C, the runoff failed to inundate the hillside because of topographic obstruction. The red cycle
in Fig.22 indicates the urban area. Water depth was extracted for each cases. Due to the lack of measured data, field survey
and historical'records have to be used as reference data to verify the model outputs. The current river bed conditions are as
follows: both sides of the river are flat, with a lot of farmland and some villages distributed along the main river. No
embankments or bank protection works have been built along the river course. All of these problems lead to low flood control
capacity of the reach. As local residents recall, in 2017, the flood covered the middle of the trees along the bank, equivalent to
at least 3m water depth. Reviewing the simulation results(Fig.20), the maximum water depth is generally between 2m and Sm
along the banks. When it comes to urban area, according to the historic record, the rainstorm in 12 August 1998 caused a flood
that local¥streets and airports were inundated with water depth of 1.0m and 1.4m respectively. All villages and towns in the
Helin town catchment were submerged with water depth exceeding 0.5m on average. In Case C, this phenomenon was
simulated that the maximum water depth in urban areas is more than 0.6m, in accord with the historic data. But no water
emerged in Case A, although the Helin outlet flow is utilized as inflow discharge, greater than that of Case C, as shown in
Fig.23. Referring to local topography, the main cause of this problem is that urban locates in a higher position, between riverbed
and hillside,"hence the upwelling movement of water in rivers is easily blocked by terrain. Nevertheless, urban area will be
submerged by flow from the uphill slope, even though the river flow has been obstructed. Obviously, the computed results of

Case C by the DBCM are approximate to the practical situation.
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500 Figure 22. Comparison of maximum depth, (a)case A, (b)case C. Red points denote 3 locations to compare water depth

Figure 23. Comparison of water depth variation
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505

510

The capability of DBCM for switching models dynamically during computational process is tested, and the parameters of
water depth, velocity and flux term are selected to conduct this assessment. The water depth threshold(0.01m) is used to
distinguish the two models. Velocity is calculated in all of the inundation region, while the flux term is computed only in the

region where hydrodynamic model is used, not the hydrologic model region. As shown in Fig.24, the rainfall stopped after

G’r}l 7h since the simulation started, and the surface flow on the slope gradually decreases. Flux calculation no longer exists in

most part of the slope regions. However, a small amount of water is still left on the sloping area, and the flow in the confluence
area is calculated by the hydrologic model(diffusion wave equations). Thus, even though flux calculation has stopped, flow
velocity still exists in most of the slope. The low-lying area at the northeast corner, due to the obstruction of the terrain, cannot
be flooded in Case A. However, through the DBCM, the confluence of the surrounding slope accumulated to the local area

and form a small rangesof flooded area.
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QFigure 24. Simulation results at t=17h, (a) and (b) are water depth(m) for case A and case C,(c) and (d) are Velocity(m??

5150 ) for case A and case C, (e) and (f) are flux term(m* s2) for case A and case C
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540

5 Conclusions

A dynamic bidirectional coupling model (DBCM) for flood prediction and analysis was developed. The mathematical
formulations and the solution schemes of the DBCM are realized. In DBCM, the runoff production is depicted by the
hydrologiccﬁ}rlodel through the rainfall-runoff process, while the hydrodynamic model study' emphasizes on the flood
propagation processes. The characteristic wave theory is applied to compute the coupling boundary between the hydrologic
and hydrodynamic computational domains.

In using the proposed DBCM, a dynamic change of the boundary position is realized for determining the non-inundation

and inundation regions, which enables the mass and momentum exchange and interaction between the two regions. The

S@;’hydrologic and hydrodynamic model are carried out simultaneously. The DBCM is more in line with the natural physical

process of flood formation and propagation, which has the potential to significantlyjimprove the accuracy of flood prediction.
The main advantage of the proposed DBCM are:(1) Based on the characteristic speed theory to predict flow propagation.
The DBCM realizes the discharge calculation at coupling boundary by coupling slope gradient analysis and characteristic wave
analysis, which are the foundations for solving hydrologic model and hydrodynamic model respectively. (2) The discharge at
coupling boundary is used to update conservation variables of hydrologic model and hydrodynamic model with explicit
physical significance based on the consideration of the flow state on both sides of the coupling boundary.(3) Contrast with the
UCM and BCM, where the computational domains for hydrologic and hydrodynamic models are independent of each other
and remain fixed, the DBCM can resize the computational domains of inundation and non-inundation regions according to the
flow state throughout the calculation process, which is more aligned with natural rainfall and flood propagatioﬁpconditions.
Three test cases show that the DBCM is capable of accurately simulating the hydrologic and hydrodynamic response to
rainfall events in various catchments. The DBCM gains good agreement with the analytical solution, and realizes thé*éwitching
between the hydrologic and hydrodynamic models in simulating overland flow, hardly achieved by former methods, with
single model working. The DBCM also succeeds in predicting the inundation regions in natural storm flood events with more

precise results when compared with the UCM.

Data availability

Model simulation and calibration data are available upon request from the corresponding author. Digital elevation model data
are provided by the Geospatial Data Cloud at http://www.gscloud.cn. The data sets of Soil Properties and Land cover are

provided by Cold and Arid Regions Sciences Data Center at Lanzhou (http://westdc.westgis.ac.crfp
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