
Urban hydrological model (UHM) developed for
urban �ash �ood simulation and analysis of
sensitivity of �ood intensity to urbanization
Haibo Hu  (  hbhu@ium.cn )

Institute of Urban Meteorology, CMA
Xiya Zhang 

Institute of urban meteorological, CMA
Chunlei Meng 

Institute of Urban meteorology, CMA
Conglan Cheng 

Institute of Urban Meteorology, CMA
Ying Wang 

Beijing Normal University

Research Article

Keywords: �ash �ood, urban hydrological model, sensitivity

Posted Date: August 18th, 2021

DOI: https://doi.org/10.21203/rs.3.rs-756738/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-756738/v1
mailto:hbhu@ium.cn
https://doi.org/10.21203/rs.3.rs-756738/v1
https://creativecommons.org/licenses/by/4.0/


Urban hydrological model (UHM) developed for urban flash 

flood simulation and analysis of sensitivity of flood intensity to 

urbanization 

HaiBo Hu,a Xiya Zhang,a Chunlei Meng,a Conglan Cheng,a Ying Wangb 

a Institute of Urban Meteorology, CMA, Beijing 100089, China 

b Key Laboratory of Environmental Change and Natural Disaster of Ministry of 

Education, Beijing Normal University, Beijing 100875, China 

Corresponding author: Ying Wang,564469698@qq.com 

Abstract 

  

A two-dimensional raster gridded urban hydrological model has been developed 

to simulate the hydrologic response to urban land surfaces with consideration of the 

hydraulic characteristics of urban areas, and to produce mappings of urban inundation 

associated with rainstorms. The model is forced using radar-observed QPEs, in 

conjunction with parameter sets of land use and land cover (LULC) derived from 

satellite multispectral images and high spatial resolution GIS datasets relating to 

urban hydrology and land surface hydrodynamic properties. Urban drainage flow 

capacity is derived from a GIS road-network dataset using a generalization method. 

Submodels deduce runoffs of both the impervious and the pervious. Methodologically, 

the D8 method (eight slope directions) is used to derive the channel paths for 

gravity-driven nondispersive streamflow, which its hydrodynamics can be described 

by the hydraulic model based on simplified 1D - 2D St. Venant equation. A case 

study was undertaken to reproduce the urban flash flooding that occurred in Beijing 

following thunderstorms on 21 July 2012. The model results were verified 

qualitatively using media reports of the flooding. Through manipulation of model 

parameters, the test on the sensitivity of flash flood intensity to urban LULC 

variability and drainage network settings revealed the following: 1) flood intensity is 

enhanced slightly if the current urban LULC is substituted with a pure impervious, 2) 



increasing the pervious surface area (PSA) attenuates flood intensity considerably, 

and 3) flash flood intensity will increase by 30%–60% in the absence of an 

underground drainage system. 
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1. Introduction 

In recent years, many urban areas have been repeatedly striken by storms 

producing flash floods that have resulted in large numbers of human casualties and 

substantial economic losses (Zhou et al. 2013; Hu et al. 2015; Siswanto et al. 2015; 

Oldenborgh et al. 2016). Considerable research effort by meteor-hydrologists has 

focused on explaining the magnitude and frequency of urban flash flood occurrence 

(e.g., Graf et al. 1977; Bowling et al. 2000; Ogden et al. 2000; Smith et al. 2000; 

Beighley et al. 2003; Turner-Gillespie et al. 2003; Easton et al. 2007; Kotowski et al. 

2013; Barthold et al. 2015; Bartsotas et al. 2017), determining effective flood 

mitigation measures (e.g., Gourley et al. 2005; Sharif et al. 2006; Haberlandt 2007; 

Smith et al. 2012; He et al. 2013; Morneno et al. 2013), and developing flash flood 

nowcast and warning systems for risk reduction (e.g., Sharif et al. 2006; He et al. 

2013; Morneno et al. 2013). 

 Except for that climate change leads to greater climate and weather extremes 

(Allen and Ingram 2002; IPCC 2007; Wolter et al. 2016), the increasing frequency of 

urban flooding is considered related to land use and land cover (LULC) changes 

induced by urbanization, which also impacts on local weather and climate patterns 



(Shepherd and Burian 2003; Shepherd 2005; Yang et al. 2013; Hu 2015). The 

hydrologic response to urban LULC, characterized as the generation of greater runoff 

volumes and higher peak flow rates with reduced lag time, explains the susceptibility 

of urban areas to the flash flood occurrence (Smith et al. 2002; Yang et al. 2013). 

Moreover, obsolete urban drainage networks constructed following outdated design 

standards, which did not fully consider the impact of future climate change, have been 

becoming inadequate for the urban flash floods mitigation (Kotowski et al. 2013). 

With reduction in vegetations retaining rainfall and the expanding impervious, 

urbanized areas are more prone than suburban and rural areas to the flash flood 

occurrence (Beighley and Moglen 2002; Smith et al. 2002, 2005a, 2005b). Sharif’s 

(2006) striking example of “that on the same evening of the flash flood that 

devastated Fort Collins, Colorado, on 27 July 1997, a more intense storm occurred in 

rural Colorado with no reported injuries or significant damage,” demonstrated the 

substantial role of urbanization in increasing the urban flash flood risk (Smith et al. 

2002; Beighley et al. 2003; Turner-Gillespie et al. 2003; Smith 2005b; Easton et al. 

2007; Yang et al. 2010; Ogden et al. 2011; Wright et al. 2011). However, the 

contribution of urbanization should be evaluated quantitatively and verified using 

long-term hydrometeorological observations (Easterling et al. 2000). This would help 

in choice of effective measures for urban flash flooding risk reduction, for example, 

substantially improving urban drainage systems (Li et al. 2019) and building the 

so-called “sponge cities” （or urban city resilience） (Yong et al. 2018; Yin et al. 

2021). 

Note that a lack of long-term hydrological data makes it impossible to explain the 

direct effects of urbanization on land surface hydrology based on hydrographs 

observed under different stages of urban development (Yang et al. 2012). However, 

when using short-term data, it cannot be ascertained whether any observed tendency 

is attributable to climatic variability or the urbanization effects on the hydrological 

process (Pielk et al. 2007; Yang et al. 2010). Pielk et al. (2007) suggested that solely 

analyzing flow variability in urban catchments would be insufficient to determine the 

effects of urbanization on regional hydrology. This is because urban hydrology can be 



characterized not only by LULC change but also by climatic change. Numerical 

model simulation can be crucial in quantitatively evaluating the effects of LULC 

change on urban hydrological characteristics and subsequently reveal any 

spatiotemporal hydrographic tendencies (Bowling et al. 2000; Pielk et al. 2007; Yang 

et al. 2010). Moreover, it can help evaluate the sensitivity of the land surface pattern 

with respect to flash flood occurrence. Smith et al. (2002) claimed that appropriate 

hydrological model simulation could adequately reflect urban hydrological variability 

and confirm the hydrological response under various LULC conditions (Yang et al. 

2013).  

Meanwhile, the urban drainage system plays an important role in flash flood risk 

reduction (Graf 1977; Li et al. 2019; Broekhuizen et al. 2020), which will be desired 

of being evaluated using model simulation. Graf (1977) recommended when assessing 

hydrological impacts of suburban developments, not only LULC changes but also 

drainage network changes should be equally taken into account. Except for the urban 

LULC properties correlated to hydrological variability, the urban drainage network 

also has a marked impact on the hydrological response (Turner-Gillespie et al, 2003; 

Broekhuizen et al. 2020). Therefore, the flow capacity of urban drainage system 

should be introduced in the hydrological modelling. However, its derivation can be a 

substantial challenge, especially in China where urban sewerage distribution data are 

not widely accessible. So we had to rely on substitute information and using a 

generalization method to derive the drainage flow capacity. Obviously, this derivation 

can induce uncertainty, and hence makes it necessary of validating the urban 

hydrological model (UHM) simulation and indirectly proving the rational of the 

derivation, though it represents a great challenge.  

The challenge is that the model reproducing flash flood occurrences and 

inundation mappings can not be adequately validated based on dedicated observations 

(Herman and Schumacher 2018), i.e., checking for whether the model results being in 

good agreement with the “true” inundation depths, dimensions and durations during 

the flood events (Assumpção et al. 2018; Sy et al. 2020). It is due to no sufficient 

observation source (e.g., hydrographical data) available to verify the flash flooding 



occurrence, especially in urban areas with no gauge measurements (Amponsah et al. 

2016; Borga et al. 2007;Herman and Schumacher 2018). Thus, postevent surveys, in 

situ photos, and media reports of flash flooding events (e.g., from newspapers and 

Internet websites), as well as interviews with local residents (Borga et al. 2007; Sy et 

al. 2020), are necessary for model validation and comparison with model simulation 

results. This approach, called “civil science” by Assumpção et al. (2018), which is 

currently the only plausible option for verification in this case, is devoted to 

qualifying the UHM for urban flash flood warning and risk recognition. 

Following section 2 introduces the data derivation, the methodology used to 

generalize the drainage flow capacity index, and the UHM parameterization. Section 

3 presents the UHM fundamentals and the methods used to deduce runoff, channel 

path routing, and hydraulic processing represented by the St. Venant equation. Section 

4 introduces a case study on the Beijing “7.21” rainstorm, and analyzes the hydrologic 

response to urban LULC and drainage network changes based on model simulation 

scenarios. Finally, our conclusions are presented in section 5. 

2 Data derivation and generalization for UHM application  

2.1 Forcing data of radar rainfall estimates 

Radar-derived QPEs/QPFs are data sources commonly used for forcing 

hydrological models because of their specific spatiotemporal resolution and larger 

areal coverage in comparison with gauge rainfall data (Steiner et al. 1995; Ciach et al. 

1997; Gourley and Vieux 2005; Villarini et al. 2008; van de Beek et al. 2010; Xin et al. 

2013). Thus, we used the QPE/QPF datasets of the Auto-Now-Casting (BJ_ANC) 

system from the Beijing Meteorology Bureau as the forcing data resource. 

Since 2005, the BJ_ANC system has synchronously received the observations 

from three WSR-88D radars deployed at the Guangxiangtai, Tanggu and Zhangbei 

meteorological stations. The system produced QPEs/QPFs on series of radar merge 

images (600 ×600 pixels) with 1 × 1 km spatial resolution in a 6-min radar volume 

scanning interval (Chen et al. 2013). After 2007, additional two radars located at the 



Chengde and Shijiazhuang meteorological stations in Hebei Province participated in 

delivering radar observations to the BJ_ANC. Since then, the system has begun to 

produce 800×800 pixels QPEs/QPFs imageries that spatially cover the entire Beijing 

domain. 

The radar rainfall estimations are performed remotely and indirectly, and its 

signal is often contaminated with various types of noise and artifact; therefore, it is 

recommended that the rainfall estimates be tuned using gauge rainfall data for bias 

correction (Smith and Krajewski 1991; Anagnostou and Krajewski 1998; Seo and 

Breidenbach 2002; Haberlandt 2007). Thus, from 2012, the QPEs have been corrected 

using quality-controlled precipitation observations from almost 2000 

manned/automated rain gauges in the radar observable ranges (Zhang et al. 2015). 

The adjustment method suggested by He et al. (2013) is used in the QPEs bias 

correction procedures, which make the QPEs more qualified for forcing hydrological 

models (Smith et al. 2012; Wright et al. 2012; Yang et al. 2013). Furthermore, the 1-, 

3-, and 6-h QPFs are also modified using nonhydrostatic high-resolution NWP model 

rainfall fields, for which a blending technique is taken to connect the nowcasting and 

the meteorological model results to produce a radar rainfall forecast having improved 

accuracy both in rainfall magnitude and location (Golding 1998; Kober et al. 2012; 

Atencia et al. 2010; Kilambi and Zawadzky 2005; Nerini et al. 2018).  

Before use in forcing the hydrological model, the QPEs/QPFs are downscaled 

from their original 1-km Cartesian grids to the 30-m hydrological model grid cells 

using the inverse distance weighting interpolation method, and equivalently calibrated 

to the DEM used by the UHM. 

2.2 LULC derivation 

The high-resolution (30 m) Globe Land Cover Data product (GlobeLand30) for 

2010, provided by the National Geomatics Center of China, was used to extract the 

impervious surface area (ISA) within the study region. GlobeLand30 data are 

produced mainly from Landsat TM/ETM+ imagery. Images from the Chinese HJ-1 

Environmental and Disaster satellite are also used as supplementary data for 2010 



(Chen et al. 2014). Additionally, various other image data useful for classification and 

validation are collected, including MODIS NDVI data, Global Geometrics data, 

Global DEM data, and online high-resolution images (e.g., Google Earth, Bing, and 

OpenStreet images). GlobeLand30 has 10 land cover types: cultivated land, forests, 

grasslands, shrublands, wetland, water bodies, tundra, artificial surfaces, permanent 

snow and ice, and barren lands. However, the ISA and pervious surface area (PSA) 

should be subclassified in the cells and certain GlobeLand30 LULC subclassifications 

cannot satisfy the needs regarding configuration of the surface hydrological and 

hydrodynamic properties (see Tables 2, 4, and 5). Thus, we introduced 1:2000 

high-resolution GIS datasets mapped in 2010, which are provided by the Beijing 

Surveying and Mapping Bureau, to derive the LULC classifications/subclassifications 

in the 30-m cells using a GIS overlapping operator. The distribution of the 

imperviousness ratio (%) obtained from the combined 2010 GlobeLand30 and 1:2000 

GIS datasets reasonably reflects the greater imperviousness of urban areas and the 

urban center than is found in suburban and rural areas (Fig. 1). 

Fig. 1 

2.3 Estimating the drainage flow capacity of the urban drainage system 

A drainage system is generally designed for effective discharge of the runoff and 

overflow produced by a storm with intensity defined by a certain return period (years) 

(Zhang et al. 2019). Here, a GIS road-network dataset is incorporated to derive the 

flow capacity of the drainage network. This is considered acceptable because roads in 

China are constructed parallel to sewage pipes, obeying the “Code for Urban 

Wastewater and Stormwater Engineering Planning” standards published by the 

Ministry of Housing and Urban–Rural Development (GB50318-2017 2017). The 

standards specify the design drainage flow capacities of the underground pipes based 

on the grade of the adjacent road (see Table 1). Thus, on the basis of rainfall intensity 

with a certain return period (years) (Zhang et al. 2019), the flow capacity of the 

drainage pipes can be determined indirectly by the road grades, which can be 

predetermined from the GIS mapping datasets. 



The urban areas connected hydraulically to the inlets and the route leading 

directly to a drainage system are considered to possess drainage flow capacities that 

influence runoff hydrograph estimates (Seo et al. 2013). For simplicity, these areas are 

assumed to project as GIS buffering zone objects along the drainage pipes parallel to 

the roads. In this hypothesis, the gridded drainage flow capacity (Dcell) in a cell is 

deduced using the cell that intersects with these pipeline buffering zone objects: 

 Dcell = ,           (1) 

where Intersect(B(i)) is the GIS intersect operator used to calculate the intersect area 

of the i-th buffer (B(i)) and the cell (Ocell), n is the number of buffers in the cell, 

Dbuffer(i) is the drainage capacity (yr) of the i-th pipeline buffering zone, and Acell is the 

cell area. 

If a region intersects with no pipeline buffering zones, its drainage flow capacity 

is determined based on its local degree of urbanization. A typical urbanized residential 

area in China with population density of >5000 persons/km2 should have storm 

sewerage infrastructure suitable for discharging the runoff produced by rainfall 

intensity with a return period of 1–3 (average: 1.5) years (GB50318-2000 2001); 

otherwise, it is considered a rural region with no urban sewerage system. Under these 

assumptions and in accordance with the standards, the cell drainage flow capacities 

are derived, which exhibit greater magnitude in more highly urbanized areas (see Fig. 

2). 

Although the simplified derivation somehow induces data uncertainty, it does 

promote low-cost model simulation (Pathirana et al. 2016). Critically, it is the only 

plausible approach for triggering this hydrological model in China. It differs from the 

object-oriented distributed urban drainage models in which the distributions of 

drainage facilities (e.g., wellheads, conduits, junctions, and outlets) must be 

recognized for running the hydrologic–hydrodynamic model. Such models can 

achieve more precise results (Fletcher et al. 2012; Aguilar et al. 2015; 

Tscheikner-Gratl et al. 2016; Broekhuizen et al. 2020) but are more expensive 

computationally and intricately assembled (Pathirana et al. 2016).  
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Fig. 2 

3 Urban hydrological model 

Fig. 3 

Fundamentally, the UHM comprises three steps: 1) rainfall to runoff estimation, 2) 

water flow channel path routing, and 3) hydraulic modeling (Fig. 3).  

The ISA runoff (Rp(1)) is simply the rainfall minus depression storage (Bg) and 

evaporation (E), whereas the PSA runoff (Rp(2)) is mainly the Hortonian excess runoff, 

except for depression storage and evaporation. Thus, the total runoff of the cell is the 

sum of Rp(1) and Rp(2).  

The D8 method obtains the slopes lines of the flow channel paths on the 

30-m-resolution DEM. The gravity-driven streamflow crossing the clustered cells on 

the flow channel paths will lead to water stage changes that reflect the status of 

waterlogging and inundation in the cells. Additionally, the hydraulic 

Manning–Strickler equations are responsible for determination of the flow rate and 

volume. 

3.1 Surface runoff 

Surface depression storage comprises capillary storage and gravitational storage 

(Velásquez et al. 2020) and it varies as a function of LULC types that can be 

evaluated empirically (Table 2). Cell depression storage is area-weighted depending 

on the LULC type subareas of the cell:  

,                         (2) 

where li is the area ratio of the i-th LULC type subarea to the containing grid cell, n is 

the number of all LULC types of the grid cell, and Bi is the depression storage of the 

i-th LULC type subarea. 

In warm rainfall, runoff can be reduced slightly by evaporation, which also 

influences soil moisture and surface depression storage (Easton et al. 2007; Moreno et 

al. 2013). The submodel of the Common Land Model, published in Meng (2015) and 
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cited herein regarding surface evaporation estimates, considers the effect of 

evapotranspiration of urban LULC on the production of runoff. 

The ISA runoff Rp is considered to be the rainfall R minus depression storage and 

evaporation:  

 .            (3) 

The Horton model is responsible for estimating infiltration f on a pervious surface; 

consequently, PSA runoff Rp is expressed as follows: 

.     (4) 

3.2 Runoff discharged by the urban drainage system 

3.2.1 Rainfall Intensity Estimates 

Synthetic rainfall data with a return period of nearly 10 years were simulated 

using the Chicago hyetograph method (Chen et al. 1998; Dai et al. 2014), on account 

of only deriving the maximum drainage flow capacity based on rainfall intensity with 

a 9-year return period (Fig. 2). The localized rainfall intensity, indicated by the 

rainfall rate q (mm/min) in a certain return year rainfall P (yr), is determined using the 

following rainstorm intensity formula (Hu 2016; Zhu et al. 2019): 

 ,                             (5) 

where t is rainfall duration (min); and A1, B, c, and n are parameters related to the 

characteristics of the local rainstorm that need solutions (Zhu et al. 2019). However, 

the localized parameters A1, B, c, and n were referenced to the rainstorm intensity 

formula for the Beijing metropolis obtained from the “Water Supply and Drainage 

Design Manual Volume 5” published by the Beijing Municipal Planning Bureau 

(Table 4). 

3.2.2 Drainage Flow Capacity Estimates 

The drainage flow capacity is mostly determined by regional climatology, and it 

can be estimated using the following equation: 
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  (6) 

where Qs is the design drainage flow (L·S-1) of the drainage system,  is the design 

drainage flow capacity measured by rainfall intensity (L·S-1·hm-2),  is the runoff 

coefficient, and F is the catchment area (hm2).  

The runoff coefficient , which is used to regulate the rainfall to runoff 

magnitude and varies depending on LULC type (see Table 5). The runoff coefficient 

of the cell is also area-weighted, similar to using Eq. (2) for its calculation. 

Assuming that  

 ( =1) 

 = ,                                   (7) 

means that the design drainage flow equal to the rainfall rate q, which will produce 

runoff on the catchment dimension F with the maximum runoff coefficient (  = 1). 

Then, combining Eqs. (5)–(7):  

=  =  

,  

gives 

.                         (8) 

The ultimate runoff rate rd (mm/min) in an urban area is equal to the rate of 

runoff (rs) produced on the land surface (combining both impervious and pervious 

surfaces) subtracted from the design drainage flow capacity , using Eq. (8):  

.                    (9) 

3.3 Hydraulic model  

3.3.1 D8 Method to Route the Water Channel Paths  

The perception of streamflow within a channel network is based on a smoothing 

window combined with the D8 method (eight slope directions) used to determine the 
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slope lines in a gridded DEM (Jenson and Domingue 1988). Slope lines, which are 

essential topographic attributes for the description of overland flows, provide both the 

flow paths along which gravity-driven nondispersive flows of water and sediment 

extend, and the skeleton around which dispersive overland flow patterns are likely to 

develop (Orlandini et al. 2014).  

3.3.2 Model Selection and Implementation 

The 1D hydraulic model is widely used in the distributed hydrological modeling 

for applications, i.e., the fluvial and pluvial flooding flood simulations (Bates and De 

Roo, 2000; Horritt and Bates, 2002; Zhu et al. 2019). However, it isn’t suitable for 

modeling urban hydrology, counting for its incapability of taking into account of the 

dispersive overland flow patterns on urban floodplains where the multi direction 

flows are regular. 

Nevertheless, the urban flood flow representation lies between diffusion wave 

and full dynamic equation. Most hydraulic models neglected the local acceleration, 

convective acceleration, and pressure terms in the momentum equation, and assumed 

that the friction and gravity forces balance (Pathirana et al. 2011; Abderrezzak et al. 

2009; Bates and De Roo 2000). All these assumptions were admitted in the hydraulic 

modeling.  

Based on the 1D to 2D St. Venant equation, the model is simplified to describe 

the depth-averaged 2D flow in the D8 method routing schemes. Therefore, the 

multiple flow direction (MFD) algorithms, in which each cell may contribute flow to 

multiple downslope neighbors (e.g., Quinn et al. 1991; Tarboton 1997), are introduced 

in formulating the urban dispersive flow patterns on the D8 method routing paths.  

On this premise, the water volume changes in a cell when the upstream water 

inflows from the neighboring higher elevation cells which the number is N (0<N<8), 

and the downstream water outflows to the lower elevation cells which the number is 

N-8; then, the water flux of the central cell 0 during the time step can be formulated to 

be:  



       
(10) 

where V is the cell volume (L3), and Qi0 and Q0j are the inflow rates (L3 T-1; positive 

for Qi0 and negative for Qm0) from cell i to cell 0 and the outflow rates from cell 0 to 

cell j, respectively, in eight directions determined using the D8 method; wi0 and w0j 

are the specified weights of the inflow rates from cell i to cell 0 and the outflow rates 

from cell 0 to cell j, and determined by the following: 

                     (11) 

where S0j is the slope between the cell 0 and cell j. The MFD determines the value of 

w0j, which the sum of one cell’s multi direction outflows is 1. Meanwhile, in D8 flow 

routing scheme, a cell’s flow passes to all downslope neighbors in proportion to slope. 

Note that the inflow weights wi0 can be regarded as the outflow weights of its N 

adjacent cells, which can be achieved in the iterative computing over the cells when 

deducing outflow weights of these adjacent cells using Eq. (11). 

The flow rate between cell i and cell j is determined using the Manning equation: 

,                         (12) 

where Qij is the flux (L3 T-1) between the two cells , R is the hydraulic radius (L) at the 

interface of the two cells, S is the water surface slope between the two cells, and n is 

the Manning’s roughness coefficient (TL-1/3) (see Table 6) , A is the cell area.  

The slope S between two adjacent cells is expressed as follows: 

 ,                                (13) 

where  is the elevation difference between the two cells, and l is the distance 

between the center points of the two cells, which depends on cell width  (l =  

for orthogonal flow and l  for diagonal flow). 

Assuming that the hydraulic radius and the mean water depth should be 
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considered equivalently, the water flow velocity Uij can be expressed as the flow 

covering the distance through a cross-sectional area between the two cells (i and j) 

within a specific time: 

        (14)  

The water flow velocity Uij can be calculated using Eqs. (12) and (14): 

.   (15) 

When the water flow velocity is known, it is necessary to implement the Courant 

limitation (Pathirana et al. 2011) for time step  to ensure the necessary stability 

during the simulation for the gridded cells using the 1D - 2D St. Venant equation: 

,                             (16) 

where  is the finite difference time step,  is the distance between two adjacent 

cells, and d is the water depth. 

The model time step is constricted to ensure that it must be less than the Courant 

 for each routing step for keeping computation stability and continuity (Caviglia 

and Dragani 1996; Pathirana et al. 2011).  

4 Case study of UHM simulation 

Before the model running, the parameter values of the LULC type area, design 

drainage flow capacity, elevation magnitude, and rainfall rate downscaled from the 

calibrated radar-derived QPEs/QPFs, etc., are evaluated and preserved in the 30-m 

spatial resolution cells properties. Bartsotas et al. (2017) suggested that using a model 

with higher spatiotemporal resolution should be a positive step in the field of flash 

flood forecasting. Additionally, the high-resolution cells in the hydrological model 

facilitate succinct determination of the flow routing channel paths and are convenient 

for derivation of water inundation mapping. 

The model time step should adhere to the Courant limitation, and therefore the 

minimum Courant  of all the cells on the water flow channel paths in the domain 
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was calculated to be 2.425s using Eq. (16). Thus, the time step is limited to 2 s. 

Although the 2-s time step in model running requires considerable computational 

resources, it retains a conservative form of the St. Venant equations and continuity in 

the hydraulic process (Hodges 2019).  

Benchmarking on the UHM launches the case study on the flash floods produced 

by extreme thunderstorms that occurred in Beijing on 21 July 2012 (the “7.21” 

rainstorm), details of which can be found elsewhere (e.g., Zhou et al. 2013; Chen et al. 

2013; Hu et al. 2015; Zhang et al. 2015). The case study is performed to demonstrate 

the capability of the model in reproducing inundation mapping of flash flood events, 

which can be issued to severe weather warning and used in disaster prevention. 

Meanwhile, it investigates the impact of urbanization on urban hydrology by 

performing separate hydrological simulations for scenarios of pure imperviousness 

(PI), pure perviousness (PP), no drainage network (NDN), and the present LULC 

settings and drainage system configurations, presuming that all scenarios undergo the 

extreme “7.21” rainstorm. 

As discussed earlier, verification of the model results with observational data 

remains a challenge, especially in terms of establishing a robust and acceptable 

hydrologic verification scheme (Welles et al. 2007). Amponsah et al. (2016) argued 

that hydrologic and geomorphic observations regarding extreme hydrogeomorphic 

processes are scarce owing to both the small spatiotemporal scale of flash flood 

occurrence, which limits the availability of hydrometeorological monitoring sites in 

impacted catchments, and the intensity of the runoff and geomorphic processes 

themselves, which limit the reliability of available stream gauge data and of postevent 

peak flood discharge estimates. Nevertheless, certain postevent information (e.g., 

from newspapers and Internet websites) regarding the flash floods that occurred 

following the “7.21” rainstorm has been collected for verification purposes (Fig. 4). 

The source of this information can be considered citizen science, which has been 

adopted previously in flash flood risk analysis, vulnerability assessment, and model 

validation (Assumpção et al. 2018; Sy et al. 2020).  

Overpasses, crossroads and other junctions, and highways in the urban 



environment are reported susceptible to flash floods (Ogden et al. 2000), and therefore 

we paid particular attention to the model results relating to the inundation status 

(depths and dimensions) at such locations. Pictures and descriptions of the flooding at 

these places published in the media were also collected and compared with the 

geomorphologic characteristics overlapped by the model outputs for visual 

verification of the model results (Fig. 5). 

4.1 UHM simulation of the flash flooding that occurred on 21 July 2012  

Fig. 4 

The model simulation reproduced the surface runoff, discharge, flow, and 

inundation mapping, addressing the flash flood magnitude as a time series on 21 July 

2012 between 11:00 local time (LT) and 22:00 LT.  

The simulation began at 11:00 LT. At 21:00 LT, the model results indicated that 

widespread flash flooding would occur in the Beijing metropolis with water 

inundation depths of 0.30–3.00 m (Fig. 4), consistent with the actual flash flooding 

experienced on that day. The model results indicated that the most likely flooding 

spots would be on the primary roads and at transportation facilities (Figs. 4 and 5). We 

checked the inundation mapping at over 12 locations considered highly susceptible to 

flooding (e.g., the Guangjumen overpass, Gongzhufan overpass, and Xikezhan 

overpass) and calculated the integrated maximum, minimum, and average inundation 

depths at these locations as 5.12, 0.06, and 2.22 m, respectively, consistent with media 

reports. Meanwhile, the simulated flooding areas located in lower-lying land 

conformed to the distinctive geomorphological features denoted by the DEM contour 

lines (Fig. 5).  

Fig.5 

4.2 Sensitivity analysis  

The parameterization of LULC and drainage flow capacity in the model 

facilitates exploration of the hydrological response to LULC, which allows evaluation 

of both the impact of LULC change on flash flood intensity, and the reduction of 



flood intensity contributed by the drainage network. The simplified solution is to 

contrast the changes of flash flood intensity associated with the PI, PP, and NDN 

scenarios, in comparison with the actual flood intensity, when the model is forced by 

the “7.21” storm precipitation. 

We defined the flash flood intensity index F as follows: 

 ,                                (17) 

where t1 is the inundation start time, t2 is the end time (t2 − t1 is the duration), and D(t) 

is the temporary water inundation depth at time t. The 2-s model time step can be the 

discrete time interval for Eq. (18). 

 The ratio of the simulated flood intensity Fs in each of the scenarios to the actual 

flood intensity Fa is taken as the sensitivity index S: 

 .                                      (18) 

 The 12 overpasses most susceptible to flash flooding (listed in the x-axis of Fig. 6) 

were selected for the sensitivity test. After each model time step, the inundation depth 

at each location was output for calculation of the flood intensity Fs (using Eq. (18)) 

under the PI, PP, and NDN scenarios, which was obtained by controlling the LULC 

parameter (setting the ISA percentage to 100% and 0% for the PI and PP scenario, 

respectively) and the design drainage flow capacity  (setting  = 0 for the NDN 

scenario).  

Although the simulated flood intensities under the PI scenario at the 12 

overpasses are largely enhanced in comparison with the actual flood intensities, the 

magnitudes of the enhancement are <30% and thus are not considered prominent (Fig. 

6). Given that the 12 overpasses are distributed in highly urbanized areas where the 

minimum imperviousness is 88%, it could be assumed that changing the LULC 

setting to pure imperviousness would not lead to an extraordinary enhancement in 

flood intensity. Note that the flood intensity at the Hangtianqiao and Liuliqiao 

overpasses would be slightly inversely attenuated (−3%) under the 100% 

imperviousness scenario. It would be in the case that the reduced land surface 

roughness induced by the impervious in such watersheds or outlets accelerated 
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draining out the waterloggings and facilitating the runoffs to overflow downstream 

and/or into the adjacent watersheds.  

Under the NDN scenario, the flash flood intensity would be enhanced by 

30%–60%, reflecting the important role of a drainage system with regard to 

mitigation of urban flash flooding. A slight exception can be discerned at the 

Guangjumen overpass, that is, the NDN scenario produces enhancement of 

approximately only 3% in terms of flash flood intensity. The drainage flow capacity 

estimates (not shown) indicate that the designed drainage capacity at the Guangjumen 

overpass is to drain the runoff associated with a nearly 1-year return period rainstorm. 

Moreover, the region occupies 3% of the wetted river surface, that is, higher than the 

average level of 0.8%. Maybe, the rainfall producing runoff flow conveniently into 

the nearby river, and the local drainage network will play a minor role in surface 

water discharge. 

In contrast to the above, given the high degree of urbanization of the studied 

locations, the effect of the pure previousness on the flood intensity attenuation would 

be very distinctive.  The simulation indicates that, under the PP scenario, the flood 

intensities at the studied locations would be reduced by approximately 50%–90% (Fig. 

6). 

It can be concluded that improving the drainage network and increasing the 

degree of perviousness in the urban environment could be the two measures most 

effective for urban flash flood risk reduction. These measures have been identified in 

China as the “the straw for life” in building “sponge cities” (e.g., Yong et al. 2018; 

Yin et al. 2021). However, the implementation would be very challenging, and 

especially the increasing of urban perviousness would be far more impracticable than 

updating the drainage system, owing to the extraordinary expense associated with 

imperviousness reclamation.  

Fig. 6 

5 Summary 

This study developed a two-dimensional raster gridded UHM (driven by the 1D - 



2D St. Venant equation) to simulate the hydrologic response to urban land surfaces 

and urban hydraulic characteristics, which is desirable in relation to the issuance of 

warnings regarding the urban flash flood occurrence. Forced by radar-derived QPEs, 

the UHM simulation satisfactorily reproduced the urban flash flooding that occurred 

following the “7.21” rainstorm event.  

The model results were somewhat verified based on the degree of resemblance to 

the actual scenario described by media reports. Thus, the model was considered 

suitable for testing the sensitivity of flash flood intensity to urban LULC variability 

and the drainage network capacity. The primary findings were as follows.  

1) Given the degree of saturated imperviousness in urban areas, flood intensity 

enhancement under the PI scenario would not be prominent.  

2) The flood intensity under the PP scenario at the studied locations considered 

most susceptible to flooding could be reduced by 50%–90%.  

3) The urban drainage network plays an important role in flash flood mitigation; 

under the NDN scenario, flash flood intensity would be enhanced by 30%–60%.  

The above findings might appear to reflect commonsense, and however it 

indirectly demonstrates the validation of the hydrological model simulation. Moreover, 

validation of the model reproducibility in relation to the flash flood occurrence was at 

least partially confirmed in terms of scale and intensity by checking the 12 sample 

sites considered most susceptible to flash flooding in the case study. It must be 

acknowledged that the model simplicity, modeling assumptions, lack of data, indirect 

data derivation, and inadequate parameterization mean that there is considerable 

scope for improvement of the UHM in terms of robustness and accuracy regarding the 

reproduction of the flash flood occurrence. Moreover, in future work, it will be 

exciting to force the model using QPFs or qualified QPFs, rather than radar-derived 

QPEs, to produce flash food mapping in advance for risk perception and flash flood 

forecasts. It should be noted that QPFs have larger biases in terms of rainfall 

magnitude and location; however, they are more applicable in relation to severe 

weather warnings owing to their recognized suitability for forecasts of 1, 3, and 6 h 

ahead. Although further challenges remain, this work clearly indicates that the field of 



urban flash flood forecasting is progressing in the right direction. 
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Table 1. List of drainage flow capacity of roadside pipes corresponding to road 

grade (map scale of 1:2000) 

Road in grades Code 
Drain flow capacity measured by 

return-period (years) rainfall intensity 

High-grade highway 4210 9 

High-grade highway in 

building 
4213 

9 

Low-to-medium grade 

highway 
4220 

First grade：9 

Second grade：5 

Third grade：3 

Fourth grade：2 

Below fourth grade：1 

Low-to-medium grade 

highway in building  
4223 

Same as above 

No grade road 4230 1 

No grade road in building 4233 1 

Major streets 2231 3 

Inferior Streets 2241 1 

 



 

Table 2. Depression storage Bi (mm) of different land use/cover types 

Land use/cover types Depression storage Bi´ (mm) 

Pervious areas  5.0 

Impervious areas 1.27-2.54 

Industrial areas 1.4 

Public commercial areas 1.4 

Residential (lawns) 2.54-5.08 

Forest 7.62 

 



Table 3. Parameter values for the rainfall intensity formula 

Selection  A1 B c n 

Average in years 14.688 13.8 0.761 0.739 

Maximum in years 11.442 12.6 0.891 0.708 

 

 



Table 4. Runoff coefficients of land use/cover type areas 

Land use/cover types    Runoff coefficients 

Every roofing, concrete and asphalt pavement 0.85-0.95 

Stones pavement and asphalt surfaced chippings pavements 0.55-0.65 

Trivial chippings pavement 0.40-0.50 

Placed rockfill pavement 0.35-0.45 

Soil surface 0.25-0.35 

Green belt 0.10-1.20 

 



 

Table 5. Model parameters for different land use/cover types (Ogden et al. 2011) 

Land use/cover types Manning’s roughness 

coefficients 

Depression storage 

(mm) 

Impervious 

surface 

areas 

Industrial land use 0.02 1.4 

Commercial land 

use 

0.014 1.4 

Pipes 0.035 / 

Others 0.02 1.3 

Pervious 

surface 

areas 

Residential lawns 0.20 5.0 

Other vegetated 

areas 

0.014 5.0 



Fig. 1. Distribution of imperviousness ratio (%) in urban, suburban, and rural areas of 

Beijing. 

Fig. 2. Distribution of drainage flow capacity (generalized from GIS data) in urban, 

suburban, and rural areas of Beijing. 

Fig. 3. Illustrative diagram of the methodologies adopted in the UHM. 

Fig. 4. Distribution of locations of severe flash flooding in Beijing reported by the 

mainstream media and social media following the 21 July 2012 rainstorm. 

Fig. 5. Simulated inundation mapping at (a) the Guangjumen overpass, (b) 

Lianhuaqiao overpass, and (c) Liuliqiao overpass following model integration to 

21:00 LT, overlain with landscape imagery, isohypse lines, and corresponding pictures 

of the actual flooding taken by the media. 

Fig. 6. Simulated sensitivity index values (y-axis) at 12 overpasses most susceptible to 

flash flooding (x-axis) under the PI (blue bars), PP (yellow bars), and NDN (purple 

bars) scenarios. 

 

 



 

 

Fig. 1. Distribution of imperviousness ratio (%) in urban, suburban, and rural areas of 

Beijing. 



 

Fig. 2. Distribution of drainage flow capacity (generalized from GIS data) in urban, 

suburban, and rural areas of Beijing. 



 

Fig. 3. Illustrative diagram of the methodologies adopted in the UHM. 
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Fig. 4. Distribution of locations of severe flash flooding in Beijing reported by the 

mainstream media and social media following the 21 July 2012 rainstorm. 

 



 

 

Fig. 5. Simulated inundation mapping at (a) the Guangjumen overpass, (b) 

Lianhuaqiao overpass, and (c) Liuliqiao overpass following model integration to 

21:00 LT, overlain with landscape imagery, isohypse lines, and corresponding pictures 

of the actual flooding taken by the media. All these mappings are displayed in the 

software of ArcMap 9.2. 
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Fig. 6. Simulated sensitivity index values (y-axis) at 12 overpasses most susceptible to 

flash flooding (x-axis) under the PI (blue bars), PP (yellow bars), and NDN (purple 

bars) scenarios. 

 

 


