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Abstract
Urbanization increases regional impervious surface area, which generally reduces hydro-
logic response time and therefore increases flood risk. The objective of this work is to 
investigate the sensitivities of urban flooding to urban land growth through simulation of 
flood flows under different urbanization conditions and during different flooding stages. A 
sub-watershed in Toronto, Canada, with urban land conversion was selected as a test site 
for this study. In order to investigate the effects of urbanization on changes in urban flood 
risk, land use maps from six different years (1966, 1971, 1976, 1981, 1986, and 2000) 
and of six simulated land use scenarios (0%, 20%, 40%, 60, 80%, and 100% impervious 
surface area percentages) were input into coupled hydrologic and hydraulic models. The 
results show that urbanization creates higher surface runoff and river discharge rates and 
shortened times to achieve the peak runoff and discharge. Areas influenced by flash flood 
and floodplain increases due to urbanization are related not only to overall impervious sur-
face area percentage but also to the spatial distribution of impervious surface coverage. 
With similar average impervious surface area percentage, land use with spatial variation 
may aggravate flash flood conditions more intensely compared to spatially uniform land 
use distribution.
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1 Introduction

During urbanization, rain water movement and storage at ground surface within a local 
watershed are significantly altered by the changes in landscape from natural to man-made 
(Booth 1991). Paved impervious1 materials block water from natural penetration, decreas-
ing the surface infiltration rate. When the precipitation rate is higher than the infiltration 
maximum rate, excess precipitation will move quickly as overland flow toward a stream 
channel and contribute to short-term stream response, leading potentially to soil erosion 
and flooding (Dingman 2015). To assess urbanization impact on flood risk, two common 
data sources are historical records and flood modeling results. Early studies relate urbani-
zation to the magnitude and frequency of urban flooding through historical field measure-
ments from river gauges and rainfall gauging stations (Anderson 1970; Espey et al. 1966; 
Hollis 1974; Kinosita and Sonda 1971; Martens 1966; Hollis 1975; Moscrip and Mont-
gomery 1997). More recently, advanced nonstationary flood-frequency models have been 
used to prove that urbanization has statistically significant effect on the growing magnitude 
and frequency of floods (Villarini et al. 2009; Prosdocimi et al. 2015). Thanks to the rapid 
development in computation power, application of complicated flood models has become 
feasible. Bronstert et  al. (2007) used a multi-scale, process-oriented coupling difference 
model to simulate flood discharge in catchments at different urbanization stages and for-
mulated a series relations between the land use and flood peak discharges under different 
storm scenarios. In Banasik and Pham’s study, flood hydrographs under two historical land 
use conditions in different years and one hypothetical land use condition were simulated 
using a rainfall-runoff model for a small watershed (Banasik and Pham 2010). Also using 
rainfall-runoff models, flood peak discharges under historical land use conditions in dif-
ferent years were modeled and were found to exhibit large increases in peak discharge due 
to urbanization (Al-Ghamdi et  al. 2012; Zhao et  al. 2016). Yin et  al. (2015) proposed a 
novel scenario-based framework where numerical modeling was undertaken to quantify 
flood risks using three anthropogenic variables (land subsidence, urbanization, and flood 
defense). Huang, et al. (Huang et al. 2017) simulated inundation area and average depth 
for land use conditions in three different years in fluvial flood scenarios with a hydrau-
lic model (Yu and Lane 2006a, b). As the main source for land use data, remote sensing 
images collected by different sensors were evaluated for flood modeling (Verbeiren et al. 
2013; Berezowski et al. 2012).

However, the current overland flow models for urban flood simulation tend to simplify 
the watershed under study by assuming a uniform hydraulic roughness value2 (e.g., Man-
ning’s n-value) (Water 2010; Rossman 2010). Our research aims to address this informa-
tion gap by providing 2D overland flow patterns at different urbanization stages using 
distributed land use maps to account for spatially variable hydraulic roughness values. To 
account for these urbanization stages, land use maps from six different years (1966, 1971, 
1976, 1981, 1986, and 2000), hereafter referred to as Case A, and six simulated land use 
scenarios (0%, 20%, 40%, 60, 80%, and 100% ISA percentages), hereafter referred to as 
Case B, have been input sequentially into one hydrologic and one hydraulic model. The two 
software packages, the hydrologic software Hydrologic Engineering Center–Hydrological 

2 Hydraulic roughness is the measure of the amount of frictional resistance water experiences when passing 
over land and channel features, which closely relates to land use types.

1 Impervious surface are mainly artificial structures that are covered by impenetrable materials such as 
asphalt, concrete, brick, and stone.
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Model System (HEC-HMS) and the hydraulic software Hydrologic Engineering Center-
River Analysis System (HEC-RAS), were coupled in this study. These packages were 
developed at the US Army Corps of Engineers Hydrologic Engineering Center (HEC) and 
were chosen for our research because of their high performance and ease of access (Kha-
ghan and Mojaradi 2016; Hashemyan et al. 2015). During an intense rainfall, the limited 
capacity of urban drainage systems is insufficient to prevent pluvial flooding from taking 
on the form of a flash flood. As a result, fast convergence of overland flow and man-made 
drainage system outlet flow to nearby rivers trigger fluvial flooding (Chen et al. 2010; Patra 
et al. 2016). The combined damage of pluvial and fluvial flooding during an intense rainfall 
may greatly exceed their individual consequences (Chen et al. 2010; Apel et al. 2016). In 
most cases, a multi-source urban flooding event is simply classified into one category. Our 
research involves analyzing both pluvial and fluvial flooding during a precipitation event 
with two different hydrologic/hydraulic modeling strategies.

2  Study area and data preparation

2.1  Study area

The Don Valley watershed, located in the Greater Toronto Area (GTA) of Ontario, Canada, 
was used as the study area for software prototyping and application. The lower part of the 
watershed is in city of Toronto boundary, an area with a long history of damaging urban 
floods (Armenakis and Nirupama 2014). Although the Toronto municipal government has 
put great effort into improving its infrastructure from an engineering infrastructure per-
spective (Kellershohn 2016), flash flooding remains a dangerous and costly hazard that 
needs to be better understood using good predictive tools. The Don Valley watershed occu-
pies an area of approximately 367  km2. As a highly urbanized and low-lying watershed 
in Toronto, the Don Valley watershed readily floods even under relatively small rainfall 
events (Nirupama et al. 2014) (Fig. 1).

Fig. 1  The geolocation of the study area, Don Valley watershed (left: location of city of Toronto, right: 
study watershed)
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2.2  Data

For GTA, rich national and provincial data are available from GeoBase3 (Natural 
Resources Canada), Scholars GeoPortal4 (Ontario Council of University Libraries), and 
Land Information Ontario.5 The City of Toronto also has abundant city data and reports on 
its website.6

2.2.1  Land use/land cover data

Land use data are a key data source to quantify urban growth. Six land use maps from 
different years (1966, 1971, 1976, 1981, 1986, and 2000) were generated through infor-
mation assimilation (Zhang et al. 2015). These maps are used by Canada Centre of Map-
ping and Earth Observation for various urban planning decisions, and the use of them in 
this study will provide additional and comparable geographic information. These six land 
use maps were derived from two different data sources. The land use map from year 2000 
was derived from Landsat 7 images. The five older land use maps from years 1966, 1971, 
1976, 1981, and 1986 were derived from assimilation and integration of Canada Land Use 
Monitoring Program (CLUMP) maps with the 2000 Landsat map. The assimilation pro-
cess generated land use maps consistent in both spatial resolution and land use classes. 
These maps are georeferenced using on a UTM coordinate grid using 35 control points. 
The spatial resolution of the six land use maps is 30 m. In total, 14 classes are included in 

Fig. 2  GTA Land use land cover maps from 1966 to 2000

6 https ://www.toron to.ca/city-gover nment /data-resea rch-maps/open-data/.

3 https ://open.canad a.ca/data/en/datas et?keywo rds=GeoBa se.
4 http://geo1.schol arspo rtal.info/.
5 https ://www.javac oeapp .lrc.gov.on.ca/geone twork /srv/en/main.home.

https://www.toronto.ca/city-government/data-research-maps/open-data/
https://open.canada.ca/data/en/dataset?keywords=GeoBase
http://geo1.scholarsportal.info/
https://www.javacoeapp.lrc.gov.on.ca/geonetwork/srv/en/main.home
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the land use maps, i.e., Water, Open urban land, Residential, Commercial/Industrial, Bare 
rock/Sands, Quarries or Dump, in Construction, Forest/Woods, Farmland, Grassland, Rec-
reational, Wetland, Woody Wetland, and Road. For those land use classes, 30 m resolution 
is enough and the hydrological features of the same land use can be considered as uniform. 
Figure 2 shows the six land use maps. The maps illustrate that the GTA has experienced 
great urban expansion during the 35 years from 1966 to 2000. One of the consequences 
of urban growth in the GTA is the major conversion of rural land [mainly farmland with 
good soil for agriculture (Zhang et al. 2010)] to urban land and, consequently significant 
increase in impervious surface area (ISA). The majority of the urban land is in the form 
of residential land dominated by detached houses, as well as commercial/industrial land 
with large sized buildings and paved parking lots. Different urban land uses reflect differ-
ent levels of imperviousness. During the 35-year period, the GTA has been grown from 
previously developed urban land of Toronto located in the ‘low land’ on the shore of the 
Lake Ontario out to upstream areas. In our study area, the Don Valley watershed exhib-
ited an increase in imperviousness from 29 to 49 percent between 1966 and 2000. Most of 
the development came from the residential land. In addition, the locations of waterbodies 
are important in urban flood models, as nearby waterbodies are usually the destination of 
excess surface flows. The hydrographic data used in this research were obtained from the 
Scholar GeoPortal.

2.2.2  Simulated hyetograph

An important input for the hydrologic model is a hyetograph that represents one histori-
cal or theoretical storm event. With an input storm event as the water source, the urban 
hydrologic model is able to model the surface runoff from the event. This research used a 
theoretical event derived from the local rainfall intensity duration frequency (IDF) curve. 
The local IDF curve depicts the characteristics of rainfall in an area through a series of 
rainfall intensities (mm/hr) over a certain duration (hr) and with a certain return period 
(year). This research used the IDF curve designed specifically for Toronto, Canada, avail-
able from Land Information Ontario, to generate a 24-h 100-year return storm hyetograph.

2.2.3  Digital Elevation Model

The Toronto DEM data used in this research are obtained from Scholar GeoPortal. These 
provincial tiled data were published in 2006 and are composed of several source elevation 
data in Ontario. The spatial resolution is 10 m for southern Ontario which includes the Don 
Valley watershed (Fig. 1). These DEM data were interpolated from the Ontario Base Map 
that includes both contours and spot heights. Although the DEM of city of Toronto may go 
through changes during the 35-year time span, we decide to use a single DEM to avoid its 
impact on urban flooding and keep land use the only changing factors in the modeling.

2.2.4  Soil data

The infiltration rate of soil is affected by subsurface permeability as well as surface intake 
rates. The United States Department of Agriculture (USDA) divided soil into four hydro-
logic soil groups (A, B, C, and D) according to their minimum infiltration rate, which is 
obtained for bare soil after prolonged wetting (Cronshey 1986). Group A has low runoff 
potential and high infiltration rates. Group B has a moderate infiltration rate. Group C has 
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low infiltration rates. Group D has the lowest infiltration rates and the highest runoff poten-
tial. The soil data of the study site used in this research were obtained from Land Informa-
tion Ontario. Unfortunately, the soil survey did not provide soil type for the urban area. 
Assumptions had to be made for the large block of urban area based on the soil type of its 
surrounding rural area. In the Don Valley area, the surrounding soil type is mainly Group 
C. Thus, we assigned the unknown soil within Don Valley area as Group C. Soil Conserva-
tion Service (SCS) curve number (CN) is an empirical parameter in hydrology, developed 
by the USDA Natural Resources Conservation Service. The CN is used to predict direct 
runoff or infiltration from rainfall excess. The value of the CN mainly depends on the area’s 
hydrologic soil group and land use types. CN has a range from 30 to 100, lower numbers 
indicate low runoff potential, while larger numbers are for increasing runoff potential. The 
USDA provides tables of CN according to hydrologic soil group and land use (Cronshey 
1986).

3  Methods

A coupled hydrologic and hydraulic simulation has been used in this work, where HEC-
HMS describes runoff generation and HEC-RAS describes runoff routing. The HEC-HMS 
model considers the complete hydrologic cycle and calculates the water gain, loss, and 
transfer using hydrologic balance equations. The HEC-RAS model takes the water excess 
results from the hydrologic model as boundary conditions and simulates the 2D water 
movement in the overbank areas. Figure 3 shows the entire workflow of this study. The left 
side illustrates data collection and pre-processing. The right side outlines HEC-HMS and 
HEC-RAS modeling using the input data. At the beginning, a simulated storm is derived 
from an intensity–duration–frequency (IDF) curve and input into HEC-HMS model. This 
input storm initiates the water movement. Depending on the DEM, soil type, and land use 
type of the land surface, part of rainfall goes to the groundwater water cycle (blue arrows), 
traveling slowly in the hydrologic system and do not contribute to flooding. The rest of 
the rainfall, i.e., rainfall excess, stays on land surface and generates flash flooding or cre-
ates temporary ponds, which is the first process studied in this paper. This part applies a 
rainfall reduction procedure by inputting the rainfall excess derived from the HEC-HMS 

Fig. 3  Flowchart of hydrologic and hydraulic models
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model as a spatially variable rainfall for each individual sub-basin in the HEC-RAS model. 
Then, as rapid runoff of rainfall quickly goes to the river system, overbank flow from the 
river will be expected, which is the second process studied in this paper. This part uses the 
river hydrograph results from the HEC-HMS model to initiate flood model along rivers. 
One thing needs to be noticed is that the calculation unit in HEC-HMS is sub-watershed 
and the calculation unit in HEC-RAS is hydraulic cell. The sizes of both sub-watershed 
and hydraulic cell are manually set by users. The size of sub-watershed depends on the 
complexity of terrain. A complex terrain may require a bigger group of small sub-water-
sheds to be delineated, and a uniform terrain may be well delineated with a smaller group 
of large sub-watersheds. In this study, we used 10 km2 as the target sub-watersheds size 
considering the terrain condition in Don Valley. On the other hand, the smaller the size of 
hydraulic cell, in more detail the water flow will be calculated. However, this step requires 
a lot of computation power and is very time-consuming. Considering the resolution of 
DEM and land use, as well as our computation power, we used 20-m hydraulic cell in 
this study. Furthermore, HEC-HMS and HEC-RAS are not specifically designed for urban 
area. Thus, the man-made understory drainage networks and building footprints cannot be 
directly included in the model. Although there are ways to consider the drainage networks 
and building footprints in the model (e.g., change the infiltration rate along drainage lines, 
and assign high surface roughness value in building areas), it is beyond the scope of this 
research. Thus, we do not take these two urban features into consideration in this study. 
Since the focus of this study is to find the relation between land use and urban flooding, 
this simplified model will still provide instructive results.

4  Results

4.1  Results from the HEC‑HMS

4.1.1  Sub‑basin surface runoff

For the flash flood simulation, the watershed rainfall excess relative to surface runoff is the 
key result from the HEC-HMS model used in the HEC-RAS model. The infiltration rate 
in a given sub-basin was selected based on the land use type and soil type. Depending on 

Fig. 4  Surface runoff rate curves for four selected sub-basins under various urbanization conditions
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the infiltration rate, the surface runoff amount and the time when the peak discharge occurs 
were calculated for each sub-basin. In total, 39 sub-basins were delineated based on the 
DEM in the study area and the rainfall excess and surface runoff values were calculated for 
each of the sub-basins based on their individual infiltration rates. Four sub-basins (Fig. 4-
1) were selected as examples to show how urbanization affects the surface runoff. Two of 
the example sub-basins, 570 and 480, are located at the upstream end of the drainage basin, 
and other two sub-basins, 720 and 650, are located at the downstream end of the drain-
age basin. The surface runoff rate is negatively closely correlated to the size of the sub-
basin. The example sub-basins 480, 570, 650, and 720 cover areas of 6.8 km2, 15.5 km2, 
36.5 km2, and 8.4 km2, respectively.

Figure 4 shows surface runoff curves from Case A and B experiments for the four exam-
ple sub-basins. The colored curves are from Case A, and the gray curves are from Case 
B. For all four sub-basins, the surface runoff patterns for Case B are similar, where the 
increases in ISA percentages create higher surface runoff rates and shorten the time that 
takes to achieve peak runoff. In regard to Case A, differences exist among the four sub-
basins due to their different urbanization levels. Sub-basin 570 experiences the greatest 
increase (47.7%) in ISA from the year 1966 to 2000. As a result, the surface runoff rates in 
sub-basin 570 have a noticeable increase with time and peak times occur earlier from 1966 
to 2000. Sub-basins 480 and 650 experience much smaller increases (8.1% and 11.5%, 
respectively) in ISA from 1966 to 2000. The surface runoff rates in sub-basins 480 and 650 
exhibit detectable but limited increases with time. Sub-basin 720 is a highly urbanized area 
from the year of 1966 and has no detectable change in ISA percentage through from 1966 
to 2000. Its surface runoff rates remain constant. The use of spatially detailed land use 
information in Case A indicates that even in scenarios of small averaged ISA percentage, 
higher surface runoff rates are predicted than is the case for the Case B scenarios of the 
same averaged ISA value. For example, the surface runoff rates of sub-basin 570 in year 
2000 with a 52.6% ISA percentage are higher than surface runoff rates derived from the 
simulated data with a 60% ISA percentage.

4.1.2  River hydrograph

The river hydrograph, i.e., the rate of flow at a specific time on a specific section in a river, 
is a key output from HEC-HMS simulation. The river hydrograph rate was used in HEC-
RAS modeling. Runoff in each sub-basin may reach the river to increase the hydrograph 
from upstream to downstream. Only locations where hydrograph changes due to additional 
sources of inflow are used as input unsteady flow data in the HEC-RAS model. Six exam-
ple locations (Fig.  4-2) along the river reaches were selected to show how urbanization 
influences their hydrograph. The colored curves are from Case A, and the gray curves are 
from Case B. The hydrograph patterns in Case A indicate that urbanization leads to an 
increase in peak discharge and shortening of the time to reach peak flow during an event. 
In the Don Valley watershed, obvious increases in ISA percentage happened between the 
years 1966 to 1971 (6.2%) and the years 1986 to 2000 (9.3%). In the period between 1971 
and 1986, only a 3% increase was found in ISA. For the four upstream river locations (from 
1 to 4), the later ISA increase from the years 1986 to 2000 produced greater increase in the 
river flow rate than the previous ISA increase from the years 1966 to 1971. In contrast, for 
the two downstream river locations 5 and 6, the previous jump in ISA percentage produced 
a greater increase in the river flow rate than the later one. This phenomenon may relate 
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to the mechanism of how upstream newly developed urban land exerts pressure on the 
already-urbanized downstream area. Case B provides further evidence that increased ISA 
percentages lead to river hydrographs with higher peaks. At locations 1, 3, 5, and 6, Case A 
data with a smaller average ISA percentage resulted in higher river hydrograph rate, com-
pared to the Case B data with higher averaged ISA percentage but resulted in lower river 
hydrograph rate. This suggests that the spatial variation in urban land use distribution is a 
key parameter influencing the river hydrograph (Fig. 5).

The overall assessment of both the surface runoff and river hydrograph results between 
Case A and B indicates that urban land growth has significantly expediated the increase in 
surface runoff and river flow peak during a storm. However, this relation between urbani-
zation and urban flooding is not a simple one-to-one relation when the spatial distributions 
of ISA are very different (e.g., man-made ISA cluster and uniform ISA distributions). This 
is why there is no significant regression found between the ISA value and the peak value of 
surface runoff or river hydrograph, when combining the two results from Case A and Case 
B.

4.2  Results from the HEC‑RAS Model

Figure  4-3 shows the differences in flash flood maximum water depth between different 
simulation cases. The left figure is obtained by deducting the maximum water depth in the 
year of 1966 from the maximum water depth in the year of 2000, and the right figure is 
obtained by deducting the maximum water depth in the 0% ISA case from the maximum 
water depth in the 100% ISA case. Red areas represent maximum water depth increase, and 
blue areas represent maximum water depth decrease from the year 1966 to 2000 and from 
100 to 0% ISA percentage cases. The maps at the middle of Fig. 4-3 show the spatially var-
ied ISA percentage in the years 2000 and 1966. Comparing the two flash flood water differ-
ence maps, the right one shows less spatial variation, due to the uniform land use assump-
tion in the Case B. However, the difference map based on real land use maps between 
the years of 2000 and 1966 has apparent spatial variations. Specifically, sub-basins on the 

Fig. 5  River hydrographs for six selected junctions under various urbanization conditions
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northwestern upstream area experience more flash flood increase than those in the mid-
dle to southern downstream area, as the upper-left sub-basins experience greater increase 
in ISA than the middle to lower part. Although the sub-basins in the lower part of the 
study area experienced less ISA increase during the time interval, they are influenced by 
upstream urbanization and also show increases in flash flood extent. Due to the hydro-
logic connectivity, the middle part of the downstream area (yellow circle) experience less 
impacts on flood peak and timing than the lake front area (green circle).

Furthermore, in the right difference map between the 100% and 0% ISA percentages 
cases, the decrease in flash flood extent from 100 to 0% ISA (blue areas) is barely detect-
able. However, in the real land use data case on the left, some areas experienced noticeable 
decreases in flash flood maximum water levels. It is possible that land use changes diverted 
water and led to decreases in maximum water depth in certain areas. In three black circles, 
the most significant differences between the year 1966 and 2000 were conversion from 
agricultural land (1966) into commercial areas (2000), reducing the land surface roughness 
values. This likely had the effect of allowing flash flood waters to move quickly through the 
new commercial areas (Fig. 6).

Figure 4-4 shows the difference in floodplain maximum water depths between different 
simulation cases. The left figure is obtained by deducting the maximum water depth in 
the year 1966 from the maximum water depth in the year of 2000, and the right figure is 
obtained by deducting the maximum water depth in the 0% ISA case from the maximum 
water depth in the 100% ISA case. Red areas represent maximum water depth increase, and 
blue areas represent maximum water depth decrease from the year 1966 to 2000 or from 
100 to 0% ISA percentage cases. It can be noticed that floodplains experience expansion 
when ISA percentages grow. The floodplain difference between the year 2000 and 1966 
shows the highest water depth increase in downstream side near the river confluence in 
black circle. The floodplain difference between the 100% and 0% ISA percentages shows 
the highest water depth increase in the upstream side in the green circle (Fig. 7).

Fig. 6  Flash flood difference between: left: the year of 2000 and 1966, middle: ISA percentages distribution 
in the year of 2000 and 1966, and right: the 100% and 0% ISA percentages
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5  Discussions

5.1  Results from HEC‑HMS

Near-linear relations between the surface runoff rate and impervious surface percentage 
can be found for the four selected sub-basins in Sect 4.1.1 Sub-basin surface runoff for 
both Case A and Case B scenarios. The slope and R-squared values of the linear regres-
sions are listed in Table 1. The high R-squared values suggest good correlation between 
these two variables. The slopes of the linear regressions represent the increase in surface 

Fig. 7  Floodplain difference between: left: the year 2000 and 1966; right: the 100% and 0% ISA

Table 1  Linear regression parameters

Six year Slope R-squared Six simulation Slope R-squared

Sub-basin 480 8.8 0.88 Sub-basin 480 27.9 0.98
Sub-basin 570 12.7 0.99 Sub-basin 570 34.7 0.97
Sub-basin 650 30.1 0.93 Sub-basin 650 82.5 0.97
Sub-basin 720 NA NA Sub-basin 720 29.5 0.98

Table 2  River hydrograph peak 
value

Six year Slope R-squared Six simulated Slope R-squared

Location 1 76.1 0.93 Location 1 73.6 0.97
Location 2 34.7 0.87 Location 2 105.4 0.99
Location 3 147.0 0.96 Location 3 132.1 0.99
Location 4 145.1 0.99 Location 4 217.6 0.99
Location 5 458.6 0.88 Location 5 532.6 0.99
Location 6 440.2 0.88 Location 6 532.1 0.99
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runoff rate by each 1% increase in ISA percentage. It can be seen that the Case B results 
have much higher slopes than in Case A. The reason for the higher normalized slopes in 
the Case B may lie in the assumption of uniform land use.

Near-linear relations can be found for the selected example river locations in 4.1.2 
River hydrograph for both Case A and Case B. The slope and R-squared values of the lin-
ear regressions are listed in Table 2. The high R-squared values suggest good correlation 
between these two variables. The slopes of the linear regressions represent the increase 
in river flow rate by each 1% increase in ISA percentage. The downstream locations had 
more river flow rate increase than the upstream locations. Among the selected locations, 
the most downstream point (Location 6) experiences a six to seven times higher river flow 
rate increase compared to the most upstream point (Location 1). It is noted that the Case B 
results exhibit higher normalized slopes than the Case A.

It is an interesting finding that we observe strong linear regression between ISA % and 
the peak value of surface runoff or river hydrograph when results from Case A and Case 
B are studied separately, while we observe no significant regression between these features 
when results from Case A and Case B are studied together. This may because that although 
surface runoff/river hydrograph is governed by both ISA percentage and spatial distribution 
of land use, but one of them, which from our results seems to be ISA percentage, has more 
impact than the other. Then when the change in ISA percentage is very big and the spatial 
distribution of land use is somewhat similar, the impact of the spatial distribution of land 
use is insignificant. There may be thresholds for the two factors to exert significant impact.

5.2  Results from HEC‑RAS

Although the HEC-RAS model calculates the water depths and velocities during the entire 
rainfall event, only the maximum water depth maps of flash flooding and floodplain are 
discussed here, since this result is straightforward for comparison. Table 3 summarizes key 
attributes of the flash flood and floodplain maps. For the flash flood maps covering 1966 to 
2000, the flood-influenced area increased by 3% and the maximum depth increased by 13 
centimeters (cm). For the floodplain maps, from 1966 to 2000, the flood-influenced area 

Table 3  Flood-influenced areas and maximum water depths

Flash flood area Influenced 
area  (km2)

Maximum 
depth (cm)

Floodplain area Influenced 
area  (km2)

Maximum 
depth (cm)

1966 (29.61%) 141.3 106.7 1966 (29.61%) 39.3 79.5
1971 (35.81%) 141.0 107.0 1971 (35.81%) 40.4 80.3
1976 (36.41%) 141.3 103.1 1976 (36.41%) 40.8 80.3
1981 (36.63%) 141.6 106.7 1981 (36.63%) 42.1 82.3
1986 (38.82%) 142.4 110.7 1986 (38.82%) 42.8 82.0
2000 (48.15%) 146.2 119.4 2000 (48.15%) 43.7 85.6
ISA 0% 70.21 76.2 ISA 0% 22.0 60.5
ISA 20% 112.0 111.5 ISA 20% 32.2 72.4
ISA 40% 132.9 131.3 ISA 40% 46.3 90.7
ISA 60% 132.9 131.6 ISA 60% 61.2 104.9
ISA 80% 128.1 131.8 ISA 80% 80.1 113.8
ISA 100% 142.6 132.1 ISA 100% 111.1 157.5
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increased by 10% and the maximum depth increased by 6  cm. In the flash flood maps, 
100% ISA percentage case doubles the influenced areas and maximum depths from the 
0% ISA percentage case. In the floodplain maps, the 100% ISA percentage case has flood-
influenced areas that are over five times larger than the flood-influenced areas from the 0% 
ISA percentage case. In terms of similar average ISA percentages, the Case A data appear 
to result in much higher surface runoff compared to the Case B data. The spatially varied 
land use distribution tends to aggregate the surface runoff compared to spatially uniform 
land use. This may relate to the hydrologic connectivity found in different land use pat-
terns. In the flash flood maps, the Case A results show large flood-influenced areas from 
1966 whose ISA percentage is only 29.61%. However, the flash flood maps from the Case 
B show smaller flood-influenced areas than the results from the Case A, at similar ISA 
percentages. This discontinuity between the Case A and B is not severe in the floodplain 
maps. This fact indicates that the land use distribution greatly affects the extent of the flash 
flood and has less effect on the size of floodplain extent.

6  Conclusions

This research provides experiments on the impact of urbanization on urban flooding, which 
assists the understanding of this specific factor in urban flooding. Six land use maps from 
different years (1966, 1971, 1976, 1981, 1986, and 2000) and six simulated conditions (0%, 
20%, 40%, 60%, 80% and 100% ISA percentages) were input into the hydrologic/hydraulic 
models, in order to generate both flash flood and floodplain maps. Positive linear relations 
are found between the surface runoff rate/river outflow rate and ISA percentage in experi-
ments. Specifically, urbanization leads to the increase in peak discharge and shortens the 
time before the peak arrives during an event. The influenced areas by the flash flood and 
floodplain expand due to continuous urbanization. The downstream areas exhibited higher 
flood depth increases and larger flood extent increases than the upstream areas due to 
urbanization in the contributing areas. With the same average ISA percentage, the spatially 
varied land use may aggregate the flash flood condition compared to spatially uniform land 
use. This fact may be due to the different hydrologic connectivity in the two groups of 
cases. The flash flood and floodplain results from the simplified hydrologic/hydraulic mod-
els share some patterns found in the real flooding events as well as results from other flood 
models. The result from this research proves that urbanization has worsened urban flooding 
to a great extent. With the cumulated damage from continuous urbanization, the severity 
of urban flooding is expected to increase. In the end, it is worth noting that such promising 
results also come with affordable computation times. As detailed flood modeling may take 
days to run in large areas, the simplified models used in this research only takes as little as 
four hours for the flash flood modeling and 20 min for the floodplain mapping for an area 
of 367 km2.
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