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Abstract: Urban flooding is considered one of the hazardous disasters in metropolitan areas, espe-
cially for those located in arid regions. Due to the associated risks of climate change in increasing the
frequency of extreme rainfall events, climate-induced migration to urban areas leads to the intensifi-
cation of urban settlements in arid regions as well as an increase in urban expansion towards arid
land outskirts. This not only stresses the available infrastructure but also produces substantial social
instability due to unplanned urban growth. Therefore, this study sheds light on the main factors that
are increasing the flood risk, through examining the consequences of rapid urban growth and the
performance of drainage networks on urban flood volumes and comparing it with the effects induced
by climate change on the surface runoff. The effect of urbanization is assessed through land use maps
showing the historical urbanization conditions for the past 30 years, while considering the role of
urban planning and its effect on exacerbating surface runoff. Six climate projection scenarios adopted
from three Global Climate Models under two Representative Concentration Pathways (4.5 and 8.5)
during the period (2006-2020) were compared to ground observed rainfall data to identify which
climate scenario we are likely following and then evaluate its effects on the current rainfall trends
up to the year 2050. The significance of the drainage design in the mitigation or increase of surface
runoff is evaluated through capacity-load balance during regular and extreme storms. It is found
that using impervious surfaces coupled with poor planning causing the blockage of natural flood
plains led to an increase in the total runoff of about 180%, which is three times more than the effect
induced by climate change for the same analysis period. Climate change decreased the intensities of
2- and 5-year rainfall events by 6% while increasing the intensities of extreme events corresponds to
100-year by 17%. Finally, the urban drainage had a distinguished role in increasing surface runoff, as
70% of the network performed poorly during the smallest rainfall event of 2-year return period. The
study emphasizes the urgency to re-evaluate the existing and future urban drainage design approach:
although urban development and climate change have inevitable effects on the increase in urban
flood volumes, it could be alleviated through improved infrastructures.

Keywords: drainage network; GCMs; land use changes; RCP; surface runoff

1. Introduction

Climate change coupled with population growth poses an imminent threat to human
sustainability and livelihoods [1]. Rapid and unplanned population growth has prompted
a surge in urbanization rate on a planetary level [2]. Urbanization has had to cope with
the swift increase in the percentages of city dwellers due to an intricate multi-factorial
equation that comprises both population growth and rural/urban migration [3,4]. This
phenomenon is most apparent in the continents of Africa, where it is expected that by 2050,
2.4 billion more people will inhabit it in addition to its current 1.1 billion individuals [5].
The dilemma is further exacerbated when the issue of poor urban planning is factored into
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the equation. Poor urban planning has increased the vulnerability of contemporary urban
areas to the adverse effects of climate change and population growth, more specifically the
flash floods occurring in urban areas [6-8]. Urban flash floods constitute a critical risk to the
urban conglomerations, more specifically the urban mega-cities that are in geographically
arid regions, as flooding is expected to increase globally, especially in densely populated
metropolitans [9]. As a result, the arid regions are becoming significantly vulnerable to
environmental fluctuations, which causes growing risk for people’s lives, infrastructure,
and environment [9,10].

Arid regions, especially the Middle East and North Africa (MENA) region, are cate-
gorized as part of the developing nation regions suffering from a compounded quandary.
They are faced with a decline in precipitation because of climate change, and an increase
in out-of-season flash floods [11], that have drastic negative ramifications on their socio-
economic sustainability. Despite the high water needs of such arid regions, the MENA area
is regarded as having the least amount of water globally [12]. The MENA region’s climate is
expected to undergo significant precipitation decrease, according to the Intergovernmental
Panel on Climate Change (IPCC)’s 4th Assessment Report [13]. On the other hand, the 6th
IPCC report projected that extreme rainfall events as well as pluvial areas are projected
to increase in the MENA region with high confidence [14]. Climate change impacts are
evaluated through climate scenarios that seek to predict and fixate the ever-changing factors
of the climate change equation [15]. The climate change projections are based mainly upon
human activities and their nature [16]. The IPCC scenarios oscillate between severe adverse
climatic impact upon the human conglomerations to mild impact. However, regardless of
the climate scenario, there is an increased chance of out-of-season floods and water runoffs
with a medium-to-high degree of certainty. For example, the runoff is projected to increase
up to 40% in higher latitude wet areas, while the arid areas suffering from drought may
increase in size, although the extreme rainfall events are expected to increase [16]. The
IPCC calls for a thorough assessment impact analysis to be executed on a regional level
to further the efforts that are directed towards procreating adequate and comprehensive
adaptation plans.

Due to the anticipated negative effects on coastal zones, agriculture, water security,
and social and health effects of climate change, Egypt is one of the most endangered
countries [17]. Moreover, due to Egypt’s large population and their dense residence in
the Nile delta, it is vulnerable to any extreme rain events [18]. Although Egypt is mostly
an arid country with an average rainfall of 19 mm per year on most of its area [19],
since 2015 rainfall events are becoming extreme and occurring almost every year, which
disturb the essential services of individuals like transportation, electricity, water supply,
and drainage [20]. For instance, flash floods hit various parts of Egypt in 2015 and 2016
caused by severe rainfall of an intensity that exceeds 40 millimeters per day, resulting
in the loss of tens of lives and infrastructure destruction [21]. Furthermore, in 2018 and
2020, Egypt witnessed unprecedented extreme weather events including heavy rainfall
that exceeded 60 millimeters per day, thunderstorms, and flash floods, which affected more
than 20 thousand families and resulted in more than 430 injuries and 40 mortalities. In
addition, the storms caused destruction to main highways and the closure of key facilities
like airports, seaports, schools, and businesses [22,23]. After these dramatic repercussions of
extreme rainfall events that were not experienced previously in this arid area, concerns were
raised regarding the forthcoming storms and how to prepare for them properly, as currently
the government announces an emergency state during any upcoming storm regardless
of its intensity to avoid any catastrophic consequences [24]. Therefore, understanding
the drivers behind urban floods is vital to assist in the alleviation of future impacts of
extreme rainfall events and to aid in the reduction of their devastating impacts. It is worth
noting that urban flooding is not just influenced by urbanization and climate change;
future flood management strategies may also be challenged by the inadequate drainage
network [25-27].
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The drainage systems adopted in most of the urban cities of developing nations are
usually combined sewer systems with relatively low capacity. Most of the combined sewer
systems were designed without regard to the alteration in land uses intersecting with the
natural routes of flashfloods. That in turn increased the susceptibility of the sewer systems
to flash floods, as they became the main route for runoff discharges rather than t natural
recourse routes. Additionally, the increased extreme rainfall events along with the enlarged
wastewater discharges due to population increases are all factors that have a drastic
negative effect by overwhelming the drainage systems, causing sudden overflows [28].
The current drainage systems that are present prohibit the adequate discharge of the
rainfall excesses or the preservation of such a valuable water source for direct and indirect
consumption [2,28]. The importance of adequately studying flash floods and designing
contemporary frameworks for safeguarding and adaptation to the changing patterns of
flash floods can be further highlighted when taking into account that, according to the UN,
43% of the natural disasters worldwide from the year 1995 till the year 2015 were caused by
floods, affecting around 56% of those plighted by natural disasters, with a relatively high
percentage of casualties reaching around 25% [29].

The main objective of this research is to identify the key driver(s) influencing urban
flash floods occurring in a major city that represents a typical urban settlement in a devel-
oping arid country, particularly through studying the impacts of urbanization and climate
change on urban runoff volumes while considering the role of the drainage system and its
impact on the surface runoff. Firstly, the effect of urbanization on the surface runoff was
assessed through spatially distributed land use maps showing the historical urbanization
conditions for the past 30 years between 1990 to 2020, where the impact is assessed through
simulating rainfall corresponds to different return periods and at different urbanization
levels; furthermore, the weight of urban planning and its effect upon exacerbating surface
runoff was also considered. Secondly, the effect of climate change was studied through six
climate change projection scenarios extracted from three Global Climate Models (GCMs)
under two Representative Concentration Pathways (RCPs), 4.5 and 8.5, during the pe-
riod (2006-2020); the scenarios were then compared with ground observed rainfall data,
followed by an evaluation of the analysis to comprehend effects on the current rainfall
trends up to the year 2050. Finally, an assessment is conducted for the current drainage
system through simulating actual drainage loads and conducting a capacity balance during
normal operation conditions and extreme rainfall storms. This study is the first urban
runoff analysis and modeling work to be undertaken for the chosen study area, to the
best of the author’s knowledge, and it has significant implications for many developing
arid-region countries, which are anticipated to undergo rapid urbanization with large-scale
land use changes.

2. Materials and Methods
2.1. Study Area

New Cairo is the capital of Egypt (Figure 1). The city was established in the year 2000,
with a total area of about 250 km? and targeted population of four million residents. The
city contains different land uses such as residential, industrial, recreational, and services
areas. For this study, the land use is divided into two main groups, which are urbanized and
un-urbanized areas; the urbanized areas include areas under construction, fully urbanized
areas and urban areas that have more than 50% green space, while the un-urbanized areas
are rural areas that does not have any human interventions. The city was constructed on
a fluvial area, where the topography is high at the southeastern boundary with elevation
of 420 m above mean sea level (amsl) and low towards the northwestern boundary of
the study area with elevation of 142 m amsl, while the slopes average between 0° and 5°,
reaching 13° on the western side of the catchment area [30].
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Figure 1. Location and topography of the study area.

The rain falls between November to April, with a mean annual precipitation in the
study area of around 13 mm and with a maximum 1-day rainfall of 25 mm [31]. In recent
years, especially on 24 April 2018 and 12 March 2020, New Cairo was affected by heavy
rainfall events that turned roads into lakes of flooded water; basements, low-level houses,
and cars were entirely covered with rainwater [32]. As most of the cities in Egypt, the
drainage system in New Cairo is combined. Local water authorities claim that flooding
has been both more frequent and severe in recent years; the flood events in the past six
years have caused a complete power outage and manholes in the streets exploded with
backflow; consequently, drainage during storms have relied heavily on mobile pumping
units as a backup of the drainage system. This increase in runoff can be blamed on many
factors, such as extreme rainfall events due to climate change, effects of urbanization, or
the undersized drainage system [33].

2.2. Data Sets

Five types of data were gathered and used in this research: (a) historical land use
change maps from 1990 to 2020 [34], (b) topographic maps with scale 1:100,000 for the
identification of flood plains and determination of watershed paths inside New Cairo
city [35], (c) ground measured rainfall data from the nearest meteorological station, Cairo
Airport station, starting from the year 1976 to 2020, (d) current as built drainage network
data, and (e) climate change projection scenarios up to the year 2050 [36]. The data were
provided in formats of documents, images, and datasets; therefore, data preprocessing was
required to prepare them for use in ArcGIS and SewerGEMS analysis.

The multi-temporal land use maps and topographic maps were obtained based on
historical remote sensing images and city layout provided by the local authorities [34,35];
moreover, using ArcGIS, all maps were georeferenced. The historical land use maps were
outlined manually and validated using published reports, literature, and layouts provided
by local authorities to guarantee a sufficient degree of accuracy [37,38]; whereas the topo-
graphical maps were used to delineate watersheds previously located in the area before
urbanization using the Watershed Modeling System (WMS). Primary drainage system data
were also gathered from municipal authorities, who provided drainage network records
and relevant modeling parameters such as population, construction year, pipe diameter,
and length. In addition, they provided flood data including recent flood observations and
inundation locations within the study area.

Gauge-observed rainfall data were collected from the Egyptian Metrological Station
(EMA) for the nearest meteorological station, 8 km away from the study area (30°7'40.39"" N,
31°24'7.77"" E) as shown in Figure 1. The rainfall data were collected for a total of 45 years
from 1976 to 2020 and they were provided in terms of maximum rainfall in 24 hours per
year and total monthly rainfall. In order to evaluate the current design of the drainage
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system using the same design approach, the rainfall design storm distribution followed
the conventional technique stated in the Egyptian Code of Practice (ECP) for designing
water and wastewater drainage networks [39]. In addition, the Soil Conservation Services
(SCS) hypothetical storms profiles type II was used, as it is one of the most regularly
used distribution hyetographs in Egypt as well as in the Middle East area [40], being
suggested for use in the arid regions of the United States of America for its conservative
approach [41,42]. Furthermore, this method is widely listed in the code of practice in
several Arab countries [43,44]. Finally, the climate change projections were obtained from
the Regional Initiative for the Assessment of Climate Change Impacts on Water Resources
and Socio-Economic Vulnerability in the Arab Region (RICCAR) [36]. The climate change
projections used are bias corrected, downscaled climate models acquired from three Global
Climate Models (GCMs) adopted from the Coordinated Regional Climate Downscaling
Experiment (CORDEX) data for MENA region. Specifically, we considered the European
community Earth-System (EC-Earth), the Geophysical Fluid Dynamics Laboratory Earth
System Model with Modular Ocean Model (GFDL-ESM2M) and the Centre National de
Recherches Meteorologiques Coupled Global Climate Model, version 5 (CNRM-CM5) un-
der two representative concentration pathways (RCPs 4.5 and 8.5). The RCP 4.5 represents a
“stabilization scenario”, where efforts are made to stabilize the greenhouse gases emissions
at 4.5 W/m?, while RCP 8.5 represent the failure of decreasing carbon emissions by 2100,
which is considered a non-mitigation scenario [45,46].

2.3. Modeling

The Watershed Modelling System (WMS 11.0) is a hydrologic modeling system that
provides tools for watershed modeling and hydrologic parameter calculation [47]. WMS
was used for the runoff analysis as it provides the ability to spatially distribute the soil
characteristics according to the land use, which can yield an accurate value for the sur-
face runoff changes with the urbanization levels. The four main inputs for running the
WMS are (a) Digital Elevation Model (DEM) with 30 m resolution acquired from United
States Geological Survey (USGS), (b) land use and land cover data, (c) soil classification
and characteristics using SCS Curve Number (CN) method [48], and (d) maximum daily
rainfall correspond to different return periods. Since there are no recorded surface runoff
flows, WMS was used as it models surface runoff using HEC-HMS, which has proved its
effectiveness in simulating stream runoff in ungauged basins [49-51] without data vali-
dation or calibration [52,53]. However, it is crucial to check the accuracy of HEC-HMS
model inputs to get a valid simulation of flows. HEC-HMS calculates the runoff via the
following equations:

_(P-L)’
=P T+s @
I, =028 2
S= %S - 10 )

where:

Q is the excess rainfall, P is the rainfall depth, Ia is the initial abstraction, S is the
potential maximum soil retention after the start of rainfall event.

Sanitary and Combined Sewer Modeling Software (SewerGEMS) is one of the best-
known rainfall-runoff simulation models that have been applied in extensive studies on
urban drainage and floods; it efficiently analyzes all the sewer network components such
as slopes, diameters, etc., generates layouts and cross sections of the pipe network, and
identifies areas that have been flooded and shows the water levels inside the sewerage
systems [54-56]. In this study, the Storm Water Management Model (SWMM) solver inside



Water 2022, 14, 2430

6 of 23

SewerGEMS was used; it calculates the water ponding and surface water accumulation
using the following equation [55]:

Q_Storage = Q_Input — Q_Output 4)

where Q storage is the maximum surface storage (m3/s), Q input is the surface rainfall and
wastewater discharge (m3/s), Q output is the outflow including surface runoff, infiltrations,
and evaporation (m>/s).

On the other hand, the runoff is based on the continuity equation; it occurs when
the depth of the water surpasses the network storage and is calculated using Manning
Equation [57].

14
Q= 79 AR?/3g1/2 ®)

where Q is the runoff flow rate (m?/s), A is the sub-catchment area (m?), R is the hydraulic radius
sub-catchment, S is the slope of sub-catchment, and # is the manning roughness coefficient.

The infiltration is calculated using SCS curve number method. Several data inputs
are used for the SewerGEMS simulation. First, the actual wastewater discharge, acquired
from local authorities. Second, the rainfall data that corresponds to different return periods.
Third, pipelines characteristics (i.e., diameter, shape, material, length, and location), the
invert levels and street levels for the pipes and manholes, and pump station properties such
as pumping curve and elevation are all key parameters to be inputted in the model acquired
from the as built drawings of the sewer network. Finally, the shape of the catchment area,
topography, imperviousness, and land use [54]. SewerGems is capable of steady-state
simulation as well as transient simulations.

2.4. Methodology
2.4.1. Runoff Modeling Using Historical Urbanization Data

The impact of urbanization on surface runoff was investigated by simulating flow
rates at different urbanization levels. The urbanization expansion and land use changes are
manually identified from satellite images at five years’ interval from 1990 to 2020.

The maximum daily rainfall data, acquired from the nearest meteorological station
in the study area, are statistically analyzed correspond to different return periods (2, 5, 10,
20, 50, and 100 years) [58]. Illustration of meteorological rainfall station data is shown in
Figure 2, while the results of return period analysis are shown in Table 1. Furthermore, in
order to assess the weight of urban planning and its effect upon exacerbating surface runoff,
topographic maps as well as digital elevation models are obtained to be processed for the
delineation of any watersheds that existed before urbanization, to make certain weather
urban planning considered, or constriction of the natural water drainage channels [59-61].

Table 1. Rainfall corresponds to different return periods used in the study to calculate runoff.

Return Period Rainfall (mm/day) Confidence Interval
2 6.75 4.58-8.92
5 12.7 7.92-17.5
10 17.7 9.93-25.5
20 23.3 11.6-34.9
50 31.6 13.4-49.9
100 38.8 14.3-63.3

200 46.8 14.9-78.7
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Figure 2. Characteristics of rainfall data from Cairo Airport Station. The average cumulative monthly
rainfall data is represented by the histogram, while the horizontal lines represent the maximum and
minimum mean monthly data. The yellow oval, on the secondary axis, represents the maximum
daily rainfall that occurred each month from the year 1976 to 2020.

2.4.2. Climate Change Projections Comparison and Evaluation

Climate change scenarios are compared to ground observed rainfall data to investigate
whether the patterns of major rainstorms recorded are repercussions of climate change
projection or a mere reoccurrence of the normal historical trends. If the hypothesis that the
experienced rainfall events are closely related to one of the climate models is deemed true,
it will greatly assist in understanding the future impacts of the current climate scenario
and in creating a contemporary holistic adaptation plan that might comprehensively tackle
the multifactorial equation pertaining to urban floods. Instead of utilizing raw climate
data, downscaled and bias-adjusted climate models are employed due to the substantial
uncertainties involved with the raw climate models. This pre-processing may also to some
extent reduce the systematic errors in climate models. Therefore, six ensembles are used to
be compared with ground observed data. They are downscaled and bias-corrected against
ground-measured rainfall data by RICCAR from the year 1986 to 2005 by one Regional
Climate Model (RCM) to a resolution of 0.44°, then the climate model is projected from
the year 2006 to 2100. The total monthly data are the most suitable temporal resolution
for comparison, where the monthly accumulation reduces the noise in the data, and it
includes all the rainy days in a certain given month [62]. Consequently, the comparison
is conducted based on six statistical indicators for the common period between the actual
ground data that already occurred and the climate projections starting from the year 2006
to 2020 for a total period of 15 years. If a climate model is found to represent the current
extreme events, an evaluation and analysis can be conducted to comprehend its effects on
the current rainfall trends up to the year 2050. Moreover, its effect on runoff volumes can be
evaluated and compared with the effects induced due to urbanization. A summary of the
statistical indicators equations and ranges are shown in Table 2 [63,64], while the detailed
limits of all statistical criteria are shown in Table 3 [63,64].
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Table 2. Summary of Statistical Indicators Equations and Ranges [63,64].

Statistical Indicator Equation * Range Ideal Value
Mean Absolute Error (MAE) % Y|P — Ol 0to oo 0
Root Mean Square Error (RMSE) L (P=0i)* 0to oo 0
n
Coefficient of Determination (R2) L (Oiizo )(B-P) — Oto1l 1
VI (0-0)* /T, (P—P)
Percent Bias (PBIAS) [w} —00 to 00 0
RMSE-Observation Standard RMSE 0 to 0o 0
Deviation (RSR) STDEVos
n L p)2
Nash Sutcliffe Efficiency (NSE) 1— {%} —oto1 1
i=1 i

* Where P; is the climate change precipitation data; O; is the observed ground measured data; n is the number of
total population data; O is the mean value for ground measured data; P is the mean value for satellite data.

Table 3. Summary of Statistical Criteria limits [63,64].

Assessment PBIAS NSE RSR R2 RMSE MAE
Very Good <+£10 0.75to01 0to 0.5 >0.7

The value can

Good +10to +15  0.65t00.75  0.5t00.6 05t007  range from 0 to oo,
Satisfactory ~ +15to 25  0.50 to 0.65 0.6t0 0.7 03005 generally the
. lower the better
Unsatisfactory =~ >=425 <0.5 >0.7 <0.3

2.4.3. Drainage Network Evaluation

Due to the country’s severe limitations in data collection and availability, the sewer
network capacity and current wastewater loads were only collected for 17 neighborhoods,
representing 53% of the current total urbanized areas in New Cairo (Figure 3). A sewer
network assessment of New Cairo was conducted to understand the contribution of the
current drainage system to the urban flood volumes through validating its accommodation
for the normal drainage operation, followed by an actual drainage load-capacity balance
during storms, to evaluation of the performance of the drainage network with various
rainfall frequencies (i.e., 2, 5, 10, 20, 50, and 100 years). The evaluation was conducted with
this approach as the design of the combined sewer network has a predictive methodology
by which the designer should include rainfall quantities according to the desired return
period; however, the return period is identified according to the risk probability of the
project’s location to face flashfloods and according to the required degree of conservativity
in the network design. In this research, there is no information regarding the return
period or the exact storm intensity that the sewer network was designed for, therefore it is
important to simulate different return periods in order to evaluate the current drainage
system and identify its capacity to ensure if the drainage is designed properly and that the
previous urban flood volumes were influenced by other factors and not due to drainage
network under-design.

The evaluation was conducted for three scenarios: (i) the base scenario, where the
sewer network discharges wastewater only, to ensure that the system is sufficient for the
wastewater flows they usually manage; (ii) the evaluation of the drainage network through
drainage load-capacity balance during rainfall storms that correspond to six return periods
(i.e., 2,5,10, 20, 50, and 100 years) along with the wastewater loads; (iii) discharging the
normal wastewater loads along with the maximum storm occurred in March 2020, which
may resemble a 100- or 200-year event according to the return period frequency analysis
and their confidence intervals (Table 1). The performance of the drainage system is reflected
by total excess runoff volume that overflowed from the drainage system at each scenario.
Hence, to calculate the runoff quantities in each district and compare it with the drainage
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network capacity, three main data sets were used; first, the total rainfall volumes calculated
using the rational method, illustrated by the following formula [39,65].
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Figure 3. New Cairo’s 17 neighborhoods included in the study showing their locations and areas (km?).

Q=CIA%, (6)

where Q is the total discharge resulted from rainfall event (m3/d); 1is the rainfall intensity
(m/d); C is the rational coefficient (depends on the land use type as shown in Table 4).; A is
the catchment area (m?).

Table 4. Rational Method Runoff Coefficient Values [39].

Land Use C
Paved Roads and Building Surfaces 0.70-0.95
Exposed Soil, Undeveloped Roads 0.10-0.20
Residential Areas (Flat) 0.50-0.30
Residential Areas (Mountainous) 0.50-0.70
Industrial Areas (Light) 0.55-0.65
Industrial Areas (Heavy) 0.60-0.80
Paved Roads and Building Surfaces 0.70-0.95

The second data set is the land use and total area of each district, which was manually
identified by using satellite images acquired from USGS [66] along with the rational method
coefficient values correspond to each use. The land use coefficient for each district is
calculated by the weighted mean method to account for impermeable factors of all land
uses within the sub-catchments. The land uses for the seventeen districts are shown in
Figure 4. The final data set required is the drainage network’s total capacity for each district
attained from local authorities.
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Figure 4. Land use percentages of 17 neighborhoods in New Cairo for four main categories (impervi-
ous areas, gardens, unurbanized areas and industrial areas) [66].

Since there are not precise data regarding surface runoff observed flows, the sewer
network evaluation is validated by comparing simulated inundated locations during rain-
fall storms with the water accumulation areas recorded by local authorities from previous
rainfall events. This validation is possible using (SewerGEMS) V8i [63]; furthermore, the
simulation aids in identifying the percentages used of the sewer network and calculating
the excess water discharges, which enables the validation of the network’s evaluation
results obtained from the rational method. In this study, we have conducted a continuous
simulation; therefore, the rainfall data is distributed using the synthetic SCS type II hyeto-
graph, while the wastewater discharges are distributed according to the ECP’s drainage
pattern [39].

3. Results
3.1. Impacts of Urbanization on Surface Runoff

The study area represented a typical emerging metropolis in Egypt with significant
urbanization progression in terms of residential and public facilities growth between 1990
to 2020. The city’s initial urbanization settlement happened around 1995, and the area
subsequently grew into minor urban centers. Since then, urban areas have grown gradually
but at a rather stable rate. Beginning in 2005, a booming trend started in the region toward
urbanizing the area, due to socioeconomic development [67,68]; the city has witnessed
major land use change and municipal expansion in the years since. Figure 5 depicts more
information on levels of urbanization and changes in land use patterns for each year.

From the analysis of the topographic maps and previous watersheds delineation,
unfortunately, the natural drainage patterns have been significantly altered due to urban-
ization. This problem is significant as the urban areas avert the runoff to be disposed away
from the city, creating inundation areas within the city as a final disposal point for storm
water. Moreover, the problem has significantly increased with the city expansion, as a result
of population growth, putting a great stress on the existing drainage systems. Figure 6
shows streamlines passing through New Cairo city from the southwest part of the city to
the northern west, that are totally blocked with urbanization.

Detailed values are compiled to demonstrate historical changes in total area. Figure 7a,
shows the total urban areas for the six time periods (i.e., 1995, 2000, 2005, 2010, 2015, and
2020), which are 10.3, 22.1, 34.3, 100.6, 160.6, and 223 km?, respectively. From 1995 to 2005,
the overall area of urban land increased steadily, but by 2010, it had nearly tripled. There
has been a significant increase in impermeable areas, which is anticipated to increase runoff
significantly. As demonstrated in Figure 7b, the decrease in rural land and increase in other
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categories (e.g., Impervious Areas, Areas Under Construction, Green Areas) are noticeable
throughout the investigated period. Currently, the original rural lands have been almost
fully replaced by impermeable areas, showing a rapid transfer of land use from rural to the
other types of urban usage.
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Figure 5. The results of historical land use changes for the years (a) 1990; (b) 1995; (c) 2000; (d) 2005;
(e) 2010; (f) 2015; (g) 2020. The land use includes rural presented in beige, green areas in green, urban
areas in red, and urban under construction in yellow.
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Figure 6. Previous watershed passed through New Cairo before urbanization. Currently the natural
streamlines are totally blocked due to the land use changes.
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Figure 7. Land use historical changes between 1990 to 2020; (a) shows the total area in km? and
percent change; (b) shows land use percentages which can significantly affect runoff values.

The total runoff values correspond to six return periods and different urbanization
percentages are summarized in Table 5. Due to the major land use changes, a significant
increase in the overall runoff volume was observed (Figure 8). In 30 years, the runoff
values are amplified with the increase of urbanization; 91% of the total area of New Cairo
was urbanized through utilizing impervious surfaces, which corresponded to a significant
increase in surface runoff by 135%. Moreover, for only 9% increase in urbanization to reach
100% urbanization level, the runoff flood volumes will increase by 40% more to reach total
runoff increase of 185% compared to runoff generated before urbanization.
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Table 5. Runoff values for New Cairo at different urbanization level percentages correspond to six
return period storms.

Percent Runoff Value (Mm?)
Year Imperviousness 2 5 10 20 50 100
1990 0% - 0.33 1.06 2.21 4.40 6.60
1995 4% 0.16 x 1073 0.35 1.09 2.27 4.48 6.70
2000 10% 529 x 1073 0.37 1.14 2.34 4.61 6.85
2005 15% 0.005 0.43 1.25 2.50 4.81 7.10
2010 40% 0.075 0.79 1.83 3.32 5.90 8.40
2015 65% 0.179 1.13 2.36 4.02 6.80 9.43
2020 91% 0.355 1.72 3.25 5.21 8.35 11.23
- 100% 0.636 2.37 4.16 6.33 9.86 12.74
m Impervious Area Percentage Percent Increase in Surface Runoff
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Figure 8. The change in runoff corresponding to the increase of urbanized area from 1990 to 2020 for
the whole New Cairo Watershed.

3.2. Climate Projections Scenarios Comparison and Its Effect on Flood Volumes

The six climate change scenarios were evaluated against Cairo ground station using
the statistical indicators. The total comparison points were seventy-nine months that had
rainfall events occur for total fifteen years from 2006 to 2020. The results of the statistical
analysis of climate change scenarios are shown in Table 6. The statistical indicators for
the climate change ensembles showed that the output from GCM model CNRM for the
moderate emission scenario RCP4.5 have overall acceptable correlation with the ground
measured data. Moreover, it was the only climate model that projected high precipitation
value for Cairo; in March 2020, close to the extreme value occurred: a total monthly
precipitation of 46.5 mm/month was predicted, while the actual monthly rainfall occurred
was 61 mm/month.

The precipitation trends shows that extreme rainfall events’ frequency has an increas-
ing trend (Figure 9b), although the total annual precipitation values have a decreasing
trend (Figure 9a). This observation is consistent with the reports of the Intergovernmental
Panel on Climate Change (IPCC) [69] that climate change is likely to increase the frequency
of single day extreme rainfall event in the 215 century despite the decrease in the total
annual rainfall. Moreover, it is also consistent with CNRM rainfall output for the mod-
erate emission scenario RCP4.5 projection, as shown in Figure 9¢c. According to CNRM
model with RCP4.5, the extreme storm that occurred in March 2020 could be considered
an extreme weather event due to climate change. Figure 9¢c, shows the annual projection
of rainfall from CNRM4.5 during the period 2006 to 2050. Furthermore, looking at the
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future projections, the year 2048 might experience an extreme rainfall event larger than or
equal March 2020; therefore, future drainage plans should take into account this extreme
storm probability.

Table 6. Results of the comparison between climate change projection models and ground measured
rainfall data using six statistical indicators. The results are color coded where the green indicate a
high correlation, while the red indicate a very weak correlation between both data.

RCP4.5 RCP8.5
CNRM EC-Earth GFDL CNRM EC-Earth GFDL

RMSE 6.70 918 | 1004 1085 = 834 5.60
RSR 0.68 1.06 1.15 1.20 103 82

Indicator

% Bias —6.12 —42.60 —20.33 —31.27 —36.54
R? 0.64 0.09 —0.04 020 [=0de
MAE 0.29 0.97 1.48 1.21
Strong Correlation - Weak Correlation.

Maximum Yearly Precipitation (mm)

Total Yearly Precipitation (mm)
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Figure 9. (a) Total rainfall every year (mm/year) for the period of 1976 to 2020; (b) maximum rainfall

event in each year (mm/day) for the period of 1976 to 2020; (c) total annual projected precipitation
during the period 2006 to 2050 from the CNRM model for RCP4.5; the dashed inclined lines show the
trend of the rainfall (whether increasing or decreasing).

The effects of climate change on urban flood conditions are obvious and are predicted
to worsen for all return periods compared to the baseline year (i.e before 2000), with
higher increases in severe precipitation occurrences, even if there are uncertainties resulting
from climate forecasts. Table 7 shows the return period intensities threshold with data
adopted from the period of 1976 to 1999 (24 years) compared with return period intensities
calculated by rainfall data recorded from 2000 to 2020 (21 years). As illustrated, there is
an increase of the rainfall intensities for all return periods; however, the most affected
was the 100-year storm, which increased by 17%, followed by the 50-year storm, which
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increased by 12%, where both represent the extreme rainfall events. On the other hand,
lower return periods are anticipated to have the smallest changes rainfall intensities; for
example, the 2-year storm increased by 6%, while the 5-year storm increased by only 1%.
Because the percentage of total runoff rises as rainfall intensities do, this table provides
strong indication that climate change increases the surface runoff; without considering the
effect of land use, climate change increased the total runoff volumes by 48% from 1990
to 2020. In addition, looking at the number of events occurred for each return period in
both time ranges (i.e, before the year 2000 and after), as shown in Figure 10, the 2-year and
5-year events decreased by 30% between the two time periods. On the other hand, the
period between 1976 to 1999 shows that a 50-year event occurred; however, in the following
period, a 100-year event also took place, which transpired much earlier than its time; this
might be a result of climate change.

Table 7. Comparison of return period intensities between the periods of 1976 to 1999 and 2000 to 2020.

Return 1976-1999 2000-2020 Percent of
Period Rainfall Confidence Rainfall Confidence Increase
(mm/d) Interval (mm/d) Interval
100 33.1 20.3-45.8 38.8 14.3-63.3 17%
50 28.3 17.5-39.1 31.6 13.4-49.9 12%
20 22.1 13.8-30.3 23.3 11.6-34.9 5%
10 17.3 11.0-23.7 17.7 9.93-25.5 2%
5 12.6 8.19-17.0 12.7 7.92-17.5 1%
2 6.35 4.45-8.25 6.75 4.58-8.92 6%

1976 -1999 ©2000-2020
16 15

14
12

10 —

Number of Rainfall Events

3
2 H 1 11 1 1
; o I A - NCRU
2 5 10 50 100
Return Period

Figure 10. Total number of rainfall events occurred for each return period for two time periods (1976
to 1999 and 2000 to 2020).

3.3. Effect of the Drainage Design on Urban Runoff Volumes

The results of the drainage network evaluation showed that each neighborhood has
a pumping station at its outfall, as the final destination of the total drainage network is
a treatment plant located on higher elevation than the entire city. Figure 11a shows a
schematic plan for pumping stations” discharge destinations for all the districts, where
the pumping network starts at El-Mirage and El-Banafseg areas and ends at Imtedad EI-
Mostasmreen before discharging to the treatment plant; on the other hand, Figure 11b shows
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the elevation map for all neighborhoods. As illustrated, the lowest elevation neighborhood
is at the beginning of the drainage network, while the highest location in the area is the
final destination, which should have been the opposite, as it is better to drain from higher
to lower elevations [70]. Moreover, minimizing the number of pump stations in the system
is preferable for the optimal operation, as it is proved that they pose risks on the level of
service during major rainfall events, due to electricity instability [71,72].
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Figure 11. (a) Pumping stations schematic plan for New Cairo’s districts showing their discharge
destinations; (b) elevation map of New Cairo neighborhoods.

Using a typical design approach, the drainage was constructed to service the major
metropolitan area (i.e., handle wastewater loads and rainfall events with low return peri-
ods). Only a few pipes were replaced during the city’s history; therefore, the upgrading
of the drainage capacity lagged behind the rate of development, causing overflooding
with the smallest return period storm in some areas. According to the runoff calculations
and pipeline capacities (Figure 12a), seven neighborhoods may not be able to afford the
minimum rainfall event that correspond to 2-year storms; therefore, they are in a critical
condition and need an urgent upgrade. Moreover, eight neighborhoods cannot afford
5-year storms beside the wastewater discharges they normally manage. Generally, the
stress on the sewer network increase with the increase of rainfall intensity according to
the return period. On the other hand, eight neighborhoods out of seventeen can accom-
modate for 5-year storms, six neighborhoods accommodate for 10-year storms and five
accommodate for 20-year storms. Finally, two districts were able to accommodate the maxi-
mum storm that occurred in March 2020, which are Imtedad Mostasmreen and Ganoub El
Mostasmreen, if the wastewater flows remain the same. For the pump stations (Figure 12b),
during the minimum rainfall of 2-year return period, six pump stations cannot drain the
combined sewer, which can cause flooding and water shortages. Furthermore, one pump
station can afford up to 10-year storms and three were able to accommodate more than
20 year storms. Finally, none of the districts were able to accommodate the maximum
climate change projected storm.

The SewerGems evaluation of the drainage network was conducted on Al Academya
El-Fareeya neighborhood because it is one of the critical neighborhoods as illustrated in
Figure 12. The model was performed as a transient analysis, where the storm and the
drainage loads are entered as 24-hr hydrographs. Table 8 shows the results summary of the
three scenarios simulated in SewerGEMS model. The performance of the drainage system
and magnitude of the excess rainfall flood volumes are reflected by the drainage system
overflow, which summarizes the overflows from all overloaded manholes in the area. The
simulation results showed that the drainage network over-flowed with the smallest rainfall
return period of 2-years, which validates the load-capacity balance results (Figure 12).
Moreover, according to the head of New Cairo City Authority, this area suffered from
frequent water outages and flooding due to the underperformance of this pump station,
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especially with every rainfall event that occurred in this area [73]. As for the simulation of
the extreme rainfall event in March 2020, it resulted in a complete failure for the drainage
system; the outcomes showed that the drainage network had an overflow of 17,772 m3/d,
which is considered 93% of the total network capacity; the overflow caused flooding in the
streets and backflow in the households in addition to the failure of 30% of all pipelines. On
the other hand, the simulated flooded areas show an almost perfect agreement with the
flood-prone areas that were recorded by the local authorities (Figure 13).
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Figure 12. (a) Percentage used of the drainage network at different scenarios; (b) percentage used of
the pump stations with different return periods. Shown for all 17 neighborhoods. * These areas had
planned upgrade and the extra capacity was added in the calculations.

Table 8. Comparison of return period intensities between the periods of 1976 to 1999 and 2000 to 2020.
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Figure 13. (a) Inundation areas simulated during March 2020 storm; (b) inundation areas recorded

by local authorities during rainstorms.
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4. Discussion

This study contributes to a better understanding of the factors affecting urban floods in
a typical urban area in a developing country by comparing the effects of rapid urbanization
and climate change on increasing surface runoff, while considering the role of drainage
design in increasing or mitigating surface flood volumes. A detailed assessment of urban-
ization was conducted through monitoring the changes of the spatial urban sprawl, which
affected the land use and the ability of the soil to infiltrate rainwater. The assessment was
performed by employing GIS spatial datasets along with Rainfall-Runoff models to study
the effect of urbanization on the increase of runoff under different periods, with seven
land use maps from different years (1990, 1995, 2000, 2005, 2010, 2015, and 2020) and eight
simulated conditions (0%, 10%, 15%, 40%, 65%, 90%, and 100% urbanized area percentages).
The urbanization has a direct impact on increasing surface runoff due to changing the
natural land use to impervious surfaces that prevent the rainwater from seeping into the
ground. Moreover, due to poor planning, the natural streams and flood plains were not
preserved nor integrated within the design, which could have prevented the increasing
volumes of runoff, as they are natural management systems for flashfloods.

The investigation of whether the current intensities of major storm events that occurred
in New Cairo are connected to climate change or are mere recurrence of the normal historical
trends was judged by comparing climate change scenarios against ground-measured
rainfall data. The evaluation showed that the ground-observed rainfall data are in good
agreement with CNRM 4.5 scenario. It was the only scenario within the six scenarios
that projected the extreme rainfall event in March 2020, which was the most extreme such
event that Egypt has faced in its history. The yearly observed precipitation of New Cairo
showed that the extreme rainfall events are becoming more frequent, and their intensities
are increasing with time, although the total annual precipitation values have a decreasing
trend; this agrees with climate change studies reported by the (IPCC) [14]. The ground-
observed rainfall data showed that the threshold of return period intensities increased by
only 6% for the 2-year return period and increased by 17% for the 100-year in the period
between 2000 to 2020 compared to the period of 1976 to 1999. Moreover, as a comparison
between the two time periods, the 2-year and 5-year rainfall decreased by 30% while the
100-year event occurred soon after a 50-year rainfall event, which was proven to have
occurred due to climate change as it was projected by CNRM4.5 climate change scenario.

The results showed that the rapid and unplanned urban development and changes
in land use types caused significant increase in surface runoff; over a period of 30 years,
the runoff due to urbanization increased by 140%, while the peak discharge increased
by 88% and the time to peak discharge slightly decreased by 5%. Therefore, the increase
in impervious surface has a direct impact on increasing surface flows, which stresses the
drainage system. Furthermore, the urban drainage has a distinguished role in increasing the
surface runoff. Where 70% of the total evaluated neighborhoods showed poor performance,
nine drainage networks and eight pump stations can not afford a 2-year return period
storm, in addition to three pump stations that are not sufficient to discharge the base
scenario. Therefore, urban flooding might occur in New Cairo with the smallest rainfall
event. On the other hand, climate change affects only the increase in total runoff volumes
by 48% from 1990 to 2020, excluding land use effect. However rapid urban expansion led
to an increase of 140% for the same period, which is almost three times higher than what is
induced by climatic changes. However, extreme rainfall events due to climate change on
an urbanized area magnified the runoff volumes.

Our study represents a case of a typical ungauged city in a developing country facing
multiple future challenges, namely (a) the likely effect of climate change on urban flash
floods, (b) increased urban runoff driven by imperviousness and urban planning, and
(c) the traditional drainage system that amplifies the urban flood complications. Developing
countries have very limited resources and very limited data availability, both of which
can greatly hinder reaching any results regarding what exactly the underlying causes of
urban flash floods in such areas are. This usually leads third world countries to invest
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millions of dollars to address the wrong drivers behind urban flooding (due to lack of

research), causing increasing losses in lives and property every year. Our study has three

main significant findings:

1.  Based on a comprehensive review of the literature, very few studies included drainage
design as a factor for urban floods and focused mostly on the effect of climate change
and land use change.

2. Comparing ground-measured rainfall data with projected climate scenarios for a
common period yielded useful insight for future predictions in flood modeling.

3. Overcoming data scarcity and shortage and conducting an integrated framework that
is considered novel for the area will prove useful for assessing other ungauged basins
with similar conditions.

Finally, this study has significant implications for many of the developing arid-region
countries, which are anticipated to undergo rapid urban expansion with large-scale land
use changes. Climate change impacts and its associated risks of increasing the frequency
of extreme rainfall events lead to an increase in climate-induced migration to urban areas,
which intensifies the density of urban settlements in arid regions as well as increase the
number of urban settlements due to the urban expansion towards arid land outskirts [74,75].
This not only increases the stress on the available infrastructure but also produces sub-
stantial social instability due to unplanned urban growth. Therefore, the study sheds light
on the main factors that are increasing the flood risk in such areas and emphasizes the
importance of urban planning approaches and upgrading the drainage system design
policy to make it more resilient to climate change and stress induced by urbanization; a
matter that is expected to be exasperated due to current economic conditions both locally
and internationally and the increasing susceptibility of rural areas to economic fluctuations.

5. Conclusions

The findings revealed that rapid urbanization has had a major effect in increasing
surface runoff due to poor planning, which did not consider natural flood plains in increas-
ing impervious surface area, which amplifies runoff volumes and stresses the drainage
system. Moreover, the rainfall patterns that recently occurred were influenced by climate
change, as it increased the frequency of extreme rainfall events by 17% from 2000 to 2020
compared to the rainfall patterns before 1999. Finally, the urban drainage system plays a
significant role in contributing to the increase of runoff with undersized drainage systems.
Due to continuous urban growth with poor planning, impervious surfaces, and inadequate
drainage design, areas vulnerable to flash floods are growing, and the severity of urban
flooding is projected to increase if appropriate precautions are not adopted.

To cope with the increasing runoff volumes, an assessment for current drainage
systems and future development plans are essential in the light of climate change. Although
the expansion in urban development has a major and inevitable effect on the increase in
urban flood volumes, it could be quantified and alleviated through improved infrastructure,
new design policies, and adaptation plans. However, climate change has long-term and
unforeseen impacts; therefore, policy makers should have better knowledge on the role of
climate change and prioritize appropriate mitigation and adaptation strategies. The current
study findings and methodology could be used in the future to create an abstract guideline
that can be utilized as a tool to assess the water resources management in different regions
that are susceptible to similar conditions.

The results may have uncertainties, which may be due to the assumptions of land
use and land cover runoff coefficients, the usage of simplified equations, data limitation,
and in some cases, inadequate quality of the data, as well as verifying climate change data
with only one meteorological station. Finally, using only six ensembles of climate change
scenarios might not be enough to study the impact of climate change. However, the research
indeed highlights the importance of the drainage design: although urbanization and climate
change increase urban runoff volumes, the deficient performance of the drainage network
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with the smallest rainfall event increased the flood-prone areas as well as the vulnerability
of residential areas to flood.
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