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A B S T R A C T

Urban flooding, particularly in arid and semi-arid regions, has become a growing concern in densely populated 
metropolitan areas. Roof rainwater harvesting is a form of low impact development that offers an effective so
lution for mitigating urban flooding, particularly in densely populated metropolitan areas. However, few sci
entific studies have attempted to model this dynamic, allowing us to increase water collection and reduce the risk 
of floods, especially in arid and semiarid areas. This study examined the impact of Roof rainwater harvesting on 
flood severity using the Borselli index of connectivity, which quantifies the degree to runoff connectivity between 
upstream and downstream areas, reflecting the potential for runoff to contribute to flooding. As a case study, we 
selected Hamadan, one of the world’s oldest cities. The methodology involved quantifying HC under two sce
narios: with and without Roof rainwater harvesting implementation. The results demonstrated a substantial 
reduction in hydrological connectivity when Roof rainwater harvesting was implemented, highlighting the 
valuable effectiveness of Roof rainwater harvesting. In contrast, without Roof rainwater harvesting, most of the 
areas, particularly in the middle and northern regions, had a high degree of hydrological connectivity. Overall, 
with the incorporation of RRWH, there was a significant shift toward increased connectivity. The areas char
acterized by very high and high degrees of hydrological connectivity in the absence of Roof rainwater harvesting 
decreased to 11.4 % and 20.4 %, respectively. Conversely, the moderate, low, and very low hydrological con
nectivity categories experienced increases of 27.9, 28.4, and 11.7 %, respectively. We conclude that this new 
evaluation of hydrological connectivity can serve as a valuable tool for assessing hydrological connectivity in 
urban areas and reveal to land managers where Roof rainwater harvesting is not effectively applied and where 
possible improvements must be made. However, the success of Roof rainwater harvesting in urban areas depends 
on technical, social, and regulatory support, as well as public acceptance for non-potable uses.

1. Introduction

Floods are known as common natural hazards after extreme 

precipitation events are concentrated, usually occurring over short pe
riods; however, floods can occur due to interfering anthropogenic fac
tors such as poor or erroneous land use planning, rapid population 
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growth and low socioeconomic control measures [1–4]. Hazard terms 
will be transferred to disasters when dramatic consequences such as loss 
of life, injury or other health impacts, property damage, social and 
economic disruption or environmental degradation occur [5–7]. 
Currently, the world is experiencing noncontrolled urbanization and 
land use changes, which have far-reaching consequences [8–11].

Urbanization is accompanied by the escalation of imperviousness, 
causing uncontrolled and unknown hydrological responses even at the 
regional scale; thus, the majority of storms that occur progress to 
extreme runoff rates even for those with low return periods [12–15]. By 
increasing the return period, runoff occurrence could inevitably cause 
more frequent destructive floods to threaten built and infrastructure 
[16–19]. Globally, from 1985 to 2020, the area of impervious surfaces 
doubled from 5.116 × 105 to 10.871× 105 km2, and Asian countries 
with a total increase in 2.946 × 105 km2 experienced greater growth 
than did other countries [20–22].

The escalating phenomenon of climate change, exacerbated by 
human activities, is linked with urban sprawl, forming an intricate union 
that poses unknown consequences for hydrological processes [3,23–25]; 
W. [26]. The amplification of these human activities (industries, ur
banization, intensification of agriculture and rangelands, etc.) is inten
sifying the greenhouse effect, leading to global warming and altering 
precipitation patterns [27,28]. Urban sprawl further compounds these 
challenges by altering land cover and increasing impervious surfaces 
and soil sealing, disrupting natural hydrological cycles [29–31]. 
Impervious surfaces hinder infiltration, augment surface runoff, and 
alter the timing and magnitude of peak flows in watersheds. This phe
nomenon can modify the equilibrium of ecosystems and exacerbate the 
frequency and intensity of flooding events [29,32–34]. Urbanization 
influences the temperature and chemical composition of runoff, 
impacting aquatic ecosystems. Continued nonplanned urban sprawl and 
climate change may cause a cascade of detrimental effects on hydro
logical processes, with far-reaching implications for water resources, 
ecosystems, and human societies [35,36]. Mitigating these impacts ne
cessitates an integrated and adaptive approach that addresses both 
climate change and urban planning.

To date, many studies have explored the adverse effects of imper
vious surfaces on the rise of destructive floods. Based on the above sit
uation, low impact development (LID) solutions can be used as 
increasingly valuable and urgent solutions, which suggests that decision 
makers take flood prevention measures in advance to minimize eco
nomic losses and casualties [37–39]. Rainwater harvesting (RWH), 
which belongs to the family of storage-based LID techniques, can be used 
in urban stormwater management and decrease the risk of flooding 
through decreasing the frequency, peak and volume of urban runoff if 
RWH systems are appropriately designed; additionally, water is 
collected, especially in arid and semiarid areas [40–42]. Urban Storm
water Runoff can be generated from various impervious areas, including 
rooftops, walkways, patios, driveways, parking lots, storage areas, and 
concrete or asphalt. In urban areas, especially in dense areas, most land 
uses involve building roofs, which could be essential methods for rain
water harvesting (S. [43–45]). Therefore, building roofs can be used as 
an efficient tool for ensuring sustainable environmental and social 
welfare and for reducing the degree of flooding and increasing the 
drainage network capacity; this approach can be used by urban man
agers and decision makers [46–49].

Several advances have been made in analyzing and modeling the 
effects of building roofs on runoff generation via Multi Criteria Decision 
Making (MCDA) and hydrological/hydraulic models. The MCDA 
method is widely used to evaluate the effects of various RWH techniques 
on the flooding degree. Since these methods work based on expert 
judgments, the concept of uncertainty in the method is one of the most 
important barriers to simulating the role of RWH in determining the 
flooding degree [50,51,28]. The second method is widely used to eval
uate the effect of RWH on flooding degree. These 

hydrological/hydraulic models need extremely accurate local data, 
which will be suitable for modeling the physical process of waterlogging 
in small catchments [52–55].

In recent years, the concept of hydrological connectivity (HC) has 
emerged for delineating spatial patterns of runoff distribution through 
landscapes and therefore dependent on runoff generation dynamics, the 
configuration of runoff-generating patches, the routing of flow through a 
catchment and disconnection impervious areas [56–59]. This approach 
is key for designing sustainable land management plans at small to large 
scales [31,60]. To effectively assess hydrological connectivity, various 
methods, including field observations, tracing methods, graph theory 
methods, simple index methods, and model simulations, have been 
developed over time (G. A. [61]; J. [62]). At small scales, hydrological 
connectivity can be calculated based on field observations directly or 
indirectly by using intrinsic characteristics that affect runoff generation, 
such as the topographic wetness index or drainage density (W. [63]). 
Field-based works are time consuming and costly; therefore, they are 
suitable for small-scale areas other than large-scale areas [64,65]. In 
tracing models, the analysis of acquired results due to the existence of 
external factors for quantifying tracer conservativeness faces a series of 
problems [66]. Graph theory methods are more suitable for quantifying 
connectivity at the scale of erosion plots or ephemeral/slope gullies (J. 
[67,68]). In contrast, Borselli, Cassi, and Torri [69] proposed an index of 
hydrological connectivity with the merits of high efficiency, simplicity, 
and low cost; this index has thus become widely applied to assess po
tential connections in catchments and form the basis for much subse
quent modeling [70–72]. The Borselli index is a structural metric linked 
to landscape geomorphology, describing the spatial contiguity of land
scape units. Meanwhile, the functional aspects (process-based), which 
are linked to hydrological properties, relate to surface and subsurface 
flow processes operating in different components of the landscape. In 
this way, the functional connectivity index, derived from the Borselli 
index, can become a useful tool for landscape management. However, 
the characterization of hydrologically-driven transfer processes requires 
further advancements to enhance the understanding of the diffusiveness 
resulting from human-induced land use activities. Functional connec
tivity can be used as an effective tool to simulate the role of human 
interventions in a watershed system [57,73,74]; for example, in RRWH; 
however, the scientific literature has not yet paid attention to this topic 
extensively. Therefore, this study proposed a new approach in which the 
Soil Conservation Service Curve Number (SCS-CN) empirical method 
was combined with the Borselli index to obtain functional hydrological 
connectivity. The proposed approach was applied to the city of Hama
dan, which is located in Iran, to evaluate runoff variation. The novelty of 
this study is the proposal of an integrated method applied for the first 
time in an urban area to evaluate the role of the RWH from rooftops 
(RRWH) in determining hydrological connectivity (HC). We hypothesize 
that this study can quantify functional connectivity by combining the 
SCS-CN method and improve the accuracy of identifying the spatial 
pattern of functional connectivity in the state of RRWH.

2. Materials and methods

2.1. Study area characteristics

Hamadan city is a historical and cultural city in Iran and was selected 
for this study (Fig. 1). The case study area is 45 km2, which is one of the 
most relevant metropolitan areas in western Iran. Hamadan city is 
characterized by an annual average temperature of 10 ◦C and an annual 
precipitation of 340 mm [75,41]. Rainfall shows high seasonal vari
ability, so most of the events occur from October to January. Due to the 
existence of agricultural land in the western and eastern parts of the case 
study area, the main expansion of the city was limited to the northern 
and southern parts. This issue has caused a great proportion of the 
population of the city (i.e., >0.55 million people) to be concentrated in 
the northern to southern regions. In the period from 1998 to 2011, the 
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territory of built-up areas grew by 29 km2, and this area is expected to 
reach 67 km2, causing the loss of efficiency in the current drainage 
network to transfer and discharge surface runoff, the latter of which is 
the most susceptible to flooding (Roumyani, Salehi Mishani, Vosoughi 
Rod, Ghaderi, and Amraie [76].

2.2. Index of hydrological connectivity (HC)

The index of hydrological connectivity (HC) in this study is based on 
the index proposed by Borselli et al. [69]. The index indicates the runoff 
connectivity between hillslopes and a specific depositional point from a 
geomorphic approach ([77]; M [78]; K. [79,80]). The Borselli connec
tivity index is a fractional equation (Eq. (1)). The numerator of the HC is 
related to the upslope component (Dup), which represents the potential 
for downward routing of overland flow occurring upslope and is 
calculated based on the upslope contributing area (A) (m2), and the 
runoff potentials controlled by w‾ and s‾ are the average weighting 
factor and slope gradient (m m-1), respectively, of the upslope contrib
uting area. The denominator of the HC (Ddn) shows the probability of the 
runoff-flow path length occurring until it arrives at a defined sink along 
the flow path, where di is the length of pixel i downslope (m) and wi and 
si are the surface roughness and slope gradient of pixel i, respectively. 

IC = log10

(
Dup

Ddn

)

= log10

⎛

⎜
⎜
⎝

ws
̅̅̅̅
A

√

∑
i

di
wisi

⎞

⎟
⎟
⎠ (1) 

[ − ∞, + ∞]The lower values of the index (− ∞) indicate that the 
considered element in the analyzed case study functions as a discon
nection and generates a lower amount of runoff. The maximum values 
reached + ∞. In this paper, to calculate the whole case study runoff 
connectivity, the lowest downstream point along the drainage network 
was considered the sink target.

2.3. Modifications on the HC

In Borselli et al. [69], the variable wi represents the surface imped
ance to runoff and sediment fluxes, which is the most important and 
sensitivity variable, play a main role in HC simulation and quantifying 

the role of human interventions in a watershed system. Originally, in the 
calculation of the Borselli et al. [69] index, the values of wi corresponded 
to the cover management factor/crop factor, i.e., the C factor of the 
USLE-RUSLE models [81,82]. Since the C factor refers only to cover and 
management related to erosion, it has two main disadvantages: (1) it 
overestimates hydrological connectivity in bare land areas, and (2) this 
variable represents only the characteristics of cover and does not 
consider the role of surface roughness [83–85]. In this regard, re
searchers are trying to develop better options for weighting factors. For 
example, Nazaripouya et al. [85], based on Cowan’s original approach, 
used a modified Manning’s roughness (n) model instead of the C factor 
of the USLE-RUSLE model. Manning’s roughness (n) represents the 
resistance to flow, with values varying according to the different surface 
characteristics affecting roughness. In the central Pyrenees, Llena et al. 
[84] considered both the C factor and topographic variations to better 
understand the evolution of sediment connectivity associated with 
different land use and topographic changes. In the other studies, the 
researchers used the modified version of the Borselli index to better 
characterize HCs (Table 1).

2.4. Modified version of the hydrological connectivity index

A new approach involving the integration of a rainfall-runoff model 
and the HC index was proposed for studying spatial and temporal dy
namics in the form of functional connectivity. According to several au
thors ([86,87] and [88]), the SCS-CN model (Eq. (2)) can be used as a wi 
factor, as shown in Eq. (1). The method created by the Soil Conservation 
Act of 1935 is the most widely used method for estimating runoff ([89]; 
S. K. [90,91]). 

Q =
(P − 0.2S)2

(P + 0.8S)
if P ≥ 0.2S (2) 

S =
25400

CN
− 254 (3) 

where P is the rainfall (mm), Q is the corresponding runoff (mm), and CN 
is the curve number, which is a function of land use type, soil hydro
logical group and soil antecedent moisture condition (AMC) and is used 
to represent the hydrological behavior of the catchment (USDA SCS 

Fig. 1. Location of the case study area: a Building and road map. b Elevation map with drainage network.
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[92]). Three types of AMC, namely, the lower limit of moisture (AMCI), 
average soil moisture content (AMCII) and upper limit of soil moisture 
(AMCIII), are considered to calculate the CN value (Table 2). The CN 
values for the AMCII state are derived from the SCS-CN manual, and for 
the other two antecedent soil moistures, the following equations are 
used to calculate the CN variable: 

CNI =
4.2CNII

(10 − 0.058CNII)
(4) 

CNIII =
23CNII

(10 + 0.13CNII)
(5) 

Generally, three types of antecedent soil moisture are defined as dry 
(lower limit of moisture), moderate (average soil moisture content) and 
humid (upper limit of soil moisture); these three types of moisture are 
represented as AMCI, AMCII, and AMCIII, respectively [93,94]. In the 
AMCII, the CN values are calculated from the SCS-CN manual.

The SCS-CN method has been widely used across different regions, 
land uses, and climatic conditions. However, when applied to urban 
environments, it may underestimate runoff volumes, which are crucial 
for effective flood risk management and stormwater infrastructure 
planning. In urban areas, connected areas cause changes in the CN value, 
which refers to how the runoff generated from impervious areas drains 
to drainage networks [95,45]. If the generated runoff from any imper
vious land use drains into the next impervious area and then into the 
drainage network or if the generated runoff directly drains into the 
drainage network, then the considered impervious land use must be 

considered a connected area, and its related CN values must be modified 
to new CN values [95,41]. Distinguishing between connected areas re
quires some study of surface and subsurface runoff, flow paths, and 
discharge structures and their connections, which is a complex challenge 
[95,41]. In the present study, the modified CNs according to connected 
areas were derived from the studies of Sepehri et al. [41] and Mal
ekinezhad, Sepehri, et al. [45].

After the calculation of the SCS-CN model, the wi factor was replaced 
with the wi factor in the Borselli et al. [69] index, after which the 
functional connectivity was extracted as follows: 

IC = log10

⎛

⎜
⎜
⎝

Q
̅̅̅̅
A

√

∑
i

di
Qisi

⎞

⎟
⎟
⎠ (6) 

Eq. (6) is used to evaluate the spatial distribution of HCs in the 
absence of RRWH. To consider the RRWH, the capacity of the RRWH 
(Eq. (7)) must be subtracted from the Q parameter; consequently, Eq. (6)
will be transferred to Eq. (8). 

RRWH =
Q ∗ TRA ∗ ECA ∗ (1 − CL − FF)

1000
(7) 

IC =

⎛

⎜
⎜
⎝
(Q − RRWH)

̅̅̅̅
A

√

∑
i

di
(Qi − RRWHi)si

⎞

⎟
⎟
⎠ (8) 

where TRA is the total rooftop area (m2), ECA is the effective collection 
area, CL is the collection loss and FF refers to the first flush.

2.4. Data acquisition and preprocessing

Most of the variables used in the HC equation, including A, di and si, 
are calculated from a digital elevation model (DEM). Additionally, the 
slope parameter has a direct relationship with the CN value according to 
the SCS-CN method. Therefore, the accuracy of the HCs is a function of 
the DEM. Before preparing DEMs in urban areas, which reveal the 
complexity of surface features, the degree of urbanization is the key 
factor that enhances the sophistication of environmental studies. The 
impervious land uses, such as buildings, roads, and pavements, in urban 
areas, which are known as hared features, are called fine constrained 
features (FCFs) [96]. These features certainly disturb surface features 
and runoff propagation. Therefore, FCFs must be considered in the 
preparation of DEMs. In the present study, the algorithm of the con
strained Delaunay triangle irregular network (CD-TIN) associated with a 
scale of 1/2000 elevation maps were used to model the complexity of 
urban surfaces and their details (More descriptions can be found in [96] 
and [75]). In the elevation maps used, the digital elevations were taken 
from the roofs of buildings and floors of streets. Additionally, in this 
algorithm, the borders of the FCFs were entered as Constrain features 
(Table 3). Fig. 2 shows a schematic of the CD-TIN algorithm on one of 
the buildings in the case study. To calculate the CN value via the SCS-CN 
method, the land use data of the case study with a resolution of 2 m were 
obtained from the General Administration of Hamadan Province Mu
nicipality. According to Malekinezhad, Sepehri, et a-l. [45], in a rainfall 
event with a 50-year return period (50 mm), the whole of the case study 
involved runoff production; therefore, in the present study, only the 

Table 1 
Modified version of the Borselli et al. [69] index.

Descriptor Equation Reference

The revised Borselli index 
connectivity (2008) to study spatial 
and temporal of connectivity at 
(large) catchment scale

ICrevise =

log10

⎛

⎜
⎜
⎝

RtRTCtKpS
̅̅̅̅̅̅
Ak

√

∑
i

di

AWCisi

⎞

⎟
⎟
⎠

(Manuel 
[45])

ICrevise =

log10

⎛

⎜
⎜
⎝

RtCtS
̅̅̅̅̅̅
Ak

√

∑
i

di

RtiCisi

⎞

⎟
⎟
⎠

[15]

ICrevise =

log10

⎛

⎜
⎜
⎝

∑
iRiLSiCt iSpixel
(
∑

i
nj .dj

si

)

k

⎞

⎟
⎟
⎠

[20]

The IC was calculated with reference 
to both targets, i.e., the main 
channel (ICchannel) and the basin 
outlet (ICoutlet)

ICrevise =

log10

⎛

⎜
⎜
⎝

WS
̅̅̅̅̅̅
Ak

√

∑
i

di

wisi

⎞

⎟
⎟
⎠

Mishra 
et al., [79]

The revised Borselli index 
connectivity (2008) for lowland 
areas

ICrevise =

log10

⎛

⎜
⎜
⎝

W IDPRS
̅̅̅̅̅̅
Ak

√

∑
i

di

wisi

⎞

⎟
⎟
⎠

Gay et al. 
[58]

Note: Rt is the normalized rainfall erosivity factor for the period t, RT is the 
residual topography factor, Ct is the vegetation and crop management factor for 
the period t, KP is the soil permeability factor, S is the slope gradient, A is up
slope contributing area, LSi is the slope length and steepness factor, IDPR is the 
index of development and persistence of the drainage network.

Table 2 
CN values of the land use types in the study area [41].

Land use CN

Park and Garden 61
Cultural and administrative buildings, sports, military 69
Health and educational buildings, office, hotel, residential, religious 85
Parking, commercial, industry and workshop 92
Coach terminal, bus terminal, roads, streets, pavement 95

Table 3 
FCFs and their data types in the CD_TIN algorithm [96].

Constrain Features Type Data Organization

Road cambers, Street curbs, Walls, etc. Constrained 
polyline

Shape file Polyline

Buildings, Parks, Playgrounds, etc. Constrained 
polyline

Shape file Polygon
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mentioned return period was used for calculating the P value in the 
SCS-CN method.

3. Results and discussion

Several attempts have been made to assess the effects of LID practices 
on hydrological connectivity. Hamadan city was chosen as the case 
study area. Fig. 3 shows the reclassified spatial distribution of hydro
logical connectivity values using the natural breaks method in ArcGIS 
10.7 for the catchment without RRWH practices. The method employs 
the Jenks algorithm to detect natural breakpoints, where the most sig
nificant gaps between data values are found. It then groups the data into 
classes that have low internal variance and high inter-class differences, 
ensuring each class contains similar characteristics. The areas of the HC 
classes, i.e., very low (− 2.9, − 0.92), low (− 0.92, − 0.07), moderate 
(− 0.07, 0.63), high (0.63, 1.34) and very high (1.34, 3.38), are 9.2, 19.6, 
26.8, 25.5 and 15.7 m2, respectively. The very low and low classes of 
HCs were clearly identified in the southern region of the patient cohort. 
These areas are characterized by lower values of di and steep hill slopes. 
From the southern to the northern parts, there are sudden changes in the 
slope and elevation properties of the case study, which results in 
different hydrological behaviors. Therefore, the other classes of hydro
logical connectivity, i.e., moderate, high and very high connectivity 
degrees, are located in the middle and northern parts of the case study 
area. To better describe the HCs in these areas, two locations were 
selected for evaluation. The A location is one of the subareas located in 
the very high HC. In this location, which is an ancient area, ancient 
excavations show that these areas have been destroyed due to the 
occurrence of large floods [97,75]. The B location is the area that, 
despite having a slope and di parameter, has the maximum road density 
and moderate density of buildings, which leads to a divergence in the 
flow direction and increase in the CN values and, consequently, in the 
value of the Q parameter in the HC equation. The C location is called 

Madani town, and its features are nearly similar to those of the B region; 
in this region, the density of buildings is high, and nearly 36,000 people 
live in this region. Additionally, in this region, the values of the slope 
and di parameter are very low [97,75].

The spatial distribution of HCs in the presence of RRWH is shown in 
Fig. 4. To construct this map, first, the variable RWH in Eq. (7), which is 
one of the main steps in calculating this HC, was calculated. Since the 
climate of the case study area is semiarid, the percentage of pitch 
rooftops is nearly negligible; therefore, the value of the ERA was 
considered 100 %. All the captured rainwater that is saved in cisterns 
cannot be consumed. Some of the captured defects will be lost due to the 
kind of design cistern. According to Sepehri et al. [41], Malekinezhad, 
Sepehri, et al. [98] and Meshram et al. [39], a well-designed cistern 
must have a maximum value of 10 %, so in this study, a value of 10 % 
was considered for the CL value. Then, some of the captured runoff must 
be used to clean insects, feces, etc. In this paper, a value of 20 % was 
considered for the FF parameter. The reclassification table of HCs in the 
absence of RRWH, which is the baseline of this comparison, was sub
sequently used to reclassify the values of HCs in the presence of RRWH. 
A comparison of two acquired HCs revealed significant differences in the 
HC values and the areas of the HC classes; by applying the RRWH, the 
areas of very high (1.34, 7.78) and high (0.63, 1.34) HCs in the absence 
of RRWH reached 11.4 and 20.4 m2, respectively. The areas with 
remaining HC classes, including moderate (− 0.07, 0.63), low (− 0.92, 
− 0.07) and very low (− 6.7, − 0.92) HCs, exhibited increases of 27.9, 
28.4 and 11.7 m2, respectively (Fig. 5). Analysis of the HCs suggested 
that RRWH have a notable effect on decreasing HCs; one of the main 
reasons for this decrease is related to the percentage of existing buildings 
in the case study, in which only residential buildings accounted for 32 % 
of the total land use (Table. S1 represent the land use types and their 
covered area). The influence of RRWH on reducing runoff phenomena 
has been examined in many studies at different spatial scales and reso
lutions; thus, the results of this study agree with the observations 

Fig. 2. a Sample schematic of the CD-TIN algorithm in the case study, b The red lines represent constrained features, like buildings and street curbs, while the green 
lines denote the edges of the normal triangles. [75].
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reported in the available literature. For instance, Sepehri et al. [41] used 
the HEC–HMS model to measure the effect of RRWH on reducing runoff 
volume. Malekinezhad, Sepehri, et al. [98] evaluated the role of RRWH 
as a rooftop disconnection for increasing the capacity of drainage net
works and consequently reducing the risk of floods. Nishigaki, Sugihara, 
Kilasara, and Funakawa [99] concluded that the runoff volume and 
sediment concentration at sites associated with LID practices are lower 
than those at other sites with the same rainfall depth.

4. Conclusion

The index of hydrological connectivity can be used as an effective 
tool for analyzing catchment changes, especially in urban areas where 
man-made built elements change the hydrological behavior of the 
catchment. In this study, a revised index of Borselli connectivity was 
developed using the SCS-CN method, allowing the generation of realistic 
spatial variability in connectivity and the evaluation of the role of LID 
practices. The simulation of HCs in the absence of RRWHs showed that 
the areas with very high and high degrees of HCs were located in the 
middle and northern parts of the study area, where the density of man- 
made built areas was greatest. By implementing the RRWH, a significant 
change occurred in the spatial distribution of HCs calculated in the 
absence of RRWH, so that by applying the RRWH, the areas of very high 
and high degrees of HCs in the absence of RRWH reached 11.4 and 20.4 
m2, respectively. In addition to reducing flood risk, incorporating roof 
rainwater harvesting (RRWH) into urban planning provides several key 
benefits, including enhanced water management and greater sustain
ability. Promoting RRWH through regulations, incentives, and public 

awareness can help lower urban water demand, alleviate pressure on 
infrastructure, and strengthen climate resilience. Furthermore, these 
policies can promote more equitable access to water, particularly in 
regions facing water scarcity.
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[7] M.V.C. Rodrigues, D.V. Guimarães, R.B. Galvao, E. Patrick, F. Fernandes, Urban 
watershed management prioritization using the rapid impact assessment matrix 
(RIAM-UWMAP), GIS and field survey, Environ. Impact. Assess. Rev. 94 (2022) 
106759.

[8] R. Ahmed, S.T. Ahmad, G.F. Wani, P. Ahmed, A.A. Mir, A. Singh, Analysis of 
landuse and landcover changes in Kashmir valley, India—a review, GeoJournal 87 
(5) (2022) 4391–4403.

[9] S. Bell, S. Alves, E.S. de Oliveira, A. Zuin, Migration and land use change in Europe: 
a review, Living Rev. Landsc. Res. 4 (2) (2010) 1–49.

[10] N. Mohammed, P. Palaniandy, F. Shaik, Pollutants removal from saline water by 
solar photocatalysis: a review of experimental and theoretical approaches, Int. J. 
Environ. Anal. Chem. 103 (16) (2023) 4155–4175.

[11] H.I. Rizvi, R.M. Munir, T. Iqbal, A. Younas, S. Afsheen, M.T. Qureshi, K. Riaz, Novel 
existence of Mn and Cu in WO3 nanostructures for promising photocatalytic 
activity against MB dye and Levofloxacin antibiotic, J. Alloy. Compd. 993 (2024) 
174549.

[12] N.N. Devi, B. Sridharan, S.N. Kuiry, Impact of urban sprawl on future flooding in 
Chennai city, India, J. Hydrol. 574 (2019) 486–496.

[13] D. Hou, F. Meng, A.V. Prishchepov, How is urbanization shaping agricultural land- 
use? Unraveling the nexus between farmland abandonment and urbanization in 
China, Landsc. Urban Plan. 214 (2021) 104170.

[14] J. Hubbart, Urban Ecosystems: alterations to Peakflow, Microclimate and the 
Natural Environment, Nature Precedings (2009) 1. -1.

[15] H. Storch, N.K. Downes, A scenario-based approach to assess Ho Chi Minh City’s 
urban development strategies against the impact of climate change, Cities 28 (6) 
(2011) 517–526.

[16] B.T. Hassan, M. Yassine, D. Amin, Comparison of urbanization, climate change, 
and drainage design impacts on urban flashfloods in an arid region: case study, 
New Cairo, Egypt, Water (Basel) 14 (15) (2022) 2430.

[17] T. Iqbal, M. Afzal, B.A. Al-Asbahi, S. Afsheen, I. Maryam, A. Mushtaq, A. Ashraf, 
Enhancing apple shelf life: a comparative analysis of photocatalytic activity in pure 
and manganese-doped ZnO nanoparticles, Mater. Sci. Semicond. Process. 173 
(2024) 108152.

[18] G. Shatkin, Futures of crisis, futures of urban political theory: flooding in Asian 
coastal megacities, Int. J. Urban Reg. Res. 43 (2) (2019) 207–226.

[19] Z. Tang, P. Wang, Y. Li, Y. Sheng, B. Wang, N. Popovych, T. Hu, Contributions of 
climate change and urbanization to urban flood hazard changes in China’s 293 
major cities since 1980, J. Environ. Manage. 353 (2024) 120113.

[20] S. Du, P. Shi, A. Van Rompaey, J. Wen, Quantifying the impact of impervious 
surface location on flood peak discharge in urban areas, Nat. Hazard. 76 (2015) 
1457–1471.

[21] P. Gong, X. Li, J. Wang, Y. Bai, B. Chen, T. Hu, W. Zhang, Annual maps of global 
artificial impervious area (GAIA) between 1985 and 2018, Remote Sens. Environ. 
236 (2020) 111510.

[22] X. Zhang, L. Liu, T. Zhao, Y. Gao, X. Chen, J. Mi, GISD30: global 30 m impervious- 
surface dynamic dataset from 1985 to 2020 using time-series Landsat imagery on 
the Google Earth Engine platform, Earth Syst. Sci. Data 14 (4) (2022) 1831–1856.

[23] E. Bozzolan, E.A. Holcombe, F. Pianosi, I. Marchesini, M. Alvioli, T. Wagener, 
A mechanistic approach to include climate change and unplanned urban sprawl in 
landslide susceptibility maps, Sci. Tot. Environ. 858 (2023) 159412.

[24] M. Faheem, T. Iqbal, S. Afsheen, A. Basit, R.M. Munir, M.I. Khan, H.I. Rizvi, 
A maghemite (γ-Fe2O3) incorporated activated carbon photocatalytic 
nanocomposite fabricated via Co-precipitation utilized against degradation of 
methyl orange, Opt. Mater. 157 (2024) 116131.

[25] X. Ju, W. Li, J. Li, L. He, J. Mao, L. Han, Future climate change and urban growth 
together affect surface runoff in a large-scale urban agglomeration, Sustain. Citi. 
Soc. 99 (2023) 104970.

[26] W. Yang, Z. Zhao, L. Pan, R. Li, S. Wu, P. Hua, J. Zhang, Integrated risk analysis for 
urban flooding under changing climates, Result. Eng. 24 (2024) 103243.

[27] G. Chataut, B. Bhatta, D. Joshi, K. Subedi, K. Kafle, Greenhouse gases emission 
from agricultural soil: a review, J. Agricult. Food Res. (2023) 100533.

[28] M. Nayeemuddin, P. Palaniandya, F. Shaik, H. Mewada, Experimental and 
computational analysis for optimization of seawater biodegradability using photo 
catalysis, IIUM Eng. J. 24 (2) (2023) 11–33.

[29] A. D’Agata, D. Ponza, F.A. Stroiu, I. Vardopoulos, K. Rontos, F. Escrivà, S. 
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[88] B. De Walque, A. Degré, A. Maugnard, C.L. Bielders, Artificial surfaces 
characteristics and sediment connectivity explain muddy flood hazard in Wallonia, 
Catena 158 (2017) 89–101.

[89] W. Boughton, A review of the USDA SCS curve number method, Soil Res. 27 (3) 
(1989) 511–523.

[90] S.K. Mishra, V.P. Singh, Long-term hydrological simulation based on the Soil 
Conservation Service curve number, Hydrol. Process. 18 (7) (2004) 1291–1313.

[91] K.X. Soulis, Estimation of SCS Curve Number variation following forest fires, 
Hydrolog. Sci. J. 63 (9) (2018) 1332–1346.

[92] SCS USDA. National Engineering Handbook, Supplement a, Section 4, US 
Department of Agriculture, Washington DC, 1985.

[93] K.X. Soulis, Soil Conservation Service Curve Number (SCS-CN) Method: Current 
applications, Remaining challenges, and Future Perspectives, 13, MDPI, 2021, 
p. 192.

[94] S. Verma, P. Singh, S.K. Mishra, V. Singh, V. Singh, A. Singh, Activation soil 
moisture accounting (ASMA) for runoff estimation using soil conservation service 
curve number (SCS-CN) method, J. Hydrol. 589 (2020) 125114.

[95] J. Hwang, D.S. Rhee, Y. Seo, Implication of directly connected impervious areas to 
the mitigation of peak flows in urban catchments, Water (Basel) 9 (9) (2017) 696.

[96] Z. Li, L. Wu, W. Zhu, M. Hou, Y. Yang, J. Zheng, A new method for urban storm 
flood inundation simulation with fine CD-TIN surface, Water (Basel) 6 (5) (2014) 
1151–1171.

[97] H. Malekinezhad, M. Sepehri, Q.B. Pham, S.Z. Hosseini, S.G. Meshram, M. Vojtek, 
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