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Abstract: Flooding is frequent in the province of Punjab, Pakistan, because the Indus River is a
confluence point of five rivers. Researchers have primarily focused on the northern parts of the
Indus basin and they have reported on simulation models that can be applied to the evaluation of
flood risk. However, the inundation risks in the southern parts of the basin, including the impact
of urbanization in this region, require a further assessment. The severity of flood disasters in the
upper and lower reaches of the Indus basin are equally important because flash floods and riverine
flooding pose a threat to densely populated areas. In this work, we aim to simulate flooding and
the effects of landcover changes on inundation in the upper and lower Indus basin. Inundation was
determined using the Rainfall–Runoff–Inundation (RRI) model with rainfall data from the monsoon
season (00:00 UTC 1 July 2015–00:00 UTC 1 September 2015) as the input. After validating the model,
sensitivity experiments were conducted to analyze the effect of landcover changes on the inundation
of the Indus basin. The RRI model results showed that planting in the bare and vegetated areas led to
minimum inundation in the Indus basin. Based on these results, planting between the Indus River
and Chenab River could prevent flood disasters downstream of the confluence point as the discharge
values reduced from 15,695.2 m3/s to 12,078.3 m3/s and 4373.7 m3/s to 2934.6 m3/s in the Indus
River and Chenab River, respectively, before the confluence point. In contrast, urbanization in Punjab
increased the risk of inundation after the confluence point caused by an increased discharge from
12,078.3 m3/s to 14,190.4 m3/s and 2934.6 m3/s to 4229.5 m3/s in the Indus River and Chenab River,
respectively, before the confluence point.

Keywords: river flooding; land cover; confluence point; RRI; iRIC

1. Introduction

There are a significant number of minor, moderate, and major floods in Pakistan.
These floods cause considerable damage to property and loss of human life. Manzoor et al.
investigated historical flood events in Pakistan during the period from 1947 to 2011 [1].
They analyzed the damage by categorizing them into human, house, and monetary damage.
They found that the most extensive damage to humans, houses, and the economy were
caused by the floods of 1950, 1973, and 2010, respectively. The country has lost more than
USD 38.169 billion in the past 73 years and approximately 13,262 lives due to flooding [2,3].

The factors influencing flooding in Pakistan include extreme rainfall due to cloud
outbursts, climatic changes associated with the increasing temperature of the globe, and
the socio-economic development of agricultural land. Pakistan is highly vulnerable to
flooding due to its unique geography and dependence on water resources [4]. The main
factors that affect flooding are rainfall and land cover change. Unplanned urbanization
increases the risk of frequent flooding in the future [5]. Currently, Pakistan exceeds all its
previous rainfall records; the rainfall trend is predicted to continue to rise in the future.
The fluctuation in rainfall causes droughts and flooding in different places in Pakistan [6].

Sustainability 2022, 14, 7021. https://doi.org/10.3390/su14127021 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su14127021
https://doi.org/10.3390/su14127021
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-3532-8765
https://orcid.org/0000-0002-7124-100X
https://doi.org/10.3390/su14127021
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su14127021?type=check_update&version=1


Sustainability 2022, 14, 7021 2 of 15

Pakistan is undergoing urban growth and development and the land use situation is
expected to change in the future [7–9].

Flooding impact areas occur due to intense rainfall during the monsoon period in
Pakistan and have an immense impact on the Indus basin. The Indus River is the longest
river in Pakistan and its discharge depends on the runoff from the upstream mountain re-
gions [10]. Climate change will impact glaciers in mountain regions and the peak discharge
intensity is likely to increase in the Indus basin [10]. Previous studies have focused on flood
risk evaluations of the upper Indus basin because of the presence of mountains and the dif-
ficulty in hazard management [11]. A detailed study on the behavior of floods downstream
of the Indus River is essential, especially after the confluence point of the Chenab River
and the Indus River. In 2015, the maximum peak discharge after the confluence point of
these rivers caused a riverine flooding incident [12].

Figure 1 shows the increase in population density from 2010 to 2020 and the proximity
to the waterways. Based on the population density data (Figure 1), highly populated
urban areas situated just after the confluence coincide with the maximum discharge flow
pathways and are, therefore, at a serious risk of flooding. There is limited research on
categorizing the inundation areas according to the severity of damage in Pakistan. This
area is the most flood-prone district (Rahim Yar Khan) according to the Provisional Disaster
Management Authority (PDMA), Punjab, Pakistan [13]. This area has also been selected by
researchers for flood hazard and agricultural risk management [14]. As the population of
the Punjab province is projected to increase further, and as the current urban settlements
located after the confluence are already in close proximity to the waterways, there are
severe flooding risks to the district of Rahim Yar Khan.
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The computational simulation of flooding using hydrological software is a common
technique used for flood risk evaluations [15–18]. Several one-dimensional hydrological
models such as HEC-HMS [19], TOPMODE [20], VIC [21], and IFAS [22] have been devel-
oped to analyze river discharges. However, one-dimensional hydrological models should
be combined with hydraulic models to analyze inundation in a river basin. For the projec-
tion of inundation and the validation of such research, it is necessary to use two-dimensional
simulation software. iRIC Nays2D [23], SOBEK [24], and the Rainfall–Runoff–Inundation
(RRI) models are common two-dimensional computation models for inundation and water
discharge. The RRI model is a two-dimensional hydrological model that calculates flooding
based on both rainfall data and runoff [25]. The model can simulate inundation in both
mountainous river basins and flat river basins [26]. RRI, unlike SOBEK and iRIC Nays2D,
can simulate flooding over a larger basin area for a longer target observation period with
relatively accurate results. Sayama et al. studied the Kabul River in Pakistan and conducted
a simulation using RRI for runoff and inundation [18]. The simulation results from the
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2010 flooding corresponded with the actual inundation map made through remote sensing.
The simulation results also provided predictions about the damaged areas prior to the
disaster with limited input information [18]. This model is also suitable for the input of
landcover change data and can simulate inundation and discharge in a short period of time.

In this study, we examined the 2015 flood event that occurred in the densely populated
area located downstream of the confluence point of the Indus and Chenab Rivers using
the RRI simulation model. We aimed to comprehensively evaluate the inundation risks
(inundation depth, peak inundation discharge, and inundation area) by considering extreme
rainfall events over densely populated areas located downstream of the confluence point
of the Indus and Chenab Rivers (Figure 2). In addition, sensitivity experiments for land
use were conducted to reveal the impact of land-use change on inundation. This study
contributes to the countermeasures for flooding at high-density population areas after the
confluence point and the subsequent prevention of damage.
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2. Materials and Methods
2.1. Description of the Study Area

The study area in the simulation included most areas of the Punjab province and
several areas of the Khyber Pakhtunkhwa (KPK) and Gilgit Baltistan provinces (Figure 3).
The upper areas of Punjab and KPK are mostly surrounded by mountains and have a
higher rate of rainfall during the monsoon period [6]. The Indus River originates from the
Himalayas and its water is replenished by the monsoon rainfall [27]. The Indus River is one
of the longest rivers in South Asia (3200 km) and flows from the northern part of Pakistan
into the Arabian Sea. In this territory, five rivers (Sutlej, Beas, Ravi, Chenab, and Jhelum)
flow and combine with the Indus River, which surges peak discharges at the confluence
point [28]. Previously, studies on flood risk evaluations focused on the mountainous parts
of Pakistan (owing to its relatively high precipitation rate that occurs in a short period)
and the narrow flow structure [12]. In the southern part of the Indus River, flooding also
occurs due to high precipitation and the integration of the rivers. Therefore, the suitable
management of flood prevention is also needed for the southern parts of the Indus River
to avoid damage to properties and risk to human lives. The Punjab province is the most
populated province in Pakistan, with rivers constantly flowing throughout the year. Owing
to the characteristics of the low-lying area after the confluence point of the Chenab and
Indus Rivers with the highest water flow discharge, this area is the most vulnerable to
flooding [3,29,30].
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2.2. Rainfall–Runoff–Inundation (RRI) Model

The RRI model is a hydrological and hydraulic integrated model developed by
Sayama et al. [25]. The RRI model is a two-dimensional model capable of simultaneously
simulating rainfall runoff and flood inundation. The model can simulate flood inundation
using rainfall data. In the RRI model, the flow on the slope grid cells is calculated using a
two-dimensional wave-diffusive model and the river channel flow is calculated using a
one-dimensional wave-diffusive model. The model also simulates the lateral subsurface
flow and vertical infiltration with the surface flow. Due to the steep slopes in mountainous
regions, the lateral subsurface flow is more important than vertical infiltration and was,
therefore, calculated as a discharge-to-hydraulic gradient relationship. The vertical infiltra-
tion flow was estimated using the Green–Ampt model. The model for calculating the slope
grid cell flow used mass balance and momentum equations for a gradually varied and
unsteady flow. The flow in the river grids was calculated using a one-dimensional wave
equation. The cross-section of the river was assumed to be rectangular with a width of W,
a depth of D, and an embankment height of He. The width and depth parameters (Cw, Cd)
were found through the upstream contributing area, A (km2), of Equations (1) and (2).

W = Cw Asw (1)

D = Cd Asd (2)

The simulation results of RRI are sensitive to the cross-sectional parameters of a
river. The river width parameters at the Guddu Barrage sites were obtained from Google
Earth with the help of a known variable of the catchment area (Equation (3)). The depth
parameters were obtained from a previous study [31] with a maximum limitation of 4.5 m
(Equation (4)).

W = 3.5A0.45 (3)

D = 0.1A0.4 (4)

The topographical data inputs for the RRI simulation were the digital elevation model
(DEM), the flow direction (DIR), and the flow accumulated (ACC) models, which were ob-
tained from the Hydro SHEDS project of the U.S. Geological Survey (USGS). The coordinates
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of the selected areas were 28◦58′30′′ N, 70◦31′00′′ E to 29◦17′30′′ N, 70◦46′30′′ E (Figure 3).
The total simulation area of the RRI model was 289,000 km2. The catchment area of the KPK
and Gilgit Baltistan provinces were selected to estimate accurate results based on the high
levels of precipitation and accumulation of water in those areas. The original resolution
of the topographical data was 1/30 degrees, but it was scaled up to 1/60 degrees using
the RRI program. The RRI model can upscale topographical files in both graphical and
command interfaces. The high DEM resolution gave a high-resolution inundation map, but
increased the computation time due to the large input study area. The validation of the
control case and sensitive experiments required an extended time for the simulation with a
high resolution, which was suitable for the computational functionality of the RRI model.
The number of cells was 99,500, with a resolution of approximately 1.6 km (Table 1).

Table 1. Rainfall–Runoff–Inundation (RRI) settings (control case).

River width coefficient (Cw) 3.5

River width coefficient (Sw) 0.45

River depth coefficient (Cd) 0.1

River depth coefficient (Sd) 0.4

Number of grids 303 × 412

Resolution (degrees) 1/60

Rainfall input start time 00:00 UTC 21 June 2015

Rainfall input end time 00:00 UTC 31 August 2015

Simulation time (h) 1728

Manning’s roughness, ns (m−1/3s) 0.025

Output interval (s) 10

2.3. Gauged Rainfall and Runoff Data

The real-life rainfall data of the entire area under consideration were obtained from
the Pakistan Meteorological Department (PMD) and were used as input data to obtain
accurate results. The PMD is a science and service department that was established in
1947. It has rainfall observation points all over Pakistan. There were 70 sites of rainfall
gauges distributed throughout the study area; these are denoted by × in Figure 3. The
rainfall data were the daily average precipitation data recorded at 70 specific sites. The
duration of the data was 00:00 UTC 1 July 2015–00:00 1 September 2015 with 62 days from
the monsoon seasons. Monsoons in Pakistan are caused by the seasonal moisture-carrying
winds that originate from the Bay of Bengal and move across into the Arabian Sea [32].
The winds enter Pakistan around mid-July and cause heavy rainfall from July to September.
A few of the major sites of rainfall observation are mentioned in Figure 4. Intensive rainfall
was observed from 15 July 2015 to 29 July 2015. The point rainfall data were converted to
distributed rainfall data using the Thiessen polygon method [33].
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2.4. Validation of the Results

For the validation of the RRI simulation results, the observed time series discharge
at the Tounsa Barrage site (upstream of the Indus River, before the confluence point of
the Indus and Chenab Rivers) and the Trimmu site (upstream of the Chenab River, before
the confluence point of the Indus and Chenab Rivers) was obtained from a 2015 federal
flood commission report and was compared with the simulated discharge. The statistical
indicator used for the validation was the Nash–Sutcliffe efficiency (NSE) coefficient [34],
which was calculated using Equation (5):

NSE = 1− ∑T
t=1

(
Qt

c −Qt
o
)2

∑T
t=1(Qt

o −Qm)
2 (5)

where Qc is the calculated discharge, Qo is the observed discharge, and Qm is the mean
of the observed discharge; the ratio of the error variance of the modeled time series is
divided by the variance of the observed time series. For the validation of the sites located
after the confluence point of the Chenab and Indus Rivers, a moderate resolution image
spectroradiometer (MODIS) and near real-time (NRT) global flood mapping from the
National Aeronautics and Space Administration (NASA) were used. The key data sources
of the MODIS NRT flood products are the Terra and Aqua satellites of NASA, which
provide daily global coverage. The water detection algorithm uses a ratio of MODIS 250 m
reflectance Band 1 to Band 2; a threshold on Band 7 identifies pixels as water. For the
comparison between the observed and calculated values of the flooded areas, the fit value
(%) [35] was calculated by dividing the common flooded inundation area (IAobs ∩ IAsim) in
RRI and MODIS by the total flooded area in RRI and MODIS (IAobs ∪ IA sim) (Equation (6)).

Fit =
IAobs ∩ IAsim
IAobs ∪ IA sim

(6)

2.5. Sensitivity Experiments

The majority of the original land cover data in the RRI were represented by mixed
forests in the northern parts of Pakistan (Case 1). The majority of the downstream basin area
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was cropland (Figure 5a). There were 20 distinct classifications of land cover. The original
land cover data were classified as seven different land cover profiles. In Case 2, six major
city areas of Pakistan (Lahore, Islamabad, Peshawar, Faisalabad, D.G. Khan, and Multan)
were expanded (Figure 5b). The surrounding grids of these city areas were converted into
urban grids. In Case 3, all the grids were converted into forests (parameter 4) (Figure 5c).
In Case 4, all the grids of the study area in the RRI simulation were converted into urban
grids (Figure 5d). In Case 5, the surrounding eight grids of the current urban grids were
converted into urban grids (Figure 5e). In Case 6, shrubs, herbaceous and sparse vegetation,
and bare area grids were converted into a forest (Figure 5f). In Case 7, the area between
the Indus and Chenab Rivers was converted into an urban area combined with the Case
6 area (Figure 5g). In Case 8, Cases 5 and 6 were combined (with simultaneous planting
and urbanization) (Figure 5h). All these cases are summarized in Table 2. Note that these
sensitivity experiments were carried out without changing the water circulation (total
rainfall and evaporation) in Pakistan.

Table 2. Sensitivity experiments for land cover changes.

Case 1 Control case (original case)

Case 2 The urbanization of six cities (Lahore, Islamabad, Peshawar, Faisalabad,
D.G. Khan, and Multan)

Case 3 All areas converted into a forest

Case 4 All land cover areas changed to urbanization

Case 5 Urban grids (No. 18) expanded to eight surrounding grids

Case 6 Shrubs, herbaceous and sparse vegetation, and bare areas (Nos. 6, 7, 8, 9,
10, 16, and 17) all converted into a forest

Case 7 Urbanization between the Chenab and Indus Rivers combined with Case
6 area

Case 8 Cases 5 and 6 combined (simultaneous planting and urbanization)
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Figure 5. RRI simulation input land cover areas: (a) control case; (b) urbanization of six cities (Lahore,
Islamabad, Peshawar, Faisalabad, D.G. Khan, and Multan); (c) all areas converted into a forest; (d) all
land cover areas under urbanization; (e) urban grids (No. 18) expanded to eight surrounding grids;
(f) shrubs, herbaceous and sparse vegetation, and bare areas (Nos. 6, 7, 8, 9, 10, 16, and 17) all
converted into a forest; (g) urbanization between the Chenab and Indus Rivers; (h) case of planting
and major urbanization combining (e) and (f), respectively.

3. Results and Discussion
3.1. Reproductive Experiments

The RRI simulation results were calibrated with the actual 2015 flood data obtained
from the Federal Flood Commission, Ministry of Water and Power, Government of Pakistan.
The time series curve of the discharges before the confluence point obtained from the RRI
simulation was matched with the actual discharge curve of the 2015 monsoons at the
Trimmu (Chenab River) and Tounsa Barrage (main Indus River) sites. The RRI parameter
settings for satisfactory simulation results are listed in Table 1. The discharge curves for
the complete monsoon duration obtained from the RRI simulation corresponded with
the actual discharge curve obtained from the Pakistan flood commission report of 2015
(Figure 6). The NSE coefficients at the site of Tounsa and the site of Trimmu were 0.83
and 0.67, respectively. The unavailability of survey data for rivers in Pakistan as well as
the large basin simulation area reduced the efficiency of the model. NSE coefficients of
0.8 and 0.7 obtained from the two-month rainfall simulation proved the high efficiency
of the model. The peak discharge of the actual observed data at the Tounsa and Trimmu
sites was 16,925.0 m3/s and 3814.3 m3/s, respectively, and closely matched the calculated
peak discharge of 15,695.2 m3/s and 4373.7 m3/s, respectively. After calibrating the results,
it was confirmed that the RRI model performed efficiently in the sensitivity experiments.
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Figure 6. Comparison between the actual and calculated discharge at Tounsa and Trimmu observation
sites.

After the validation of the upstream discharge values, the downstream inundation
values were validated for the accurate results of the flood projections for the sensitivity
experiments. For the flood assessment, the RRI-simulated inundation area was extracted
at the confluence point where the population density was the highest. The RRI-simulated
model showed an inundation area, as seen in Figure 7c.
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Due to the limited (actual) data recorded during the flooding of 2015, the RRI inun-
dation area was compared with the satellite image from MODIS for that year (Figure 7b).
The satellite MODIS data only depicted the inundation area; they did not reveal any
information about the inundation depth to allow for a comparison with the simulation
data. The MODIS data had four data values (no data available, no water, water bod-
ies, and flooded area). Due to cloud cover, data were not available for the blue area in
the MODIS image as shown in Figure 7b; however, the target area was not affected by
clouds. The target areas in both RRI and MODIS (Figure 7c,d) were first extracted and then
compared using interpolation to find the fit value for the validation. The fit value of the
inundation area obtained from RRI and MODIS was 0.67, which showed a good agreement
between the observed and the calculated data.

3.2. Sensitivity Experiments Using RRI

Figures 8–10 show the results of the sensitivity experiments. Figure 8 shows the
inundation area from RRI in each case. Figure 9 indicates the time series of the discharge
of the sensitivity experiments at Tounsa Barrage. Figure 10 indicates the time series of
the discharge of the sensitivity experiments at Trimmu head works. As land cover has a
significant impact on the range of inundation and the magnitude of flooding, a total of eight
cases were calculated, ranging from extreme to realistic cases (including the control case).

The land cover change in Cases 2 and 5 (Table 2) had a more severe flooding impact
compared with the actual inundation case (Case 1, Figure 8b,e). The change in water
level from Case 1 was not significant; however, a few grids in the upstream area around
31–33 degrees north showed inundation. Therefore, urbanization had an impact on the
magnitude of flooding in the upstream area. Conversely, the scale of flooding at the
confluence point was almost similar to the one in Case 1 (Figures 9 and 10; yellow and
brown). This was because the urbanized area was located far from the main river area
and had a smaller impact on the main river flow. Case 3 (Table 2) showed no inundation
areas in the sensitivity experiments (Figure 8c); here, the discharge was smaller than the
other cases (Figures 9 and 10; green). The recognition of each grid as a forest reduced
the surface flows and prevented inundation. Case 4 (Table 2) had the worst inundation
with the surrounding river areas inundated with water (Figure 8d). Figures 9 and 10
(red) suggest that excessive development could lead to severe flooding. Case 6 (Table 2)
had a large impact on the inundation area, the flow of the main Indus River, and the
confluence point (Figure 8f). This trend could be explained by the rainfall intensity and
planting position: planting vegetation, especially in the upper Indus basin, coincided with
a high precipitation area and, therefore, reduced the impact of inundation on the upper
Indus basin and the flow of the main river. Planting in the middle of the Chenab and
Indus Rivers reduced the discharge at the Chenab River (Figure 10; purple). Ultimately,
afforestation mainly impacted inundation at the confluence point by reducing the discharge
value in the Chenab River. In Case 7 (Table 2), the Indus River flow had less flow discharge
than the control (Case 1) (Figure 8g); this showed that development could occur whilst
reducing the flooding scale by promoting planting alongside urbanization in the upper
Indus basin. However, compared with Case 6, the development between the rivers could
cause flooding near the confluence point areas. Case 8 also had a similar inundation pattern
as Case 7 (Figure 8h). In this case, the current urban area was expanded whilst afforestation
was promoted. The Pakistani government is currently implementing afforestation in the
northern region, making this the most realistic case. A reduction of flooding in the upper
regions of the Indus River was expected. However, the discharge was similar near the
confluence point (Figures 9 and 10; blue) to the control case due to urbanization, indicating
that inundation would occur near the confluence point despite afforestation. We concluded
that measures such as afforestation in the middle of both rivers are necessary to prevent
flooding after the confluence point and that any development in that area will increase the
inundation risk after the confluence point.
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Figure 8. RRI-simulated inundation areas outside river grids at the peak discharge: (a) control case;
(b) urbanization of six cities (Lahore, Islamabad, Peshawar, Faisalabad, D.G. Khan, and Multan);
(c) all areas converted into a forest; (d) all land cover areas urbanized; (e) urban grids (No. 18)
expanded to eight surrounding grids; (f) shrubs, herbaceous and sparse vegetation, and bare areas
(Nos. 6, 7, 8, 9, 10, 16, and 17) all converted into a forest; (g) urbanization between the Chenab and
Indus Rivers, in addition to case (f); (h) cases of planting and major urbanization combining (e) and
(f), respectively.
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Case 5, Case 6, Case 7, and Case 8 at Trimmu head works.

The discharge curves of the Tounsa Barrage and Trimmu head works sites upstream
of the confluence point showed a pattern similar to that of the RRI inundation area. In the
original case, Case 1, the peak discharge values at Tounsa Barrage and Trimmu head works
were 15,695.2 m3/s and 4373.7 m3/s, respectively. Cases 3 and 4 had the lowest and highest
discharge curves, respectively.

At Tounsa Barrage, the peak discharge values in Case 3 and Case 4 were 8970.0 m3/s
and 16,968.7 m3/s, respectively (Figure 9). At Trimmu head works, the peak discharge
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values in Case 3 and Case 4 were 2814.7 m3/s and 5363.3 m3/s, respectively (Figure 10).
Case 3 had a reduced surface flow due to infiltration. The discharge value in Case 4
was higher than that of Case 1 due to the development and limitation of the subsurface
flow. In Cases 2 and 5, the discharge curves had the same pattern as that of the original
case. At Tounsa Barrage, the peak discharge values were 15,718.9 m3/s and 15,723.5 m3/s,
respectively, which were close to the original simulation case (15,695.2 m3/s). The reason
behind the resemblance in the discharge values was that the urbanization location of the
cities did not coincide with the precipitation impact area and main river flow area. This
level of urbanization did not significantly affect the flood magnitudes. In the case of Tounsa
Barrage, the peak discharge value declined from 15,695.2 m3/s to 12,078.3 m3/s in Case 6.
A major drop from 4373.7 m3/s to 2934.6 m3/s was attributed to afforestation in Case 6 in
the Chenab River. The afforestation between the rivers had a major impact on the main
Chenab River flow. Case 7 had a rise in the discharge curve compared with that of the
planting case (Figures 9 and 10). Planting decreased the discharge value after the confluence
point, especially in the upper Indus basin; because of the high precipitation in this area,
it directly impacted the main Indus River flow. In the case of Tounsa Barrage, the peak
discharge values in Case 7 and 8 were 13,932.3 m3/s and 14,190.4 m3/s, respectively. In the
case of Trimmu head works, the peak discharge values in Case 7 and 8 were 4092.1 m3/s
and 4229.5 m3/s, respectively. Compared with the Case 6 peak discharge of 12,078.3 m3/s,
the increase in the peak discharge values in Case 7 and 8 showed that excessive development
led to inundation after the confluence point despite any afforestation efforts. Therefore,
planting (Case 6) had a relatively larger impact on the discharge value than urbanization,
as shown in the previous results. In Figures 9 and 10, as the discharge value increased,
the peak of the discharge was delayed. This phenomenon of delaying the accumulation
of water can be explained by the upstream Indus River flow. Many distributaries are
connected to the Indus River, which leads to a slow accumulation of water in the main
Indus River body. Consequently, the cases with larger maximum values tended to have a
delayed peak.

4. Conclusions

This study investigated the impacts of land cover change on the Indus basin, partic-
ularly after the confluence point of the Indus and Chenab Rivers where the population
density is high, whilst considering extreme rainfall. The assessment was accomplished
using RRI model simulations with the rainfall data as the input. A model of the actual
flood condition of 2015 was used to observe the responses of the land cover changes.
The following results were found:

1. Comparing the RRI model with the original flooding case of 2015 with NSE coefficients
of 0.83 and 0.67 at Tounsa Barrage and Trimmu head works, respectively, and a fit
value (%) of 0.67 at the confluence point area, the RRI simulation results of the land
cover change experiments showed that the inundation pattern was affected by land
cover changes. Extreme urbanization increased the risk of inundation and extreme
afforestation greatly affected inundation in the Indus basin.

2. A two-dimensional inundation map of the planting case (Case 6) showed that the
inundation area was significantly affected by planting in the Indus basin. Planting in
the bare and vegetation area in the upper Indus basin significantly reduced inundation
and the flow of the main Indus River and contributed to flood disaster prevention
in the high-risk area of the upper Indus basin. Planting between the Indus and
Chenab Rivers showed a major effect on inundation after the confluence point of both
rivers. At Trimmu head works in the Chenab River, planting (Case 6) showed that
the discharge curve almost matched the complete afforestation in Case 3. Planting
between rivers was shown to be extremely effective in reducing inundation after the
confluence point.
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3. Sensitivity experiments involving only urbanization cases (Case 2 and Case 5) had a
small impact on the upper Indus basin and downstream target area. The case of plant-
ing with urbanization (Case 7 and Case 8) showed that planting affected the upper
Indus basin. However, compared with the planting in Case 6, these urbanization cases
greatly affected the discharge curves and inundation after the confluence point. Both
cases of urbanization with planting showed that there was an inundation area after
the confluence point. Small-scale urbanization did not significantly impact the peak
discharge whereas large-scale urbanization caused increased surface flows, leading to
more severe flooding; reducing the discharge through planting was a highly effective
technique. Therefore, both urbanization and planting were required; this measure can
be considered to be a sustainable development method.

Overall, these results provide useful information for river basin management, particu-
larly for land cover adaptation and flood damage mitigation in floodplain areas of the Indus
basin. However, for an improvement in the results, original river measurement parameters
are required. Disregarding the impact of flood control facilities and dam effectiveness
on inundation also leaves uncertainty in the results. Further studies of the evaluation of
the Indus basin with hourly rainfall data and measured river parameters would provide
reliable future projections.
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