
Introduction

Pakistan suffers from floods in main rivers of 
Indus River system due to disturbed weather patterns 
during monsoon in addition to snowmelt [1,2]. In lower 
reaches of Indus River system (Southern & Western 
Punjab and Sindh), river flooding causes more damage 

due to longer inundation period and its coverage area 
over fluvial plains in contrast to northern hilly terrains 
[3]. Although artificial flood prevention structures 
like protection bunds at river embankments are built 
in southern Punjab and Sindh areas, due to poor 
maintenance, they are easily breached causing heavy 
damage to areas lying in river plain [4,5]. This causes 
flash flooding in northern areas due to steep catchments 
[6]. Whereas fluvial flooding, which is a slowly rising 
water level, occurs in region of the Central Indus 
Wetlands Complex (CIWC) and can be predicted by 
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identifying the extent and profile of the floodplain [7]. 
Internal political setup also causes severe inundation 
when the protection bund is intentionally broken under 
the influence of diverting flood surge from one side to 
another [8, 9].

Flood risk is defined as the probability of loss as a 
function of three parameters: flood hazard, vulnerability, 
and exposure [10, 11]. Floodplain ecosystems are 
dynamic systems, which rely on the regularly occurring 
floods, alternating living conditions for its species and 
leading to high diversity [12, 13]. The floodwaters 
also bring nutrient-rich sediment, which covers the 
flooded ground making it a particularly fertile system 
for quick establishment of species after disturbance 
[14,15]. However, worldwide river alterations lead 
to a degradation of floodplain ecosystems such as 
alluvial forests, as one of the most diverse ecosystems 
of the world [16]. Floodplain ecosystems belong to 
the most threatened ecosystems, having lost most of 
their functions such as water purification or flood 
protection because rivers are dyked, straightened, and 
under intense agricultural use [17, 18]. The study areas 
location is Taunsa Barrage Wildlife Sanctuary, Kot 
Mithan – Chachran Site, and the Indus Dolphin Game 
Reserve (Guddu Barrage to Sukkur Barrage), Punjab, 
Pakistan. Indus Dolphin is endangered species, which 
makes this area very important from a biodiversity 
perspective. The area starts right from the upstream of 
Taunsa Barrage, passes through the confluence point of 
head Panjnad and then Guddu Barrage, and ends at the 
downstream of Sukkur Barrage. Leiah, Muzaffargarh, 
Dera Ghazi (D. G.) Khan, Multan, RajanPur, Rahim Yar 
Khan, Sukkur, Ghotki, Kashmor, Shikarpur, Larkana, 
and Khairpur are the districts that lie in the study area. 
These districts faced heavy damages due to floods in 
2010 and are almost every year hit by floods [19]. This 
region of Indus River from Taunsa to Sukkur is not 
only important from a river ecology point of view but 
also provides an efficient network of canals that serve 
as a driver of high yield in the agriculture industry. 
Furthermore, rich wildlife and forest ecosystems 
enhance biodiversity‘s importance [20]. The main crops 
produced in this area are wheat, rice, sugar cane, and 
cotton. Mangoes, banana, and dates orchards are also 
found abundantly because of a suitable climate.

The objective of this study is to develop multi-
thematic criteria and calculate the flood risk by 
following an assessment-based approach. The analysis 
was conducted to prepare a plan for flood disaster 
risk management by assessing the risk of floods as a 
function of inundated areas for economic, social, and 
environmental losses distributed spatially. 

Materials and Methods 

For the assessment of the risk, 10 community sites 
were selected in three biodiversity zones in the areas 
which are (i) Taunsa Barrage Wildlife Sanctuary in 

Muzaffargarh district (ii) Kot Mithan & Chacharan 
Site in Rajanpur district, and (iii) Indus Dolphin 
Reserve (Region between Guddu and Sukkur barrages 
with a 10 km buffer) (Fig 1). Flood risk was assessed 
under three criteria i.e.; Economic/Monetary, Social 
and, Environmental (Table 1) [21-23]. Historic flood 
extents were extracted from primary and secondary 
sources using reports and multi-temporal satellite-
based products taking water flow as reference for low, 
medium, and high floods. Historic flooding events acted 
as benchmarks for future risk assessment analysis. Flood 
risk zones were subjected to the grid base calculation 
using multi-criteria evaluation and numerical results 
of flood risk were mapped in the spatial domain for all 
three selected sites. To estimate the build-up structure 
risk, human settlement events in a buffer region of 
project sites Taunsa Wildlife Sanctuary and Kot Mithan 
were extracted from high-resolution satellite imagery.

Multiple datasets from USGS (https://www.usgs.
gov/) like SRTM DEM (Digital Elevation Model), 
and Landsat 8 (satellite images) were used to develop 
multi-temporal river geometry and terrain profile. 
Topographic sheets of scale ranging from 1:250,000 
to 1:50,000 were requested from the Soil Survey of 
Pakistan (SoP) and features like river path, protection 
bund, roads, railway lines, etc. were extracted. The 
geological profile of the study area was mapped 
through SoP sheets. Yearly water discharge data for 
the last 55 years for maximum and minimum (Below 
Taunsa Barrage) was provided by the Punjab Irrigation 
Department from 1958 to 2013. It was observed from 
water flow tables that maximum discharge usually 
occurs from July to September which was used to set 
initial boundary conditions for inundation modeling 
[24, 25]. DEM was cleaned using a fill tool and sinks 
were removed. Further, it was resampled to 30 m to be 
used in grid-based calculations in line with datasets 
from Landsat of 30m resolution. A low pass filter was 
applied to improve the autocorrelation between the 
pixels [26]. Object-based image analysis techniques 
were used to extract land cover/land use thematic layers 
from satellite images. The classified images provided 
the information regarding the surface of the earth 
that was further used to define the manning’s n value 
(Roughness coefficient) against each land-use class [27]. 
The roughness factor is a very important parameter 
to describe the water flow on the ground inundation 
modeling using HEC-RAS [28]. The third component 
of the River network geometry is based on the vector 
layers of the topographic data sets like river centerline, 
flow paths, riverbanks, river over bank bridges, etc. 
River and its floodplain cross-sectional profiles are the 
key inputs to model the water flow inside and outside of 
the riverbanks. Gradually varied flow was characterized 
by minor changes in water depth and velocity from 
the cross-section area. The primary procedure used by 
HEC-RAS to compute water surface profiles assumes a 
steady flow scenario, which was adapted for this study. 
Flood inundated areas were delineated by integrating 
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ArcGIS utility i.e. HEC-GeoRAS with HEC-RAS 
[24]. Hec-GeoRas requires the cross-sectional cut lines 
besides the DEM, land use, and topographic layers. 
The geometry of the river that consists of riverbanks, 
bridges, flow paths, and river cutlines were identified. 
The total length of the river in the study area (520 km 
approximately) was divided into 94 x cutlines. Before 
exporting the river network geometry, it is necessary to 
assign the manning’s n value and the elevation to each 
cross-section (xscutlines) [29, 30]. 

Population data was acquired from published gridded 
population products under Demobase Pakistan by the 
United States Census Bureau - International Programs 
[31]. The spatial distribution of the affected population 
is calculated by using a subset of data over risk zones. 
An intersection of population data with flood risk zones 
gives the affected population under different probability 
scenarios. As ‘‘social hot spots’’ the locations of 
hospitals, schools, markets, banks, bus/train stations, 
and picnic points were attributed to major cities. For 
reasons of simplicity it was suggested that each of the 
hot spots has the same vulnerability, no matter the size 
of a hospital or school or whether it is a primary or 
secondary school. Such differentiation would lead to a 
more precise evaluation of social hot spots as a layer 
overlay of major cities on risk zones (Fig. 2 and S1).  
To assess the risk of environmental elements the flood 
risk criteria was evaluated against erosion and accretion 
of pollutants and their relation to different risk zones 
[32-34]. Forest area was also mapped against risk zones 
to point the risk threats of different levels to a forest 
cover. To develop erosion and accretion an overlay 

analysis of two datasets was done on Indus River (Indus 
River in 2000 and 2013). Forest cover layers were 
developed from SoP’s Topographic maps and LCLU 
(landcover and land use) data developed from satellite 
images for the year 2013. 

It was noticed from the past flood risk assessment 
studies that the focus was put on economic risks and 
it is unfortunately a general practice in Pakistan that 
social and environmental risks are not considered in 
such detail. The list of risk categories and criteria was 
also kept simple and minimal to make its applicability 
doable [33] (Table 1). To standardize the evaluation, 
process a vector grid of size 100m by 100 m (equivalent 
to 1 hectare) cell size was developed, and the cost of 
each grid element was valued. LCLU for the year 
2014 was used to extract the land under agriculture 
practices and crop damages per acre. Major damage 
in 2010 floods was recorded against rice, cotton, and 
sugarcane crops. Average damages were estimated 
for a mature crop and expenditure values were taken 
from communities earning a livelihood from the land 
adjoining the river. All the values were calculated as the 
total cost of underlying build-up structures, agriculture 
loss, road, canal, and protection bund as annual average 
damage of assets falling under a certain risk zone. 
The probability factor against each zone was applied 
and damage per unit area (PKR/m²) was calculated 
using the flood risk estimation equation (Flood Risk = 
Flood Hazard × Vulnerability × Amount) [4]. A risk 
map was prepared for all three sites for the flood risk 
management plan (Fig. 2).

Fig 1. a) Study area map for flood risk assessment –CIWC (Central Indus Wetlands Complex), b) Outputs of Inundation modeling from 
Hec-GeoRAS and HECRAS.

a) b)
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Results and Discussion

Risk Assessment 

Although Indus river discharge varies widely, 
however, there was huge peak (~1.1 million cusecs of 
water were passing through the Taunsa Barrage) in 
2010 flood. During the 2010 Flood, almost 4,200 small 
and large villages/towns were inundated. Out of 4,200, 
approximately 1,750 villages/towns are on the right 
bank and the remaining 2,450 are on the left bank 
which highlights high economic and financial risk. The 
main cities which were impacted by the flood were 
Daira Din Panah, Kot Addu, Ehsan Pur, Makwal Kalan, 
Alipur, Seetpur, Liaqat Pur and Jatoi (in Muzaffargarh 
District), Mithan Kot, Umar Kot, Jam Pur and Rajan 
Pur city (in RajanPur District), Chacharan, Rukun Pur, 
Puli Pahuran (in Rahim Yar Khan District) Guddu, 
Kashmor, (in Kashmor District) Ghotki, Qadirpur, 
Runwati, Gamro (in Ghotki District) Pano aqal, Sukkur, 
Pirjo Goth, Pirya Loi (in Sukkur District). The overall 
area covers 2,235.42 km² and almost 450 km long 
stretch of River Indus. Both banks of the river are 
populated, and fishing, agriculture, and livestock are 
sources of income.

Based on Flood Inundation Modeling out of the 
total study area 22,335.42 km2, 10,187.82 km2 is prone 
to flood and this flood was further categorized in Low 
Medium and High Intensity based on the depth of 
inundation (Table 2 and Fig. 2). Major Tehsils that have 
been badly affected by the flood were Taunsa, Liaqatpur, 
Jatoi, AliPur, JamPur, Kot Addu, RajanPur, Rojhan, 
Sadaqabad, Khanpur, Kashmor, Kandhkot, Pano Aqil. 
Larkana and Gambat Taluka and these Taluka/Tehsils 
receive Medium to High-Intensity floods. Muzaffargarh 
is the most prone district in the study area which receives 
the most severe flood with more than half of its land 
underwater. D. G. Khan, Rajanpur, Kashmor, Sukkur, 
and Shikarpur districts which suffer the greater land 
and economical loss (Table 2 and Fig. 2). The remaining 
districts in the total study area did not bear the same 
brunt but suffered destruction and created a hazard for 
the community that stands on inundated areas; their 
livestock and agriculture land were severely impacted. 
In communities located very close to Indus river, most 
of them are prone to high and medium-level floods.

Based on risk assessment criteria, the statistical 
details for all the three site for annual average damage 
is given in Table 2 and 3. It is evident from the numbers 
from Table 2 that in high-risk zones of all three sites 
Taunsa WS, Kot Mithan-Chachran site, and Indus 
Dolphin Reserve, the maximum value of annual average 
damage ranges up to 211, 1,179, and 5,907 PKR/m² 
respectively. These values are dependent on buildup 
structures and agricultural assets and clearly show 
that areas in Indus Dolphin reserve are at a high-risk 
level than other two. The reason for this high range is 
the cities in the vicinity of the River Indus and that is 
Sukkur and Rohri. Same is case with Kot Mithan and Ta
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Fig. 2. Inhabitants at different risk levels and risk maps for annual average damage showing value in PKR/m²in the study area (Taunsa 
Barrage, Kot Mithan, and Chachran, and Indus Dolphin Reserve).
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Chachran Site. Taunsa Barrage and Indus Dolphin 
reserve have high ratios of population to risk zone area 
as compared to Kot Mithan- Chachran site in High 
and Very High-Risk zones. Indus Dolphin Reserve has 
a high environmental risk in terms of erosion and to 
various forest categories. More than fifty percent of the 
forest is lying in very high-risk zones.

Risk Treatment and Strategies

Risk treatment encircles the management practices 
for assets, people, and money through direct and 
indirect methods. This requires a lasting learning 

process at the local, regional, national, and international 
levels. Risk treatment can be direct and indirect. 

Direct risk management involves deciding on a 
scenario by scenario basis on what measures should be 
taken. Several options are available depending on what 
is allowed by the risk management method. Reliance 
on a risk scenario knowledge base in which appropriate 
safety measures are referenced and which allows an 
evaluation of their effects in terms of reducing the level 
of risks. The most interesting option is the risk scenario 
knowledge base in which pertinent safety measures 
are referenced for each scenario and which allows an 
evaluation of the effects of these measures in terms 

Table 2. Estimated economic risk with the population size of the study area. 

Sr. 
No.

Study Site 
(10 km Buffer)

River Change Area (ha) Forest Area (ha) vs Risk zone

Erosion Accretion No Change Low 
Risk

Medium 
Risk

High 
Risk

Very High 
Risk Total

1 Taunsa Barrage Site 3,048.67 1,859.14 2,309.18 0.00 279.69 212.82 252.21 744.72

2 Kot Mithan-Chachran Site 3,679.50 1,982.18 1,379.99 86.19 1,575.01 159.07 111.88 1,932.14

3 Guddu Barrage Site 3,850.59 1,304.28 1,522.45 0.00 0.00 0.00 75.65 75.65

4 Ghotki Site 4,063.16 5,107.20 1,706.12 15.66 3,972.54 2,565.14 3,999.56 10,552.90

5 Sukkur Barrage Site 1,692.62 1,275.81 1,036.80 0.00 25.69 553.91 3,303.31 3,882.91

Site Risk Zone Probability 
Index

Assets 
Area 
(ha)

Area 
(%)

Damage (PKR/m²)
Estimated 
Population

Zone 
Area 
(ha)

Population 
Density 
(No. /ha)Min Max Data 

Mean
Range 

Average

Taunsa 
Barrage 

WS

Very High 1 9,361 6 1 123 1.6 62 2,560 136 18.8

High 0.8 16,068 10 1 211 10.2 106.1 20,049 780 25.7

Medium 0.1 22,594 13 1 63 1.8 32.1 75,144 4,967 15.1

Low 0.01 20,407 12 1 8 0.3 4.5 173,806 12,710 13.7

No Risk 0 100,255 59 0 0 0 0 350,904 27,692 12.7

Total 168,685 100 - - - - 622,463 46,285 13.4

Kot Mithan 
/Chachran 

Site

Very High 1 27,423 20 1 943 1.6 472 3,604 227 15.9

High 0.8 47,505 34 1 1,179 10.8 590 51,204 3,374 15.2

Medium 0.1 28,627 21 1 831 25.4 416 149,798 10,555 14.2

Low 0.01 21,279 15 1 1,495 27.1 748 78,933 5,716 13.8

No Risk 0 14,479 10 0 0 0 0 91,556 7,031 13

Total 139,313 100 - - - - 375,095 26,903 13.9

Indus 
Dolphin 
Reserve

Very High 1 88,050 14 1 8,550 15 4,275.50 44,364 2,031 21.8

High 0.8 175,825 29 1 5,907 30.3 2,954.10 537,372 16,540 32.5

Medium 0.1 105,325 17 1 587 4.1 294.2 391,033 25,534 15.3

Low 0.01 145,800 24 1 35 0.3 18.1 836,061 51,566 16.2

No Risk 0 94,450 15 0 0 0 0 419,552 31,066 13.5

Total 609,450 100 - - - - 2,228,382 126,737 17.6

Table 3. Environmental risk for the CBO 10 km Buffer areas.
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Fig. 3. Identified safe zones (1) Taunsa Barrage WS (2) Kot Mithan-Chachran site (3) Guddu Barrage (4) Ghotki Site (5) Sukkur Site.
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of reducing the level of risk. This directly involves 
the analysis of different elements at risk and their 
quantification [21]. In our case, Kot Mithan- Chachran 
and Indus Dolphin reserve sites show a high economic 
loss, if flooded in high and very high-risk zones. 
Policy level measures are required to reduce this risk 
by efficiently using flood-prone lands for agriculture. 
In some circumstances, the risk is completely defined, 
it is possible for the activity, project, and process 
managers to directly manage the solutions to be 
implemented and this often proves to be economical. 
Disaster Risk Reduction plans are examples of this. 
A disaster response plan designed by Provincial 
Disaster Management Authority (PDMA) articulate the 
strategies to tackle flood disaster after the event occurs 
but the impacts of disaster can be reduced by executing 
strengthening projects and activities to enhance 
resilience to flood events in upstream and associated 
areas of the river [35]. Flood risk zonation maps can 
be an initial point to design such project. Strengthen 
schemes of protection of infrastructure and increasing 
the capacity of pond areas is advised to reduce the 
flooding risk. The flood risk of seepage can be reduced 
by developing Sem Nullahs along the protection bunds. 
Plantation schemes on the protection bunds can reduce 
the bund breaching threat. Community resettlement to a 
safe zone can reduce or almost eliminate the life losses 
during floods [36, 37]. Such activities must be carried 
out in the pre-flood risk management phase.

In the Indirect approach, the risk is reduced by 
reducing the vulnerabilities defined on a threat basis. 
Following are different schemes that can play a major 
role to reduce flood impacts in a long-term arrangement.
 – Capacity building of the local communities.
 – Deployment of early warning systems.
 – Identify the safe zones near the local communities.
 – Evacuation strategy during the flood.
 – Strengthening and monitoring of the protection 

bunds.
 – Identify the communities which lie within the river 

and protection bund.
 – Flood plain harvesting.

People associated with agriculture and livestock 
occupation are at high risk of flood damages as 
compared to fishing. Thus, awareness programs for such 
communities are highly advised to tackle and reduce 
the flood risk [38]. During flood, the communities 
of these areas move to protection bunds or barrages, 
which is highly risky itself. A better plan could be the 
identification of flood-safe zones and develop them to 
fully accommodate the communities residing in the 
high and very high-risk zone of the flood [39-42]. Sites 
identified as safe zone for communities (i.e. Chuttal 
Merani Mahol Dost Tanzeem and Gothani Maholyati 
Tanzeem) in Guddu downstream area, are Ghotki City, 
Khan Garh, Meerpur Mathelo. For Communities in Kot 
Mithan and Chachran area, safe zones are Rajanpur 
City Umar Kot and Zahir Pir city. Railway Station Kot 
Mithan is also an elevated safe zone if a very short time 

for relocation is available. For the Taunsa Barrage site, 
Shadan Lund is located in flood safe zones. For Sukkur 
and Rohri the cities are at high risk under distance from 
the river criterion but have been observed as safe zone 
under very high flood 2010 so Sukkur City and Rohri 
City can be considered relatively safe zones (Fig. 3). 

Conclusions

Flood risk can be reduced by redesigning the 
existing land use of flood plains in accordance with 
area‘s natural ecology. The engineering and bio-
engineering approaches will ultimately reduce the 
likelihood of the occurrence of the flood [39, 43, 44, 
45]. The Command, Control, and Communication 
(3C) Center serves as the hub of coordination for the 
Government response to a disaster. All the relevant 
Government departments contribute through 3C to 
plan and coordinate the response activities. The main 
responsibilities of 3C are to receive early warnings 
and issue information to the public, media, ministries, 
departments, and humanitarian response agencies. The 
3C coordinates relief and early recovery work in the 
post-disaster scenario [46, 47]. The 3C oversees the 
deployment of evacuation, medical, search and rescue 
teams in the affected area. Continuous monitoring and 
feedback to 3C are advised for efficient deliverance 
of pre-and post-flood support to fight the disaster 
risks. Government and communities can contribute to 
fight flood risk and take measures as suggested in the 
following [48];
 – Improvement of embankment, barrages, bridges, 

roads, railways, forests, plantation of trees, etc [49].
 – Upraising and construction of dams, lakes, 

emergency canals, new embankments [50].
 – Consolidated flood diversion plan at various 

upstream locations [51].
 – Evacuation plan, alternate living places through 

community participation, etc [52].
 – Community awareness, development, and 

preparedness plans/strategies regarding floods, river/
embankment erosions/breaching, forest cutting, 
illegal living/agricultural activities inside river plain 
or flood red zones, etc. [53].

 – Flood extent zonation [54].
 – Installation of utilities, housing, industry, and other 

infrastructure according to flood extent zones [55].
Above all flood causes major damages and we need 

to be flood resilient to cater to the impacts and take 
benefits from the flood water at its best [56]. This is 
only possible when we make wise decisions based on 
facts and figures [57].
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Fig. S1. Major cities and towns as social hotspots over different risk zones and Erosion/Accretion concerning different risk zones of study 
area (Taunsa Barrage, Kot Mithan, and Chachran, and Indus Dolphin Reserve).
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