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ABSTRACT

Flood disasters annually devastate livelihoods, particularly during the monsoon season,
with no apparent reduction in impacts in low-lying regions of developing countries
like Nepal. Given the increasing effects of climate change globally, this study aims to
assess climate change effects and biophysical vulnerability of riverine communities
to floods in the Narayani River of Nepal, elucidating the interrelationship between
these phenomena. This paper presents an analysis of trends and extreme events of
climatological variables, such as temperature, precipitation, and daily river discharge
and hazard mapping and risk assessmentsin theriver stretch oftwo Village Development
Committees (VDCs) in the country’s inner Terai region of Nawalparasi district for
different return-period floods, with the aid of the HEC-RAS (Hydrologic Engineering
Centre’s River Analysis System) and HEC-GeoRAS. A long-term climatological data
was collected from the Department of Hydrology and Meteorology, Kathmandu, and
the analysis was performed using statistical softwares, SigmaStat, and SigmaPlot.
In addition, flood conditions representing 2, and 100-year periods were determined
using Gumbel’s distribution. The study revealed a narrowing temperature range,
with increasing minimum temperatures and decreasing maximum temperatures,
precipitation, and river discharge. However, there was a notable increase in extreme
events. The hazard mapping indicated the people’s vulnerability to inundation and soil
erosion along the low-lying riverbanks. The findings underscore the necessity for reliable
technological and socio-economic vulnerability mapping to provide early warnings to
at-risk populations. This paper argues that unplanned and mismanaged settlements in
riverine areas may lead to population displacements, creating environmental refugees.

1. BACKGROUND development planning, changes in land use,
haphazard construction of infrastructure in
flood-prone areas, and river obstructions
all elevate the risk of flooding occurrences.
Noteworthy natural disasters such as the
Indonesian Tsunami, Hurricane Katrina in the

planning, and climate variability (Bubeck USA (Hoggan, 1997), and the floods in the UK
et al., 2012). The absence of adequate ’ ’

Flood disasters are a prevalent global
phenomenon that pose intricate challenges
stemming from a combination of human
vulnerabilities,  insufficient development
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in 2000 and 2007 (Wilby et al., 2008) serve
as poignant reminders of the catastrophic
consequences floods can inflict on both human
lives and economies. Recent flood events in
the southern slope of the Himalayas, affecting
countries like Pakistan, Bangladesh, India,
and other South Asian nations, have resulted
in significant human casualties, displacement
of populations, and extensive economic losses
(Sahoo et al., 2019; Gaire et al., 2015).

Nepal, in particular, faces devastating floods
annually, accounting for a significant portion
of both human casualties and property damage
(Bhattarai & Ghimire, 2023; Gautam et al.,
2016). Historical flood occurrences in Nepal
have shown that the most significant losses
occur along river and rivulet channels, with
devastating flood events, for instance, in
the years 1993, 2002 in central Nepal, 2008
in the Koshi River, 2008 in western Nepal,
2012 in the Seti River, and 2017 all over the
country highlighting the vulnerabilities along
riverbanks (Shrestha et al., 2020). These events
have resulted in substantial human casualties,
property damage, and economic losses,
emphasizing the urgent need for effective
flood risk management strategies in the region
(Devkota, 2021). The country's vulnerability
to these disasters is also influenced by factors
such as increasing population, poor economic
conditions, and unplanned settlements.

The impacts of global climate change
further exacerbate the fragility of Nepal's
geomorphology. The frequency and intensity
of extreme events like floods, and heavy
precipitation are projected to increase in
South Asia due to global warming (Hasson et
al., 2015). Studies indicate that the warming
trend in the Himalayas exceeds the global
average, emphasizing the region's heightened
susceptibility to climate variations (IPCC,
2007a; Meehl et al., 2007; Shrestha et al.,
2016).

A combination of structural and non-structural
measures is essential for effective flood hazard

reduction to address the negative impacts
of flooding. While structural measures like
culverts, dams, and dykes are considered hard
approaches to flood control, they may pose
environmental and societal risks (Binns, 2020).
In contrast, soft measures, including hazard
mapping, risk zonation, and improved flood
forecasting systems, are crucial for minimizing
flood risks and enhancing resilience, enabling
timely decision-making and response efforts
(Kvocka et al., 2016; Wang et al., 2018; Binns,
2020; Mostafiz et al., 2022). Studies focusing
on categorizing and prioritizing these measures
are imperative for developing comprehensive
flood control strategies.

While developed nations employ advanced
flood forecasting models to manage flood
risks effectively, developing countries like
Nepal struggle to mitigate the adverse impacts
of flooding (Chidi et al., 2022; Shreevastav
et al., 2021). Although there are some efforts
to mitigate floods involving flood mitigation
strategies and green infrastructure like low
impact development, localized floods often
do not receive adequate attention from
policymakers despite their severe impact on
rural communities (Sudalaimuthu et al., 2022).

In Nepal, limited research has been conducted
on soft measures, particularly in the Narayani
River basin, to establish early warning
systems and inundation mapping for effective
flood control (Dhital et al, 2005; Gautam
and Kharbuja, 2006; Dangol, 2014; Banstola
et al., 2019; Bhattarai et al., 2019; Thapa et
al., 2020; Chidi et al., 2022). Enhancing the
understanding of flood risk management
through a combination of hard and soft
measures is vital for reducing the socio-
economic impacts of flooding in vulnerable
regions (Quirogaa et al., 2016). By integrating
advanced modeling techniques, such as the
HEC-RAS (Hydrologic Engineering Centre’s
River Analysis System) model, with innovative
flood control strategies, countries can enhance
their preparedness and response mechanisms
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to mitigate the devastating effects of floods on
communities and infrastructure (Sarhadi ez al.,
2012).

This paper aims to analyze the patterns
of  climatological variables, including
temperature, precipitation, and daily river
discharge, in addition to performing hazard
mapping and risk evaluations along the
Narayani River segment within two former
Village Development Committees (VDCs)
situated in the inner Terai region of what was
then Nawalparasi district (now Nawalpur
district) in Nepal, being the locations of
frequent flooding and severe losses and
damages. The investigation focuses on
assessing various return-period floods with the
support of the HEC-RAS and HEC-GeoRAS
tools. The paper firstly reviews literature
on climate change and flood vulnerability,
followed by a discussion of hazard mapping
techniques, specifically in Nepal. The next
section includes the methodology used for data
collection and analysis of the climatological
data and conducting hazard mapping. Next,
the findings are presented via climatological
pattern graphs and flood vulnerability maps for
various return periods. The final section will
provide the concluding remarks by providing
suggestions on effective land-use planning
strategies.

2. CLIMATE CHANGE AND FLOOD
VULNERABILITY

Recent studies have emphasized the critical
association between Nepal's vulnerability
and changes in the water regime, particularly
highlighting the impact of floods on human
lives, infrastructure, and natural assets,
especially during the monsoon season (see
Khanal etal., 2019; Aryal et al., 2020; Thapa &
Prasai, 2022 etc.). The primary trigger for floods
is often attributed to high-intensity rainfall
events. Understanding the link between floods
and climate change necessitates an analysis
of hydrological and meteorological data to

assess the extent to which climate change
contributes to these devastating flooding
occurrences. The repercussions of floods,
particularly on communities residing near
riverbanks, result in displacements and tragic
loss of life, underscoring the socio-economic
vulnerability of these populations (Aryal et al.
2020). Despite the implementation of disaster
risk reduction and adaptation strategies, the
resilience of affected individuals remains a
critical concern, as some strategies have proven
inadequate in addressing the targeted disasters.
Flood forecasting and warning systems
emerge as pivotal nonstructural measures in
comprehensive flood management, essential
for minimizing flood-related damages and
preserving human lives (Lin et. al., 1995).
Additionally, hazard mapping is identified as
a crucial nonstructural measure for disaster
mitigation, providing valuable insights into
vulnerable areas and populations (Mahato et.
al., 1996). The delineation between biophysical
and social vulnerabilities, as defined by various
scholars, underscores the importance of
understanding vulnerability in terms of human
capacity to anticipate, cope with, resist, and
recover from natural hazards, emphasizing the
need for comprehensive approaches to disaster
risk reduction and climate change adaptation
(Blaikie et. al. 1994).

2.1 Climate change effects on floods

Recent studies have highlighted the intricate
relationship between total precipitation and
heavy or extreme precipitation events, such
as floods, in various regions. While it is very
likely that regions experiencing increased total
precipitation also witness more pronounced
heavy and extreme precipitation events, the
opposite can also occur in regions where
total precipitation has decreased or remained
constant (Alfieri et al., 2013). Despite these
findings, changes in extreme events have
not received adequate attention, despite their
significant implications (Alfieri et al., 2023).
Climate change is increasingly manifesting
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through extreme events like droughts, floods,
and heatwaves rather than gradual shifts in
average conditions over extended periods
(Schroter et al., 2015).

Changes in precipitation patterns can have
significant implications, leading to severe
water shortages or flooding. The accumulation
of continuous yet fluctuating precipitation
eventually leads to river flow surpassing
a critical threshold, causing breaches in
riverbanks or previously implemented flood
mitigation measures, consequently resulting in
inundation (Smit & Pilifosova, 2002; Bubeck
et al, 2012). Additionally, the melting of
glaciers can contribute to increased flooding
and soil erosion (Siddique & Rahman, 2023).
With global warming, extreme events such
as droughts, hurricanes, tropical cyclones,
typhoons, floods, and heavy precipitation
events are expected to become more frequent
and intense, despite slight increases in average
temperature (Li et al., 2015). Observations
have already shown more frequent and intense
heatwaves and heavy precipitation events (Nie
etal., 2010).

In Nepal, rising temperatures have been
recorded at a rate of 0.6°C per decade between
1977 and 2000 (Shrestha et. al., 1999).
Moreover, warming trends in Nepal and
Tibet have been more pronounced at higher
elevations (Talchabhadel et al., 2021). Many
glaciers in Nepal are experiencing rapid
deglaciation, with reported rates of glacial
retreat ranging from several meters to 20
meters per year (Chand et al, 2017). This
rapid deglaciation poses a significant concern
for regions dependent on the Himalayan
Rivers (Eugster et al., 2016). The country’s
hazard landscape varies elevation, with snow
avalanches and glacial lake outburst floods
(GLOFs) being predominant at very high
altitudes, giving way to landslides, debris
flows, and their outburst floods in the middle
mountains, before riverine floods reign
supreme in the lower valleys and plains (Nie

et al., 2017).
2.2 Flood vulnerability mapping

The evolving field of flood vulnerability
mappingandassessmenthasseenadvancements
in methodologies and technologies. Studies
like those by Wang & Xie (2018) have
explored the applications of remote sensing
and GIS in water resources and flood risk
management, offering insights into flood
modeling and forecasting techniques. Tian et
al. (2019) have conducted hazard assessments
of riverbank flooding and backward flows,
utilizing GIS and digital elevation model
technology for flood inundation connectivity
and evolution simulations. Merwade et al.
(2008) have addressed the uncertainties in
flood inundation mapping, highlighting the
need to consider various uncertain variables in
producing deterministic flood extent maps.

Numerous studies conducted since 1990 have
been dedicated to identifying floodplains and
assessing flood hazards across various regions
globally. The Hydrologic Engineering Center’s
River Analysis System (HEC-RAS) model,
developed by the U.S. Army Corps of Engineers
(USACE), has emerged as a widely utilized
tool for investigating flooding and associated
hazards, as well as for mapping floodplains on
a global scale (Chaudhary & Piracha, 2021).
Integrating the HEC-RAS model with ArcGIS
has proven effective in floodplain delineation
and risk assessment in diverse geographical
contexts (Zope et al., 2016; Shafique & Kim,
2018; Bakare et al., 2019; Muhadi et al., 2020;
Atanga & Tankpa, 2021). The HEC-RAS
model has been instrumental in simulating
flood flows, determining inundation levels,
and mapping flood hazards worldwide. For
instance, studies have applied this model in
regions such as Ottawa, Canada, Los Alamos,
New Mexico, USA, Bhutan, Morocco, and
Vietnam, showcasing its versatility in flood
risk management and mitigation efforts (Earles
et al., 2004; Yang et al., 2006; Adhikari, 2015;
Mai et al., 2017; Azouagh, 2018). In Nepal,
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the utilization of the HEC-RAS model, along
with its ArcGIS extension (HEC-GeoRAS),
has enabled the mapping of flood hazards in
critical river systems (Dangol, 2014; Dangol
& Bormudoi, 2015). These studies underscore
the pivotal role of geo-informatics in
enhancing urban river management practices
during flood events.

Flood vulnerability mapping in Nepal has
been a subject of diverse methodologies and
approaches, as evidenced by various studies.
Gautam (2017) has emphasized the importance
of vulnerability mapping in assessing social
vulnerability to natural hazards in Nepal,
advocating for decentralized frameworks
and inter-district coordination. Additionally,
research by Sarkar & Mondal (2019) and Basri
et al. (2019) has underscored the importance
of utilizing scientifically justified past flood
occurrence data for estimating future flood
vulnerability and mapping flood-prone areas
using remote sensing techniques and Shrestha
et al. (2020) have specifically delved into
flood risk mapping and hazard assessment in
specific regions of Nepal, providing insights
into the distribution of flood risk areas and
quantifying hazards and vulnerabilities. Aryal
et al. (2020) have focused on model-based
flood hazard mapping on the southern slope
of the Himalayas, offering valuable insights
for water resource management and flood
control planning. Despite these advancements,
there remains a gap in studies that incorporate
climate change analysis, and flood inundation
mapping using GIS in flood vulnerability
analysis, particularly in Nepal. The
interdisciplinary nature of flood vulnerability
mapping necessitates a holistic approach
that integrates diverse methodologies and
technologies to effectively assess and mitigate
flood risks in Nepal and other vulnerable
regions.

3. METHODOLOGY

The research was carried out in the two then
VDCs of Kolhuwa and Narayani, situated

in the inner Terai region of what was called
Nawalparasi district (now Nawalpur). These
VDCs were frequently impacted by severe
flooding events originating from the river.

3.1. Data collection

Secondary data were obtained from different
organizations pertinent to the research. Data
on precipitation, temperature,
discharge were acquired from the Department
of Hydrology and Meteorology (DHM),
Nepal to investigate the correlation between
climate change and flooding in the study
area. Furthermore, topographical maps of the
study site were obtained from the Department
of Survey, Nepal to facilitate flood hazard
analysis.

and water

3.2. Analyzing the relationship between
floods and climate change

To examine the relationship between climate
change and flood occurrences in the study
area, long-term climatological data including
temperature and precipitation were obtained
from the nearest weather station, Dumkauli,
through the Department of Hydrology and
Meteorology (DHM). Due to the considerable
distance of other weather stations from the
study sites, they were not included in the
analysis. Daily discharge data for the Narayani
River at Narayanghat were specifically
acquired as this station is in close proximity and
serves as a primary confluence of major rivers
in the region. Subsequent data analysis was
conducted using statistical software packages
such as SPSS, SigmaStat, and SigmaPlot. A
normality test (Kolmogorov-Smirnov) was
performed in SigmaStat to determine the
appropriate analytical approach, revealing
that the data obtained from DHM were not
normally distributed. Consequently,
parametric analysis methods were employed
for the study.

non-

The study conducted trend and mean
analyses on variables including temperature
and precipitation in the study area, as well
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as daily discharge in the Narayani River.
Analysis of extreme events, such as extreme
precipitation and significant floods in the river,
was performed to assess the occurrence of
climate change in the study area. Correlation
coefficients were calculated between the
aforementioned variables to determine their
significant relationships. Additionally, trend
patterns of the variables for corresponding
time periods were compared to further support
the correlation between them.

3.3. Flood vulnerability analysis

The Hydrologic Engineering Center's River
Analysis System (HEC-RAS) has been
extensively employed for the computation of
one-dimensional water surface elevations and
profiles to facilitate flood level prognostication.
This software model has gained credibility
globally among wvarious entities, including
organizations, researchers, and professionals
(Knebl et al., 2005). Renowned for its efficacy
in river analysis, HEC-RAS has solidified its
reputation, and continuous improvements to
HEC-RAS have contributed to its ongoing
relevance in river analysis (Dangol, 2008).
Furthermore, HEC-GeoRAS has been utilized
for the preprocessing and postprocessing of
data, serving as an intermediary tool bridging
HEC-RAS and Geographic Information
Systems (GIS), allowing for the extraction of
essential spatial information from topographic
base maps to support comprehensive analysis
(Knebl et al., 2005).

This study used the Sharma and Adhikari
(2004)-estimated flood frequency analysis
for the Narayani River at Narayanghat for the
standard 2-year, and 100-year return periods
directly from the flood frequency table. The
study area covered 44.75 km?, including the
villages within the study area and a 6.65 km
stretch of the river at the study site.

To estimate floods for return periods not
explicitly provided in the frequency table,
the relationship outlined by WECS and

DHM (1990) was employed. This approach
enhanced the flood analysis by enabling the
extrapolation of flood estimates for additional
return periods beyond those directly available
from the frequency table.

This methodology aligns with the broader
context of flood frequency analysis, where
leveraging established relationships and
methodologies from prior studies contributes
to a more comprehensive understanding of
flood occurrences and their implications
for risk assessment and management. The
integration of such relationships aids in
extending the analysis to encompass a wider
range of return periods, thereby enhancing
the robustness of flood frequency estimations
(see table 1). Following relations are used for
analysis.

Qf=exp(InQ,+sG1).....ooviiiiiiiiiiinii. i
cl=1n(Q,,/Q,)/2.326...................... i
where ‘s’ is the standard normal variate

having different value for different return
period,

Q is the flood discharge in m¥/sec;

fis flood return period; Subscript 2 and 100
denote 2-year and 100-year flood return
periods respectively.

Table 1: Discharge values for different return
periods

S.N. Return Period Discharge (m’s™)
1. 2 9360.00
2. 10 12200.00
3. 20 13249.77
4. 50 14445.58
5. 100 15300.00

4. RESULTS AND DISCUSSIONS

Flood hazard modeling was undertaken to
assess the vulnerability of the area to flooding,
while statistical analysis was employed to
investigate the correlation between various
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meteorological factors and flood occurrences.

4.1. Relation between climate change and
floods

4.1.1. Statistical analysis and results

Correlation conducted to
explore the interconnections among various
climatological variables. Spearman Rank
Order Correlations, a non-parametric method,
were employed to assess the relationships
between the variables. The outcomes of the
correlation analysis are presented in Table 2.

analysis was

Table 2: Spearman rank order correlation.

S.N. Variable Precipitation ,?;I :::p 'II\‘/e[ :‘I:‘p
| Daily discharge|0.534 0.331 [0.755
p-value 0 0 0
) Precipitation  |-------- 0.171 10.480
p-value  [----—-—-- 0 0
3 Max temp |- |- 0.714
p-value  |---—-e- |- 0

The correlation analysis presented in Table
2 indicates significant positive correlations
among all variables at a significance level of
p=0. Notably, daily discharge exhibits a very
high correlation with minimum temperature
and a high correlation with precipitation.
Given that the Narayani River is influenced
by both rainfall and snowmelt, the correlation
between precipitation and daily discharge
is not as pronounced. Furthermore, daily
discharge shows a positive correlation with
maximum temperature, albeit to a lesser extent
compared to other variables.

Likewise, precipitation demonstrates positive
correlations with maximum temperature and a
strong correlation with minimum temperature.
Additionally, maximum temperature exhibits
a high correlation with minimum temperature.
The positive correlation between temperature
and precipitation suggests a degree of
interdependence between these variables,
indicating a mutual relationship where one
variable influences the other. As temperatures
rise, precipitation levels increase, subsequently

elevating daily discharge and, consequently,
river discharge. This underscores the potential
for temperature-induced flood events resulting
from climate change.

4.1.2. Analyzing precipitation patterns

Table 3 illustrates a rise in mean precipitation
levels from 6.49 mm in the period 1976-1985
to 7.2 mm in 1996-2006. Comparing these
values to the mean precipitation over a thirty-
year span (1974-2006) of 6.76 mm, it appears
that the mean precipitation during 1996-2006
has increased. However, when considering the
standard deviations, the mean precipitation
values for the respective decades remain
relatively consistent. Contrary to this tabular
data, previous findings suggest a declining
trend in precipitation, attributed to sporadic
occurrences of intense precipitation events.

Table 3: Precipitation pattern from 1974-2006
in mm

Year Min Max Mean St. Dev
1974-1984 |0 242.0 16.49 19.34
1985-1995 |0 289.0 [6.57 19.37
1996-2006 |0 3245 |7.20 20.68
1974-2006 |0 3245 16.76 19.81

Data source: DHM, 2008

Moreover, the table indicates an upward trend
in the frequency of heavy precipitation events,
with the maximum intensity recorded at 242
mm in the initial decade, escalating to 324.5
mm in the third decade, with a consistent
increase in the second decade as well.
Consequently, although the mean precipitation
levels do not exhibit a notable increase over
the thirty-year period, there is a discernible
rise in the occurrence of extreme precipitation
events.

4.1.3. Analyzing discharge patterns

The trend of daily discharge within the
Narayani River exhibits an upward trajectory.
Table 4 delineates a progression in the mean
daily discharge, escalating from 1539.96 m’s-
"in the initial decade to 1573.13 m’s! in the
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third decade. Concurrently, the maximum
daily discharge within the river has surged
from 10700 m3s™! in the first decade to 12100
m’s! in the third decade. However, when
juxtaposed with the mean daily discharge
spanning 1971-2006, totaling 1570.53 m’s™,
the mean daily discharge for the period 2001-
2006 showcases a decline. This rise in mean
daily discharge is primarily attributed to the
heightened occurrence of extreme flood events
in recent years.

Table 4: Mean daily discharge in the Narayani
River from 1971-2006 in m’sec™.

Year Min Max Mean |St. Dev
1971-1980 |163 |10700 |1539.96 [1716.52
1981-1990 |160 |11400 |1574.39 [1729.81
1991-2000 |214 |12100 |1573.13 [1751.87
2001-2006 163 |11300 |1450.99 [1626.77
1971-2006 |160 |12100 |1570.53 [1729.37

Data source: DHM, 2008
4.1.4. Analyzing temperature patterns

The graphical representation in Figure 1

Table 5 presents a decline in the mean
maximum temperature from 30.75°C in the
period 1976-1985 to 30.35°C in 1996-2006.
The mean maximum temperature for the decade
1996-2006, is also lower than the thirty-year
mean maximum temperature spanning 1976-
2006, which stands at 30.60°C. Conversely,
the mean minimum temperature exhibits
an increasing trend, rising from 18.63°C in
1976-1985 to 18.81°C in 1996-2006, with
an intermediate value of 18.68°C in 1986-
1995. The mean minimum temperature for
the period 1996-2006 surpasses the thirty-year
mean minimum temperature of 18.71°C for
1976-2006, indicating an increase of 0.18°C
in the minimum temperature and a decrease
of 0.40°C in the maximum temperature over
the three decades. Consequently, the table
also indicates a narrowing range between the
maximum and minimum temperatures.

Table 5: Temperature patterns from 1976-
2006.

Max. Temp. 0C
8 2 g
s & ¢

8
g
1

. .- . . Year Temp Min |Max |Mean |StDev
illustrates a declining trend in maximum
temperature over a span of three decades 1976.1985 Max [14.60 |43.70 {30.75 |4.83
from 1976 to 2006, while Figure 2 depicts i Min [2.00 [34.00 |18.63 |6.75
an increasing trend in minimum temperature
. . 1986-1995 [Max |14.40 [43.30 |30.74 (4.92
during the same period.
Min (4.00 |29.00 (18.68 [6.49
s pon 1996-2006 |Max |11.40 |40.80 |30.35 |[4.99
Min |3.60 [29.00 |18.81 [6.36
Max (11.40 |43.70 (30.60 |4.92
1976-2006
Min (2.00 |34.00 [18.71 |6.47

10.00+

T T T T T T T
0UDIAGTS  OUD19E0  CUO11985  OUOINM990  OLOIAISES  ONDI/2000  01/00/2005

Figure 1: Trend of maximum temperature (1976-2006)

5
g

R Sq Cubic =6.6E4

Min. Temp. 0C

8
8
1

0.00

T T T T T T T
01011975 O10INGE0  OUOIASSS 01014980 OUDIAGES  OUDI000  ONO1/2005
Year

Figure 2: Trend of minimum temperature (1976-2006)

4.2. Flood vulnerability analysis

The flood vulnerability maps were generated
through the intersection of the land use map
of the floodplain with the flood area polygon
corresponding to each modeled flood event.
This process facilitated the assessment of
the physical vulnerability of people to flood
disasters (see Figure 3 and 4; Table 6).
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of these forested and barren lands within the
study area, placing them beyond the reach
of flood inundation at higher return periods.
Consequently, these lands are deemed resilient
to inundation by floods during extended return
periods.

Table 6: Land use vulnerability for different
return periods

Kilometers.

Land Use Total vulnerable area (km?)
Class 2-yr | 10-yr | 20-yr | 50-yr | 100-yr
Barren 5.372| 5.397| 5.419| 6.528| 6.772
Figure 3: 2-year return period inundation area. Built up 0.080] 0.0811 0.082] 0.083] 0.086
- Cultivation | 8.923| 9.461| 9.657| 9.797| 9.889
. Huncrod Your Retumpeiod A Forest 4390 4.390| 4.390| 4.391| 4.980
> Sand 6.761] 6.917] 6.932] 6.932] 6.932
. Shrub 1.384| 1.384| 1.384| 2.006| 3.713
Water 0.270[ 0.270| 0.270| 0.270| 0.270
Total 27.179| 27.899| 28.135| 30.006| 32.641

Figure 4: 100-year return period inundation area

Table 2 presents an overview of the impact
of simulated floods on land use patterns. The
evaluation of the flood-affected area reveals
that a significant portion of cultivated land,
sand area, barren land and forested areas
are situated within the vulnerable zone.
Specifically, during the 2-year return period,
approximately 8.923 km? of cultivated land
is submerged, a figure that escalates to 9.889
km? for the 100-year return period, rendering
the land unsuitable for agricultural purposes.
The extent of inundation spans from 27.179
km? to 32.641 km? across various land
categories, encompassing shrub lands, forests,
barren lands, and water bodies (excluding the
Narayani River) over return periods ranging
from 2 to 100 years. However, the data
indicates that the inundation of forested and
barren areas remains relatively stable despite
increasing return periods. This phenomenon
can be attributed to the elevated elevation

The analysis reveals that cultivated land,
forest areas, shrub lands, and barren land
are subject to inundation by floods, leading
to the degradation of cultivated land and
a subsequent decline in food productivity
and availability within the region. Despite
owning agricultural land, many villagers are
compelled to purchase food grains for their
families, as their hard work and resources
are compromised alongside the deterioration
of their cultivated plots. Furthermore, the
degradation of forest and shrub lands restricts
villagers' access to essential natural resources
in close proximity.

A considerable expanse of cultivated land falls
within the vulnerable zone across various flood
frequencies, necessitating the implementation
of effective disaster risk reduction strategies to
safeguard the area's productivity. Additionally,
the study highlights that numerous residences
constructed in floodplain arecas are at
heightened risk of flood hazards, including
inundation and soil erosion. Natural calamities
do not provide forewarning, underscoring
the imperative need for the development of
robust mechanisms to mitigate and alleviate
the impacts of such disasters to enhance
community resilience.
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Table 7 illustrates that the count of houses
submerged during the 2-year return period
amounts to 477, progressively escalating to
529 in the 100-year return period. Assuming
an average household size of approximately
6 individuals, the total population at risk due
to flood inundations is estimated at 2862,
2970, 3024, 3084 and 3174 individuals for
return periods of 2, 10, 20, 50, and 100 years,
respectively. It is important to note that
the figures denoting the number of houses
susceptible to inundation are approximations,
as they are derived from google maps and
not field verified. Enhanced accuracy in these
estimations can be achieved through the
generation of large-scale building footprints
for more precise calculations.

Table 7: Number of vulnerable houses for
different return periods

S.N. |Return period |No. of vulnerable houses
1 2-year 477
2 10-year 495
3 20 year 504
4 50-year 514
5 100-year 529

5. CONCLUSION AND RECOMMENDATION

This paper presented an analysis of
climatological variables for trends and extreme
events and conducted hazard mapping and
risk assessments in the river stretch lying in
Nawalparasi district for different return-period
floods,usingthe HEC-RAS and HEC-GeoRAS.
It has contributed to the interdisciplinarity of
flood vulnerability analysis by incorporating
climate change analysis and flood inundation
mapping using GIS.

The analysis of temperature trends revealed a
gradual convergence between maximum and
minimum temperatures. Concurrently, while
there was a declining pattern in precipitation
trends, there was a notable increase in the
frequency of intense precipitation events. A
similar scenario was observed in the daily

discharge patterns of the Narayani River,
where despite a decreasing trend, occurrences
of high-volume discharges were conspicuous.
These trend dynamics, coupled with the
prevalence of extreme events, underscored
the manifestation of climate change impacts
within the study area. This escalation in the
frequency of extreme events, alongside the
uncertain trend patterns, signified a growing
vulnerability to the effects of climate change.

Moreover, the proliferation of settlements
along riverbanks accentuated the heightened
vulnerability to such impacts, exacerbated by
unplanned and mismanaged settlements. It is
imperative that stringent measures, such as the
implementation of effective embankments and
the relocation of at-risk populations to safer
locales, be promptly initiated to mitigate the
vulnerability of individuals to flood hazards.
Until such measures are implemented, the
loss of lives, properties, and livelihoods
will persist, exacerbated by incidents of
inundation and riverbank erosion exacerbated
by the effects of climate change. It is crucial
to recognize that the low-lying areas along
riverbanks are best suited for cultivation with
adequate protective measures, rather than for
habitation in a resource-poor country like
Nepal. Therefore, construction of houses
without proper planning and management
should be avoided as far as possible.

Soft measures of flood hazard reduction
techniques are very essential in the context
of rivers of Nepal, as the Nepal government
and the policymakers are usually unaware of
localized floods despite their severe impacts
on people, similar to what was argued by
Sudalaimuthu et al., 2022. As many houses
have been built in the low-lying riverbeds,
the country urgently needs better flood hazard
mapping and forecasting systems, along
with timely decision-making and response
efforts, for significant reducing flood risks and
increasing community resilience, as suggested
by Mostafiz et al., 2022.
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Without stringent policies and
technological and
vulnerability mapping, developing accurate
and prompt early warning systems for
climate change disasters remains a challenge.
This leaves a significant portion of at-risk
populations in Nepal and similar developing
countries precariously exposed, increasing the
likelihood of environmental refugees.
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