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Abstract. The exposure of High Mountain Asia (HMA\) to disaster risks is heightened by extreme weather conditions and the
impacts of climate change. Obtaining knowledge about the long-term response of the landscape to hydroclimatic variations in
HMA is paramount, as millions of people are affected by these changes every year. During monsoons, substantial human
suffering, and damage to crops and infrastructure in populated communities result from the flooding and debris flow caused
by the increase in precipitation extremes each year. Although a few initiatives have undertaken the estimation of flood risk
locally, the use of traditional techniques in ungauged basins is, unfortunately, not always possible because of the lack of
extensive data required. To address this problem, we present in this study a geomorphologically guided machine learning (ML)
approach for mapping flood impacts across HMA. We defined socioeconomic flood impact using the Lifeyears Index (LY1),
a systematic index that measures the economic cost and loss of life caused by flooding. This index quantifies the importance
of the destruction to infrastructure, capital, and housing in an overall assessment. We trained the proposed model with over
6000 flood events, from 1980 to 2020, and their computed five-year and ten-year LYIs. We used as predictors, (1) the five-
year rainfall concentrations (which correlate the magnitude of precipitation events with the time of occurrence) of events
retrieved from ERADS daily data; (2) a geomorphic classifier (flood geomorphic potential) based on hydraulic scaling functions
automatically derived from an 8 and 30-meter digital elevation model (DEM) for the region and (3) population. This model
proved capable of identifying the hotspots of flood susceptibility on a national scale and showing its variability from 1980 to
2022. The study also highlights the severity of the impacts of hydroclimatic extremes in the entire HMA region. The framework

is generic and can be used to derive a wide variety of flood vulnerability and subsequent risk maps in data-scarce regions.

1 Introduction

High Mountain Asia (HMA) has a highly complex terrain with active hydrologic and geomorphologic processes. The

region has experienced the effects of climate change, including expedited glacial melt (Shrestha and Aryal, 2011; Byers et al.,
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2022) and altered precipitation intensity (Haag et al., 2019; Kirschbaum et al., 2020). These changes, combined with other
anthropogenic and environmental factors (such as population growth and landscape modifications), have increased the
likelihood of flooding(Byers et al., 2022; Pervin et al., 2020; Shrestha et al., 2010; G. Zheng et al., 2021), which is now a grave
threat to life, agriculture, and infrastructure in the region (Fischer et al., n.d.; Pervin et al., 2020; Rentschler et al., 2022; Sharma
et al., 2019; Torti, 2012). The direct impacts caused by the flood waters are further exacerbated by the significant long-lasting
socioeconomic consequences of floods, including losses of livelihood, need for rehabilitation, and psychological harm.

Flood disasters are generally associated with hydroclimatic extremes. The variability of precipitation patterns over
time, space, and intensity is indeed crucial to their occurrence, but changes in catchment characteristics can also alter flood
magnitude and frequency. The complex geomorphology and orographic characteristics in the HMA region cause significant
spatiotemporal heterogeneity of precipitation patterns and extremes (Haag et al., 2019). Furthermore, the geomorphic structure
of basins in HMA can influence the flood characteristics more than landcover does (Marston et al., 1996). Many floods in
HMA carry huge amounts of sediment and water that adversely affect downstream areas with large human populations and
can remain in the landscape for years afterward (Kafle et al., 2017; Simonovic et al., 2022).

Changes in river morphology and channel shifting resulting from sediment variability are recognized causes of flood
risk (Blench, 1969; Criss & Shock, 2001; Lane et al., 2007; Neuhold et al., 2009; Pinter et al., 2008; Slater et al., 2015; Stover
& Montgomery, 2001). Several researchers have highlighted how the morphometric characteristics of watersheds provides
useful insights into their hydrologic response to rainfall (Borga et al., 2008) since their morphometric characteristics are a
crucial influence on flash flood intensity. In HMA, however, these control mechanisms are difficult to model at the large scale.

To date, available studies (Diehl et al., 2021; Mohanty & Simonovic, 2022; Pangali Sharma et al., 2019; Pervin et al.,
2020; Piacentini et al., 2020; Yang & Tsai, 2000) have focused on vulnerability mapping and risk analysis carried out through
case studies and descriptive methods on a local scale. Flood vulnerability studies conventionally use hydrologic or
hydrodynamic simulations, which require large amounts of time and data. Although improved rainfall-runoff simulations can
make flood mapping more accurate, HMA does not have enough hydrological stations for region-wide flood monitoring.
Moreover, the available meteorological datasets may not be sufficiently trustworthy. Accurate flood modeling is challenged
by the inadequate spatial coverage of hydrological observations, which introduces uncertainty in forecasting, and flood risk
management, and reduces the ability to mitigate disaster impacts through planning and management. Besides traditional flood
hazard mapping, accurate evaluation of socioeconomic impacts of natural disasters (Cavallo & Noy, 2010; Meyer et al., 2013;
Noy, 2015, 2016a) is foremost to mitigate the sufferings of the affected people and rehabilitation(Cavallo & Noy, 2010; Meyer
et al., 2013; Noy, 2015, 2016a).

Geomorphic properties, population data, and rainfall characteristics are rarely investigated together on a large scale
as a means of measuring socioeconomic flood impact. The use of remote sensing technology for disaster studies in HMA is
comparatively new and can benefit from modern, improved-resolution datasets. During the past few decades, empirical studies
(Diehl et al., 2021; Jongejan & Maaskant, 2015; Mosavi et al., 2018) on flood vulnerability mapping have proliferated
drastically, facilitated by the increased availability of high-resolution global datasets (Bentivoglio et al., n.d.; Diehl et al., 2021;
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Dottori et al., 2022; Hawker et al., 2018; Kirschbaum et al., 2020; Mohanty & Simonovic, 2022; Pangali Sharma et al., 2019;
Sanyal & Lu, 2004; Yang & Tsai, 2000; X. Zheng et al., 2018). Additionally, machine learning (ML) techniques have gained
popularity in advanced prediction systems over the past two decades, offering more affordable solutions with aggregable
performance than simulating the intricate time-demanding mathematical expressions of the physical processes of floods.
Recent studies (Bentivoglio et al., n.d.; Deroliya et al., 2022; Mosavi et al., 2018) have presented promising results
in combining ML techniques with global datasets. This modern approach to mapping flood vulnerability significantly reduces
the computational times associated with data-demanding simulations. Furthermore, in data-scarce and vulnerable regions,
results produced so rapidly and efficiently are very helpful for flood risk management. In ML, however, the system learns
based on existing data. The learning is inadequate if the data is insufficient or does not cover all possible variations of the task
and, as a result, cannot perform well when put to work. Consequently, rigorous data enrichment in terms of both data quantity
and quality is essential. In this study, we present a simplified procedure for preliminary flood vulnerability characterization on
a large scale, based on available global datasets. Specifically, we demonstrate a flood-risk assessment model that quantifies
spatially distributed socioeconomic susceptibility in flood-prone areas and use the model to improve disaster understanding
using remotely sensed data, such as climate variables and high-resolution terrain. Lastly, we apply this model in the data-

scarce regions of HMA to understand the changes in socioeconomic flood impacts from 1980 to 2020.

2 Materials and Methods
2.1 Study Area

HMA, otherwise known as the Hindu Kush-Himalayan region, comprises Nepal, Pakistan, Bangladesh, Bhutan, India,
Afghanistan, Kazakhstan, Kyrgyzstan, Tajikistan, Uzbekistan, Mongolia, and China. HMA is home to some of the world’s
highest mountain systems, including the Himalayas and the Hindu Kush. This rugged terrain has a highly variable climate
ranging from tropical to subpolar, essentially controlled by altitude. Around 210 million people dwelling in the region are at
risk of natural disasters (such as heavy rainfall, flooding (pluvial/ fluvial/ flash), earthquakes, avalanches, and landslides) due
to the topographic characteristics, changing climate patterns, and high population density. Some of the world’s largest rivers
and deltas, such as the Indus and the Ganges reside in this region. In the summertime (June to September), monsoon rains
bring a vast amount of water (Kayastha & Kayastha, 2019) to the rivers and valleys in the southern part of HMA (Northern
India, Nepal, Bangladesh, and Pakistan). Kirschbaum et al., 2020 have projected that the greatest increase in very high
intensities of precipitation (>20 mm/day) will occur during the monsoon season with the enormous amount of rain causing all
types of devastating floods (Talchabhadel et al., 2018). Among all other hydroclimatic disasters in HMA from 1980 to 2020
(EMDAT, www.emdat.be), floods affected the most people and caused the most total damage. Bangladesh, Nepal, Pakistan,
and parts of India were hotspots with the highest casualties.

In this study, we have taken approximately 6000 watersheds across HMAT into account as our main target area

(Figure 1). The analysis initially focused on training and testing the model for Nepal, for which we gathered fine-resolution

3



https://doi.org/10.5194/nhess-2023-120
Preprint. Discussion started: 8 August 2023
(© Author(s) 2023. CC BY 4.0 License.

topographic information and district-scale socioeconomic data related to population characteristics and reported flood impacts.

Later, we used the trained model to predict the socioeconomic impacts for all the watersheds across HMA.
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100 Figure 1: Study area- watersheds across High Mountain Asia (HMA)

2.2 Methods

Figure 2 shows the conceptual framework for the study. We have implemented ML analysis leveraging climatic and
geomorphologic variables. To represent exposure and socioeconomic impacts, we introduced, respectively, a variable for

105 population and “Lifeyears Index” (LYT) (Noy, 2014, 2016a, 2016b), a unit of measurement used to describe a disaster's impact
in terms of the total years of life lost (see section 2.2.1 for details). As indicated above, the framework overall encompassed

two scales. First, we built and trained the model using detailed flood damage reports from Nepal. Then we applied the trained
model to the whole HMA to predict the socioeconomic impact of the extreme flood events from 1980 to 2020. To predict the

LYI, we applied XGBoosting (eXtreme Gradient Boosting) (Chen et al., 2018; Chen & Guestrin, 2016). The predictor and

110 response variables of the ML framework are described in the subsections below.
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Figure 2: Conceptual framework. Considered predictors are Flood Geomorphic Potential (FGP), Rainfall, and Population. The
predicted value is the socioeconomic impact, characterized as Lifeyears Index (LY1) (Noy, 2016a; Noy, 2015). Readers should refer
to section 2.2.1, 222 .... for an explanation of the predictors and predicted values.

2.2.1. Socioeconomic Flood Impacts

The research focused on predicting the socioeconomic impact of floods. Measured economic loss and tangible
damages were analyzed by considering the Lifeyears Index (LY1) (Noy, 2014, 2016a, 2016b). This index is presented by Noy,
2016 as “Lifeyears lost” modified from Disability Adjusted Life Years (DALYS) lost due to diseases and injuries(WHO, 2014)
to use for demonstrating disaster. We calculated LY for Nepal by using damage statistics and demographic information

collected from different data portals in Nepal. The index is described by equation 1:

LYI = M(Aexp - Amed) +e*T*N + (1 - ¢)Y/PCGDP 1)

where M = Mortality (number of deaths due to disaster, source: https://data.worldbank.org/country/Nepal,
https://knoema.com/atlas/Nepal/topics/Demographics/Age/Life-expectancy-at-birth (life expectancy 2020)); Aexp = Average
life expectancy at birth (by year) (sources: https://knoema.com/atlas/Nepal/topics/Demographics/Age/Median-age-of-
population); Amed = Median age (by year); e = Welfare reduction weight associated with being exposed to a disaster (set to e
= 0.054 according to Noy, 2016a, based on Mathers et al., 2013; T = Time taken by the affected person to get back to normal
(following the suggestions of Noy, (2016a) we set this to T = 3yrs, which after being multiplied by “e” amounts to about 59
days/person); N = Number of affected people(source: http://drrportal.gov.np/); ¢ = Percent of time not used in work-related

activities (.75); Y = Financial damage (value of destroyed/damaged infrastructure) (source: http://drrportal.gov.np/); and
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PCGDP = Income per capita (by year). We used PCGDP as an indicator of the cost of human effort but discounted this measure
by 75 percent (c) in our benchmark calculations to account for the observation that people spend much of their time engaged
in activities unrelated to work (Noy, 2016a).

For this study, we categorized the LY values into three classes: Low when log(LY1) < 2; Med when log(LY1) is

between 2 and 3; and High when log(LY1) > 3. This classification implied that a watershed or district is considered at high
risk if the average LY for the basin or district is over 1000 years. Medium is between 100 and 1000 years, and low is less than
100 years. For example, if the calculated LY is 100 years that means for the given disaster the estimated impact is compared
to be as a loss of potential 100 years of life per 100000 people. It is demonstrated by taking into consideration the temporal,
financial, physical, and mental effects it has on people.
The cumulative LY for Nepal (Figure 3) can provide an idea of how the cumulated flood impact has been increasing in that
country with time. It also highlights how the index itself captures major disasters, such as those occurring in 1981 (ICIMOD,
2011; Kiran S et al., 2008), 1993 (Nepal - Floods and Landslides, 1993), in 1996 (Nepal - Floods Situation Report No. 1, 26
July 1996), and in the monsoon seasons in 2003 and 2014 (Nepal Annual Report, 2003.; Nepal: Landslides and Floods - Aug
2014). The most changes can be noticed in the LY for the years 1981, 1993, and 2014, the cumulative step change for these
years from the previous year are subsequently 9999, 82865, and 976238 years.
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Figure 3: Cumulative lifeyears lost over the years in Nepal. Highlighted years represent jumps in the cumulative value, mostly

related to well-known disasters): 1981 (ICIMOD, 2011; Kiran S et al., 2008), 1993 (Nepal - Floods and Landslides, 1993), 1996 (Nepal -

Floods Situation Report No. 1, 26 July 1996), and in the monsoon seasons in 2003 and 2014 (Nepal Annual Report, 2003.; Nepal:
150 Landslides and Floods - Aug 2014).
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2.2.2. Floodplain Mapping

The identification of areas with the potential to be inundated is fundamental to preserving and protecting human lives
and property while safely supporting economic activities. Hence, we applied a large-scale floodplain delineation algorithm to
identify such areas at the basin scale across the HMA. Many researchers (e.g., Dingle et al., 2020; Lindersson et al., 2021;
Piacentini et al., 2020) have used DEM-derived geomorphic index as a high-resolution flood mapping tool. We defined our
Flood Geomorphic Potential (FGP) index as the logarithm of the ratio between the bankfull elevations (estimated using a
hydraulic scaling function, or HSF, based on contributing area) in the element of the river network closest to the point under
examination and the elevation difference between these two points (Figure 4). This index was originally defined by Samela et
al., 2017, as the Geomorphic Flood Index (GFI), but we improved upon it in one main aspect: for the definition of the HSF,
we focused the FGP on the analysis of river widths rather than river depths because, unlike with river depth or velocity, the
measurement of river width through remote sensing is straightforward (Sofia et al., 2015; Sofia, et al., 2017a; Sofia &
Nikolopoulos, 2020). To this end, we implemented a way to retrieve bankfull width automatically through the landscape (Sofia,
et al., 2017b; Sofia et al., 2015). The advantage of its implementation is that FGP is automated and does not require any
additional information other than terrain data.

For this analysis, we trained the model considering FGP derived from the unique 8-meter Digital Elevation Models
(DEMs) for Nepal that are available at the NASA National Snow and Ice Data Center Distributed Active Archive Center
(NSIDC DAAC) (Shean, 2017c, 2017b, 2017a). While Nepal is entirely covered by the 8m DEM, extending the model to the
whole HMA region is complicated by the gaps in the input satellite strip resulting from limited coverage, clouds, or failed
stereo correlation. For this reason, we also considered the 30m DEM by Copernicus (European Space Agency, Sinergise.
Copernicus Global Digital Elevation Model, 2021), a digital surface model (DSM) that represents the surface of the Earth,
including buildings, infrastructure, and vegetation. Importantly, this DSM is derived from World DEM, an edited DSM in
which the flattening of water bodies and the consistent flow of rivers have been included. Shore- and coastlines, special features
such as airports, and implausible terrain structures have also been edited.

We identified flood-prone areas by grouping them into six classes by their FGP index. For each watershed, we then
considered the areas covered by the classes with FGP greater than 4, which, when compared to published data, proved to
correspond realistically with areas subject to floods of about 100-year depth. Figure 4b shows an example of the FGP automatic
classes derived for some rivers in Nepal, compared to baseline scenarios fromDelalay et al., 2018 of inundation extent based
on water depth. The comparison confirmed that the modified topographic index was a useful and rapid tool for delineating
flood-prone areas in ungauged basins and in areas where expensive and time-consuming hydrologic-hydraulic simulations

were not possible.
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Figure 4: a. Flood Geomorphic Potential (FGP) (modified from Samela et al. 2017); b. FGP automatic classes compared to baseline
inundation depth scenarios ( aerial imagery by © Google Earth 2015).

2.2.3. Rainfall Characteristic

As rainfall is the main driver of fluvial flooding, we decided to focus on a specific aspect of precipitation: its daily
concentration. Sofia et al., (2017) have highlighted how this parameter can capture the dynamics of flood impacts in time.
Different authors have adopted different methods to determine the temporal concentration of precipitation, and the
Concentration Index (Cl) (Equation 2) is one of the most used parameters (Caloiero et al., 2019; Martin-Vide, 2004; Monjo,
2016; Sangliesa et al., 2018; Serrano-Notivoli et al., 2018).

This index was proposed by Martin-Vide (2004) originally to explore the contribution of the days with major rainfall

to the total amount within a certain time range. The benefit of this index is that it can describe the temporal variability of
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rainfall at daily, annual, and seasonal scales using a single metric, as well as spatial variability at pixel or watershed scale;
which is an advantage for data-scarce regions.

In the present study, we computed CI (modified from Martin-Vide, 2004) using the ERAS5 hourly rainfall data from
1980 to 2019. We identified storm events from this dataset primarily based on the criterion of rainfall of more than 0.5 mm for
less than 12 hours. Furthermore, we calculated Cl using the cumulative amount of rainfall (y) and the cumulative frequency
of the event duration (x) (Figure 5) for the selected events. The method (similar to Cortesi et al., 2012 and Monjo & Martin-
Vide, 2016a) eventually aggregates the amount of precipitation that falls during each event into increasing categories and
determines the relative contribution (as a percentage) of the progressively accumulated precipitation, y, as a function of the
accumulated percentage of the durations of the events (x). The concentration index is then calculated as the ratio of the area
between the line of equality (y=x) and the fitted curve (S), and the total area under the line of equality (A+S) (Figure 5, equation
2). The index is defined by the relationship between the accumulated percentage of time, and the accumulated rainfall.

cl=— @)

Line of equality: y=x
Fitted Concentration Curve: y=f(x)

o o o
I o) oo

Cumulative rainfall volume (y)

>

0 0.2 04 0.6 0.8 1

Cumulative frequency of event duration (x)

Figure 5: Example of line of equality, and empirical curve for the rainfall concentration calculation. The concentration index is equal
to the area between the line of equality and the fitted curve (S) divided by the total area below the line of equality (S+A)
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2.2.4. Exposure (Population)

As all the parameters of the LY are not always readily available, we added population counts as one of the predictors
to train the model. For Nepal, we selected the data from the country’s national census
(https://censusnepal.cbs.gov.np/Home/Index/EN). To extend the model to the whole HMA, we computed the population for
each watershed across the region from the GHSL: Global Human Settlement Layers, Population Grid 1975-1990-2000-2015.
This dataset depicts the distribution and density of the population, expressed as the number of people per cell, for reference

epochs. We used a simple linear regression to retrieve data for the missing years.

2.3. Machine Learning Model

While XGBoosting is primarily used to solve classification problems. To generate the results, the XGBoost algorithm
uses an ensemble of boosted trees. An ensemble is a collection of predictors that together can give a final prediction while
reducing errors significantly. In this case, the predictors were climatic variables, geomorphologic variables, and exposure.
Boosted algorithms are those in which each successive model attempts to correct the errors of its predecessor (similar to
adaptive learning). The basic XGBoost algorithm can be understood as an ensemble of boosted trees. The idea behind such an
ensemble is that multiple trees are built in sequence, each tree built on the previous one’s prediction. And each successive tree
built considers the errors of the previous trees. This means that when we take an average of all the trees at the end, we get a
final tree that is better than any individual tree within the model. We applied the XGBoosting model to the geomorphologic,

climatic, and exposure variables to predict classes of LY in different basins in Nepal and HMA.

2.3.1. Variable Importance and Model Performance

Based on the methodology described in section 2.3, in this section, we present a variable importance comparison
(Figure 6) based on the F score. The initial variable importance indicated that population (Pop) was the most important variable,
which was consistent with our expectation in the sense that the socioeconomic impact depends entirely on the exposure. The
climate variable (CI) happened to be the next important variable, showing the significance of the region’s climate on the
socioeconomic impact of flood occurrences.

The precision, recall, and F1 score are metrics used to evaluate the performance of a classification model. Precision
is the fraction of true positives among the predicted positives. Recall is the fraction of true positives among the actual positives.
F1 score is the harmonic mean of precision and recall.

The evaluation metrics reveal in Table 1 that the model performs best in the High class, with the highest precision,
recall, and F1 score. The Medium class also demonstrates relatively high performance across these metrics. However, the Low
class exhibits the lowest performance, suggesting that the model may face challenges in accurately distinguishing between the

Low and Medium classes or may demonstrate a bias toward predicting the Medium and High classes. These findings provide
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valuable insights into the strengths and limitations of the classification model and can guide future efforts to improve its

performance.

FGP 2189

Cl 2975
Pop 3694
0 500 1000 1500 2000 2500 3000 3500 4000
F SCORE
Figure 6: Feature Importance
Table 1: Performance metrics of a classification model
precision recall fl-score

Low 0.54 0.57 0.56
Medium 0.64 0.63 0.64
High 0.73 0.71 0.72

2.3.2 Validation of the System at the HMA Scale

We tested and validated the model over Nepal, using the calculated LY data for the region. When extending its
applicability to the whole HMA, we evaluated the quality of our result by comparing the predicted social impact with that of
existing floods over the region. To ascertain the latter, we compared the results of our mapping to the Dartmouth Flood
Observatory’s (DFO) Global Active Archive of Large Flood Events, 1985-Present (Brakenridge, n.d.), which contains
information on major floods derived from news, governmental, instrumental, and remote sensing sources. The dataset reports
multiple pieces of information for each flood, including its meteorological and climatological severity.

Meteorological and climatological severity cannot directly capture the social impact of the floods; furthermore, it
refers to an event, which may span multiple watersheds. To overcome these limitations, we compared our predicted results to
the DFO data by evaluating a proxy of the social severity reported for each flood—the numbers of “Deaths” and “Displaced”
that resulted—rather than the flood’s meteorological characteristics. We then considered classes of DFO “social severity” of

10". Here n is the severity level declared in the DFO database. Next, we calculated the marginal probability that events with
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different severity in the DFO happened in watersheds with different predicted LYIs. Finally, we calculated the conditional
probability, as in the probability of an event of DFO severity of some kind occurring over watersheds where our LY | prediction
was of a certain type. This conditional probability could provide us with information on how our system performed for different
time frames—for example, the probability of a watershed’s being classified as high impact by our model might be only 10%
of the total, but if most of DFO events with great severity (i.e., >1000 Deaths+displaced) did happen in those watersheds, then
our system correctly identified the risk there.

3. Results Analysis
3.1. Variability of the Predictors

The topographical characteristics of an area can influence the local climate and population distribution. Figure 7
shows an example of how climate concentration and population vary in HMA, as compared to watersheds that have areas of
high FGP of greater or lesser extent. The figure reports the average for the time frame 1980-2020 for Cl and population, while
the FGP is a static value for the time frame (since it is based on a unique DEM dataset), and it represents the overall geomorphic
characteristics of Nepal.

From this analysis, we can see how the variability of ClI is complex and related to atmospheric characteristics
(Sanguesa et al., 2018) as well as geographical factors (Tuladhar et al., 2020), as represented by the classes of FGP. In their
study based on Nepal, Karki et al., 2017highlighted the difference in the spatial pattern of high-intensity storm events from
that of annual and monsoon events. The rapid rate at which physical processes (e.g., convection) take place regulates the high
temporal concentration of precipitation in the regions where the sea surface and ground are highly affected by warmer
temperatures (Monjo & Martin-Vide, 2016b). On the other hand, the low temporal concentration of rainfall is characterized as
a normal pattern caused by cyclical weather events (Monjo & Martin-Vide, 2016).Watersheds with lesser floodplain extents
(that is, less areas with high FGP) are related to higher and steeper mountains, with complex orography. Research has shown
that low areas in Nepal are susceptible to receiving high-intensity storm events even though they have fewer wet days (Karki
et al., 2017). The authors of the same study also observed that the low-intensity events (annual and monsoonal precipitation)
were mostly predominant over Nepal’s western middle mountains and central high mountains. In another study, however,
Subba et al., 2019 stated that the frequency of extreme events had decreased significantly over the past two decades in the
eastern part of Nepal. This shows how the climate concentration is influenced by the landscape of HMA and further confirms
the overall variability we captured and present in Figure 7.

Much of the population of Nepal tends to be concentrated in areas with higher FGP, as is typical for mountainous
areas, where population and economic activities are mostly located in the river valleys. Globally, the floodplains of rivers are
preferred living spaces for the population and provide favorable locations for economic development. These areas are
commonly exposed to floods, however, an increasing population, together with the changes in storminess, mean that the risks

from flooding are expected to rise.
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Figure 7: Average variability of the CI (top) and population (bottom) compared to FGP from 1980-2020

3.2. Predicted versus Observed Flood Impact in Nepal

In our comparison of the predicted LY flood impact with the observed dataset, we found the areas with high-risk
levels in Nepal matched well with the locations of historical floods there, suggesting that the proposed method can zone the
flood risk on a national scale. Since, for our training site, we had district-level information on the LY, while geomorphological
and hydrological processes happen at the watershed scale, we evaluated the quality of the ML approach at both scales.

Figure 8 demonstrates the comparison between predicted and actual impacts at the watershed (upper row of the figure)
and district (lower row) levels. For Nepal, we found the overall training accuracy to be 97% and the test accuracy 63%. The
results from training the model at the watershed level were more accurate than those at the district level. This is likely because
watersheds are hydrologic units carrying the properties of geomorphology and climate and thus are better connected to the
flood than any demographic boundaries—in this case, districts). For the results by watershed, almost all of the year ranges

were a 100% match for the actual damage. In the year ranges where the model performed with less than 100% accuracy (i.e.,

14



https://doi.org/10.5194/nhess-2023-120
Preprint. Discussion started: 8 August 2023
(© Author(s) 2023. CC BY 4.0 License.

1985-90 and 1990-95), the LY in the missed watershed was low, possibly suggesting that the considered predictors were
305 more representative of major flooding.
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Figure 8: Comparison of prediction with actual socioeconomic impact for watershed on Nepal. Basin/districts are marked as “high”
for LYI over 1000 years. Medium is between 100 and 1000, and low is less than 10. Numbers in parentheses represent accuracy.

310 3.4. Prediction of Socioeconomic Impact of Heavy Rainfall over HMA

We applied the trained model for the watersheds in HMA to five-year intervals from 1980 to 2020. As an example,
Figure 9(c, d) shows the predicted basin-averaged LYIs (Low-Med-High) for the watersheds in HMA for two different
timelines. The yellow circles highlight the changes in flood impact over the decades.
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Figure 9: Example of predicted basin-averaged flood impact for HMA (left, 1985-90; right, 2015-20). Yellow circles denote the

changes in flood impact between the two timelines.

Summarizing the results presented in Table 2, we can say that, for the years shown, we predicted almost 57% of
watersheds (marginal) having LYIs between 1 and 100 years (Low), 35.9% for LY s between 100 and 1000 years (Med), and

only 6% for LYIs greater than 1000 years (High). For the entire time frame, most of the time we predicted LYIs of 1 to 100

years, for which we captured events of DFO severity around 2 (10? Deaths+displaced) (conditional = 28.6%). This suggests

that most “Low” class DFO events did happen in the watersheds within the lowest predicted LY range. Readers must consider

that “Low” in this case means the flood impact can range from 1 to 100 years lost, and a DFO value of 2 means total

Deaths+displaced is on the order of 10% people. The events with a DFO value of 4 happened mostly in watersheds with

predicted LY s ranging both between 1 and 100 years and between 100 and 1000 years. The events with DFO 6 and 8 happened

mostly in ranges greater than 1000 years and between 100 and 1000 years.
Table 2: LY compared to DFO flood damage.

Marginal Conditional
DFO LYI NO Prop . o

Probability Probability
2 1-100yr 54 16.6 58.2 28.6
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2 100-1000yr 26 8.0 35.7 224
2 >1000year 5 15 6.2 25.0
4 1-100yr 92 283 58.2 48.7
4 100-1000yr 45 1338 35.7 38.8
4 >1000year 5 15 6.2 25.0
6 1-100yr 42 129 58.2 22.2
6 100-1000yr 44 135 35.7 37.9
6 >1000year 8 25 6.2 40.0
8 1-100yr 1 0.3 58.2 0.5

8 100-1000yr 1 0.3 35.7 0.9

8 >1000year 2 0.6 6.2 10.0

We further investigated how our predicted LYI behaved when it was related to the total population (Table 3),
evaluating, as suggested by (Noy, 2014), the LY per capita (that is, the number of lifeyears lost per 100k people). As Table 3
shows, we correctly predicted over the years almost 64% of watersheds (marginal) have LY1/100k people less than 1 year
(1070), 24.3% at 10year/100k people (10"1), 11% at 100year/100k people, and 0.6% at 1000years/100k people. We noticed
that LY1/100k people reached, at most, 6000 for Nepal (at the country scale) and the study by Noy. 2016a also reported similar
values for Nepal for 1987. (Noy, 2016a) reported actual LY data in the range of LY > 1000/100k people in South Asia and
stated that the higher number of damages in East and South Asia is likely due to wide-scale flooding. This gave assurance of
the consistency of our prediction with the actual data available. When looking at LY1/100k people, we found that, for the
whole timeframe, most of the floods that registered in the DFO with low severity (DFO = 10”2 Deaths+displaced) happened
in watersheds for which the predicted LY s were between 1 and 100 years (conditional = 29.8%). This confirmed once again
that, in most cases, the “low”-risk events did happen in the lowest predicted range (similar to the findings presented in Table
2). As before, while the probability of a watershed’s being labeled as high risk (LY1>1000year/1000k people) by our system
was only 6%, the probability of these watersheds having experienced events recorded by the DFO as having a great impact
(DFO severity > 6, meaning over 1 million people) rose to 40% and 10%.

Table 3: LY1/100k compared to DFO flood damage.

Marginal Conditional
DFO LYI NO Prop . .
Probability  Probability
0 0 13 3.8 65.0 5.9
0 1 1 0.3 235 1.3
0 2 1 0.3 10.9 2.7
2 0 62 18.2 65.0 28.1
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2 1 13 3.8 235 16.3
2 2 9 2.6 10.9 24.3
2 3 1 0.3 0.6 50.0
4 0 97 28.5 65.0 43.9
4 1 34 10.0 235 42.5
4 2 10 2.9 10.9 27.0
4 3 1 0.3 0.6 50.0
6 0 47 13.8 65.0 21.3
6 1 32 9.4 235 40.0
6 2 15 4.4 10.9 40.5
8 0 2 0.6 65.0 0.9

8 2 2 0.6 10.9 54

Figure 10 shows the LY per 100k people (LY 1/100k) evaluated for different time frames for all the locations reported
in the DFO database to compare the DFO severity with our predictions. Overall, the DFO and predicted results were quite
consistent instead of some minor variability for some scattered areas. When we compared the changes over time, we noticed
an increase in vulnerability. As the plot makes evident, the largest changes took place in 1990-95 and 2010-15; the two
concentrated areas were Nepal and China. As Figure 2 showed, two big jumps occurred during these timelines for Nepal
because of extreme storm-induced flood events. In Figure 3 we have discussed the predominant events that occurred in these
timelines. Regarding China, as of June 2010, more than 29 million people had been affected by flooding, with up to 2.37
million evacuated and 195,000 homes destroyed (China: Floods Information Bulletin N° 1 GLIDE N°, 2010).
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Figure 10: Comparison of DFO and LY/ 100K people for all the timelines
355 3.5. Change in Socioeconomic Impact over Time

Figure 11a presents our maps of the watersheds where flood impacts increased over time. Furthermore, Figure 11b
shows our evaluation of the percentage changes in the number of watersheds between timelines, focusing on three different
changes: low to medium (LtoM); medium to high (MtoH); and low to high (LtoH). The most changes were from LtoM for all
the timelines, which represented a notable change in vulnerability. Several watersheds showed higher flood impacts (from low

360 to medium, medium to high, and low to high) in recent years than in 1985-90. Again, we observed the most changes for 1990—
95 and 2010-15, which was consistent with Figure 10. The exposure changed significantly, along with the intensity of the
events; hence, the risk of flooding was heightened in these areas.

Impact changes from Low to High were next, according to the number of watersheds changed for all the timelines. It
was obvious that more changes would happen in the long run, but the comparison of the 1990-95 and 1995-2000 timelines

365 demonstrated that heightened flood impact occurred in a considerable number of watersheds within a short period. For many

watersheds, the risk was heightened by a population boom during the overall period.
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4. Conclusions

High Mountain Asia is a complex and diverse region, characterized by its rugged terrain, diverse climate and
vegetation, and large population. Disaster management is vital in a data-scarce region like HMA, which is highly vulnerable
to natural disasters, and addressing these risks will be vital to ensuring the long-term sustainability of the region and its people.
Reducing the significant threat posed by flooding to the population and development of High Mountain Asia requires a
multifaceted approach involving investments in disaster risk reduction, sustainable land use practices, and climate change
mitigation.

In this study, we demonstrated a simplified approach in which hotspots of vulnerability in the HMA region are
identified by intense rainfall events. To map the socioeconomic flood vulnerability of the HMA region, we evaluated a
remotely sensed data-driven model that includes both geomorphology and climate variability. The framework can be adapted
to different data-scarce regions and allows for integrating possible modifications to flood drivers, including climate variables,
geomorphologic variables, and population. The predicted results provide information on vulnerabilities for the different
watersheds in HMA, which will enable flood management authorities to plan for a probabilistic mapped area.

The novelty of this study lies in the uniqueness and capability of the model. The predictive model developed in this
study demands very few variables to project the socioeconomic impact of future flooding events. In a data-scarce densely
populated region and fast-changing climate, such a model can be a great decision-making tool for the end users. The training
result for Nepal highlighted the efficiency of the model, and the comparison of results with actual reported flood impacts
highlighted how the system can be extended to a larger domain, having comparable morphological and climatic settings, given
that we have the availability of terrain data and rainfall information.

Now we have the technology to predict the forcings of an extreme upcoming event, and with this information, we can
apply our model to predict the plausible future impact of floods and their severity. In 2022, many provinces of Pakistan were
devastated by a series of floods. With close to 2000 deaths, a million homes damaged or destroyed, and a great loss of livestock,
this was the most destructive flood event in Pakistan in decades. Our results predicted high vulnerability for certain watersheds
in Pakistan for the most recent timeline (2015-20), which was verified in the unseen 2022 event. Stakeholders can utilize our
model to predict vulnerability to such future flood events with great accuracy—a development that can provide a better
perspective on flood hazards and support decision-making, planning, and investment in mitigation measures.

While the novelty of the study demonstrates the scope for accurate prediction of flood impact in a data-scarce region,
the use of static FGP maps has some limitations. Flooding brings a heavy load of sediment to the downstream and floodplains,
which alters the channel morphology and affects the prospect of future flooding (Dingle et al., 2020a; Lane et al., 2007; Slater
et al., 2015h, 2019; Stover & Montgomery, 2001). Therefore, flood hazards can be underestimated if we omit the “dynamic
flood topographies” (Dingle et al., 2020b). Dingle et al., 2020 showed in their study that the inundation extent increases by
9.5% for a moderate flood discharge (20 years) if two DEMS captured 10 years apart are analyzed separately. Although we

are aware of this meaningful change in geomorphology, the frequency at which global or local DEMs are acquired is somewhat
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constrained. Prediction by our model can be more robust if high-resolution topographical data are available after extreme
events.
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