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Abstract 

Landslides, floods, fires, windstorms, hailstorms, and earthquakes are major dangers in Bhutan due to historical events 
and their potential damage. At present, systematic collection of data is scarce and no multi-hazard zoning is reported 
in the existing literature for Bhutan. In addition, for proper disaster management, recognizing the existence of the 
hazards and identifying the vulnerable areas are the first important tasks for any multi-hazard risk studies. To fill the 
gap, the main objective of this study is to prepare the multi-hazard zoning and assess the multi-hazard population 
risk for Bhutan on seven historical hazard events. To achieve this, we first collected data on the historical events of dif-
ferent periods based on the data availability and created a district-level database. A total of 1224 hazard events were 
retrieved. We then calculated the weighted score for individual hazards based on the number of occurrences and the 
degree of impact through a multi-criteria decision analysis model (MCDA) using the analytic hierarchy process (AHP). 
The district-wise individual hazard scores are then obtained using the weighted scores. The total hazard score (THS) 
was aggregated and normalized to obtain the district-wise multi-hazard scores. A multi-hazard zoning map was cre-
ated in the open-source software QGIS, highlighting 70% of districts with moderate to severe multi-hazard vulnerabil-
ity. Considering the population distribution in each district at the local levels, the multi-hazard score is integrated and 
the multi-hazard population risk is mapped.

Keywords Multi-hazard, Analytic hierarchy process (AHP), Geographic information system (GIS), Population risk, 
Bhutan

Introduction
Multi-hazard indicates the simultaneous or cumula-
tive occurrence of disasters and their potential inter-
active impacts on the ecosystem (Gautam et  al. 2021). 
Expanding human needs and sustainability efforts remain 
complex and coupled phenomena, leading to unbal-
anced adaptation, in contrast to expanding exposure 
and vulnerabilities. The impacts of climate change and 
man-made activities are also showing similar impacts, 

resulting in multiple hazards. Extreme catastrophic 
events have also been experienced frequently in connec-
tion with climate change and have gained importance in 
recent years. Natural disasters that affect land, ocean, and 
atmosphere are widely recognized around the world (Sid-
dique and Schwarz 2015), and their severity and impact 
can transform perspectives and preparedness to achieve 
the Sustainable Development Goals (SDGs) (UN 2016). 
In Bhutan, the Department of Disaster Management 
(DDM) is solely responsible for all disaster-related activi-
ties, which was only introduced in 2005. With the intro-
duction of the Disaster Management Act 2013 (DDM 
2013), DDM has now constituted a national disaster 
management agency and disaster management commit-
tees in all 20 districts.

*Correspondence:
Karma Tempa
karmatempa.cst@rub.edu.bt
Civil Engineering Department, College of Science and Technology, Royal 
University of Bhutan, Phuentsholing, Bhutan

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40677-023-00239-4&domain=pdf
http://orcid.org/0000-0001-9558-8692


Page 2 of 15Tempa and Yuden  Geoenvironmental Disasters            (2023) 10:7 

Bhutan (Fig.  1) faces a variety of threats and remains 
highly vulnerable to multiple hazards. Extreme weather 
events have led to major disasters in the form of storms, 
floods, and landslides, which have caused enormous 
socio-economic damage (Tempa et  al. 2021a, b). In 
recent years, the occurrence of these hazardous events 
has become recurrent every monsoon. At the same time, 
due to the high vulnerability, there is still a risk of fire and 
the effects of earthquakes. Also, unusual hailstorm events 
are observed which are likely to increase the associated 
threats. According to the United Nation’s (UN) report 
(UN 2018): The 2009 Cyclone Aila brought unprece-
dented rain and flooding to 17 districts killing 15 people 
and causing Nu. 718 million losses; April 2011 windstorm 
affected 17 districts, killed one person, and damaged 
roofs of 2589 buildings; The 1994 Punakha flood caused 
by glacial lake outburst flood (GLOF), killed 17 people, 

affected 91 households, and damaged more than 1781 
acres of land. The  Mw 6.1 Mongar earthquake of Septem-
ber 2009 killed 12 people, damaged 5,967 buildings, and 
caused economic losses of Nu. 2501 million with similar 
impacts by the September 2011 Sikkim earthquake of  Mw 
6.9 that damaged 7965 buildings (Chettri et al. 2021).

The combined effect of multiple hazards in Bhutan has 
yet to be studied. However, investigating the multi-haz-
ard is more difficult due to the lack of proper long-term 
historical data. Although recent efforts are being made to 
collide geospatial-based digital platforms, multi-hazard 
risk assessment for Bhutan is long overdue. In addition, 
monitoring and detection of multi-hazard disasters using 
new technologies (e.g., IoT, satellite imagery, and UAV) is 
lacking, which is important for maintaining connectivity 
of various disaster scenarios (Khan et  al. 2020). Remote 
Sensing (RS) and GIS-based applications are still rare, 

Fig. 1 Study area. a The geographical location of Bhutan, b district-level administrative units of Bhutan
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which is one of the powerful tools to perform multitem-
poral hazard assessment (Fernández et  al. 2021). Some 
of the recent single hazard studies carried out in Bhutan 
include earthquakes (Tempa et  al. 2020; Stevens et  al. 
2020; Chettri et al. 2021; Tempa et al. 2021a, b) and land-
slides (Dikshit et al. 2019, 2020; Sarkar and Dorji 2019). 
The history of hazard cascades (hazard inventories) and 
impacts on populations, settlements, and infrastructures 
are directly linked to hazard risk, which typically results 
in fatalities, damages, and losses. Such datasets are lim-
ited for some extreme events, e.g., (RGOB 2009; ADRC 
2015; UN 2018; ADPC-UNDRR 2020).

The cascading interaction between the multi-hazard 
threats is exposed in many regions, resulting in high 
venerability-level multi-risk (Liu et al. 2015). Many stud-
ies are still grounded with single hazard isolation which 
has shown shortcomings in considering the interactive 
association of the multi-hazard risk. To overcome some 
of these limitations, nowadays, multi-hazard studies are 
receiving growing scientific attention (Arosio et al. 2020). 
Many researchers considered multi-hazard zoning in 
multiple countries, taking administrative boundaries into 
account (Siddique & Schwarz 2015; Durlević et al. 2021; 
Rusk et al. 2022). Globally, some researchers have devel-
oped different approaches to address risk assessment of 
multi-hazard and applied the concepts in different geo-
graphical locations (Johnson et  al. 2016; Zharikova and 
Sherstjuk 2020; Liu et  al. 2021). Due to the difficulty 
of accounting for coupled effects, multi-hazard stud-
ies largely rely on a semi-quantitative approach, despite 
some multi-hazard models (Dunant 2021). Weighted 
factor or index-based approaches are also widely used 
for single hazard isolation and multi-hazard assessment 
frameworks (e.g., Anderson et al. 2019; Papathoma-Köhle 
et  al. 2019; Garschagen et  al. 2021)). Some studies also 
demonstrated the interaction of geo-environmental fac-
tors for multi-hazard risk and susceptibility assessment 
using the analytic hierarchy process (AHP) (Khatakho 
et al. 2021; Rehman et al. 2022). In contrast to the indi-
vidual hazard assessment, the investigation of multiple 
hazards brings with it several additional challenges due 
to the different characteristics of the processes. After dif-
ferent approaches and challenges have been mentioned, a 
comparability of the individual hazard results is strongly 
recommended to select equivalent approaches to assess 
the overall hazards. Therefore, the first approach to con-
ducting multi-hazard studies is to understand a spatially 
oriented data scenario and then present a thematic defi-
nition that encompasses all hazards (Kappes et al. 2012). 
Studies also emphasized priority on identifying the areas 
where the hazards are probable and considered multi-
hazard zoning as the first and foremost task for disaster 
management programs (Barua et al. 2016).

Multi-hazard zoning is an approach that considers 
more than one hazard at a given location (ideally con-
sidering all known hazards) and the interrelationships 
between those hazards. Multi-hazard zoning is recog-
nized worldwide as a notable area of   research to repre-
sent comparable hazard levels at different administrative 
boundaries. As multiple hazards threaten and their dam-
age is enormous, maps with multiple hazard zones can 
provide important insights before natural hazards occur, 
so that effective countermeasures and preparedness can 
be designed and implemented. To the best of the author’s 
knowledge, historical events are poorly recorded over the 
past decades that are scattered across the organization, 
presenting greater challenges. The literature review car-
ried out showed that the studies on multi-hazard in Bhu-
tan are still missing. Therefore, the main objective of the 
study is to prepare a district-wise inventory of seven haz-
ards and implement an indicator-based weighted score 
of each hazard for the 20 districts and develop a district-
level multi-hazard zonation map of Bhutan. Although 
the delineation of demographic and social datasets for 
advanced risk assessment studies in Bhutan is long over-
due, this study attempts to spatially capture population 
distribution at the local scale and map population risk to 
multiple hazards.

Material and method
Study area
Bhutan (Fig. 1a) is located in the eastern part of the Him-
alayas and borders China’s Tibetan plateau to the north 
and east and India to the south and west. The digital ele-
vation model (DEM) shown in Fig.  1b depicts Bhutan’s 
elevation ranging from 73  m in the southern foothills 
to more than 7400  m towards the greater Himalayas in 
the extreme north. Bhutan is a small developing country. 
The population of Bhutan is estimated at 735,553 in 20 
districts and 205 local government units with 163,001 
households (NSB 2018). The study area extends up to 
38,394  km2 with an average population density of 19.5 
in 2020 (NSB 2020). The hazard vulnerability exists due 
to inhabitants settled in many pocketed areas in the 
Himalayan mountains that are not adapted to withstand 
exposure levels of varying magnitudes. Related to multi-
hazards, the demographic scenarios also show signifi-
cant relative vulnerability to multi-hazards, for example, 
the rural population is 62.2%, and building categories 
like masonry, adobe, and wooden structures and make-
shift houses are as high as 67.7% with 34.7% who has not 
attended school, and 36.7% economically inactive, apart 
from significant contribution from other characteristics 
(NSB 2018). The topographical features and the fragile 
geological conditions coupled with the effects of climate 
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change increase the threat of natural hazards and the 
impending risks.

Data
Most of the data used in the study come from Kuensel, 
a daily print media that also covers hazard bulletins and 
provides a rich source of data for the researchers. Data 
collection and analysis is an important parts of any 
research. The present study focused on capturing the 
time series of hazard events and collected information 
on impacts such as fatalities, damage to infrastructure, 
affected population, and economic losses. As the news-
casts are first-hand information, the economic damage 
data is not available, but rather descriptive information 
is usually provided. In particular, there is currently lit-
tle data on the economic assessment of damage losses, 
as few have been conducted for some extreme disasters, 
making it difficult to conduct multi-hazard risk stud-
ies. To fill this gap, this study attempted to populate and 
compile available historical event data sets for 20 districts 
(Fig. 1b) from different sources. The summary of the data 
sets and data sources is presented in Table  1. The his-
torical flood inventory was obtained from the National 
Center for Hydrology and Meteorology (NCHM). The 
United Nations Development Policy Committee (CDP) 
document provided the historical earthquake data and 
the DDM’s 2015 country report was also used. The social 
media alerts maintained by the Department of Roads 
(DOR) provided a landslide inventory for 2021. There-
fore, a total of 1224 hazard events were retrieved and 
the summary is provided in Table 2. To sort the hazards, 
we have classified the number of events by windstorm, 
hailstorm, forest fire, fire-building, flood, landslide, 
and earthquake. The pre-processing of the data mainly 
involved data de-clustering in time-series format with the 
corresponding frequency of occurrence for each of the 
districts. The data was also split to project the total his-
torical events using the cumulative sum. The geographic 

coordinates of some hazard events are also marked to 
provide a comprehensive inventory for future work (e.g., 
landslide and flood hazards).

Method
District level multi-hazard zonation is not reported in 
the existing literature for Bhutan. To fulfil the gap, this 
study analyses the historical events of seven natural haz-
ards. The weights are assigned a priority index by AHP, 
based on the number of hazard events and the severity 
of a particular hazard. The final normalized scores are 
categorized to distinguish multi-hazard levels for each 
district. Index-based/weight-based approaches with sim-
ple statistical parameters are also used to perform multi-
hazard zoning based on the occurrence of a specific 
hazard level in the area of   interest (Gautam et al. 2021). 
The index-based approach is widely used for hazard zon-
ing in different parts of the world (Siddique and Schwarz 
2015). These approaches take into account a higher level 
of hazard, which is directly associated with a higher num-
ber of hazards, as well as impacts associated with each 
hazard. However, some of these methods require a large 
amount of empirical data, which is not always available, 
and the actual impact is difficult to predict, e.g., claims 
of damages are usually presented in a descriptive man-
ner and it is often not possible to determine the actual 
monetary value (direct or indirect) given the large popu-
lation of data sets. The losses discussed include damages 
to the agricultural land, forest cover, road infrastructure, 
damage to crops and livestock, loss of personal belong-
ings, etc. Therefore, we strive for a qualitative approach 
to solve this problem by classifying the economic losses 
with the available information and the extent of the 
damage. A qualitative rating scale of 1 to 5 (very low, 
low, moderate, high, very high) is used for the missing 
data based on the available information. Therefore, to 
account for both incident frequency and impact anoma-
lies, a multi-criteria decision analysis is proposed using 

Table 1 Data sets and data source details

Data sets Sources Period range Data type

Flood NCHM, (Tempa 2022) 1968–2016 Compendium/Journal

Kuensel 2009–2021 Archive

Earthquake Kuensel 2008–2021 Archive

United Nation (UN) 1897–2016 Reports

DDM 2009 Reports

Windstorm, hailstorm and fire hazard Kuensel 2009–2020 Archives

DDM 2009–2020 Reports

Landslide DOR 2021 Alerts

Kuensel 2008–2021 Archive
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the AHP model and derived weights of the seven indica-
tors which can be applied to determine the multi-hazard 
scores. The implementation of the method is shown in 
Fig. 2.

The multi-criteria decision analysis with AHP repre-
sents a common technique used to evaluate complex 
decision-making processes considering the attributes as 
an indicator. Multi-objective AHP, developed by Saaty 
(1990), uses a pairwise comparison process to efficiently 
evaluate the decision model by constructing the evalua-
tion matrix with the absolute number scale 1–9 (Table 3). 
AHP uses hierarchical structures to represent a problem 
and then prioritizes alternatives based on the user’s judg-
ment (Saaty 1977). The AHP model delivers a pairwise 
matrix, eigenvalue, and weighting coefficient and allows 
a priority ranking check by calculating the consistency 
ratio (CR). The Consistency Indices (CI) and CR of a 
given choice are calculated using Eqs. 1 and 2.

where λmax is the maximum eigenvalue of the pair-wise 
comparison vector and n is the number of attributes and 
the random index (RI) is as shown in Table 4.

(1)CI =

(

�max − n

n− 1

)

(2)CR = CI
1

RI

Data collected from different sources is de-clustered 
and separated to fit the scope of the research. This data 
is then entered into the database, which is designed to 
meet multi-hazard mapping criteria. A brief procedure 
is presented as follows:

(a) Formulate the total number of hazard events in 
each district from the resolved raw data collected

(b) Analyze the severity of each hazard and assign 
weight factors based on fatalities, losses, affected 
population, etc.,

(c) Calculate total hazard score (THS):

 where W indicates the weighting factor and N is the 
number of natural hazard events considered in the 
study

(d) Normalize the total hazard score as follows:

(e) Prepare a multi-hazard zoning map at the district 
level

(f ) Project population distribution under each district 
for various local administrative boundaries

THS =

n
∑

i=1

WiNi

Normalized THS =

THS of a particular district

Maximum THS among 20 districts

Table 2 Summary of number of hazard events in 20 districts of Bhutan

District Windstorm Hailstorm Fire-building Forest fire Flood Landslide Earthquake

Bumthang 1 0 12 0 2 5 3

Chhukha/Phuentsholing 3 3 5 1 17 74 5

Dagana 4 2 0 1 2 17 3

Gasa 2 0 0 0 6 7 3

Haa 1 0 4 1 5 6 1

Lhuentse 2 0 1 0 9 6 3

Mongar 8 2 6 14 6 78 6

Paro 4 0 3 4 3 2 2

Pemagatshel 9 1 3 0 3 15 3

Punakha 3 2 1 4 6 5 4

Samdrupjongkhar 4 1 5 1 8 45 4

Samtse 2 2 3 1 12 12 1

Sarpang 6 1 4 0 17 68 5

Thimphu 0 0 19 33 5 7 6

Trashigang 5 3 3 20 13 24 7

Trongsa 1 1 3 0 2 35 3

Tsirang 3 0 0 1 2 8 2

Wangdiphodrang 3 4 4 13 6 16 5

Trashi Yangtse 2 2 2 2 11 11 5

Zhemgang 9 0 1 0 4 60 3
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(g) Develop a population risk map at the local level 
for multi-hazard scenarios based on a simplified 
approach (Risk = Hazard ×  Population vulnerabil-
ity).

Results and discussion
Hazard statistics
A total of 1224 hazard events were populated. The hazard 
events are dominated by the risk of landslides, followed 

Fig. 2 Implementation of the methodology

Table 3 The fundamental scale of various compared elements

Scale Judgment of preference Description

1 Equally important Two factors contribute equally to the objective

3 Moderately important Experience and judgment slightly favour one over the other

5 Important Experience and judgment strongly important favour one over the other

7 Very strongly important Experience and judgment strongly important favour one over the other

9 Extremely important The evidence favouring one over the other is of the highest possible validity

2, 4, 6, 8 Intermediate preference between adjacent 
scales

When compromised is needed

Table 4 Random consistency index

n 1 2 3 4 5 6 7 8 9 10

RI 0 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45 1.49
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by forest fires, floods, fire-building, earthquakes, storms, 
and hail (Fig.  3a). The highest event was recorded for 
landslides with 501 events, and the lowest event with 
24 for hail. Fire hazards were classified into two catego-
ries: forest fires and building fires, and 335 and 79 fire 
incidents were recorded, respectively. The total cumula-
tive hazards for each district are shown in Fig. 3b. Mon-
gar was highest with 138 hazards, followed by Chhukha 
Thimphu and Sarpang with 113, 111, and 103 events, 
respectively. Tsirang, Gasa, Paro, Haa, Bumthang, 
Punakha, Dagana, and Pemagatshel recorded the fewest 
hazard events between 14 and 26, and the rest of the dis-
trict experienced a moderate number of hazard events.

Basic statistical analysis is also performed on the 
de-clustered datasets. The hazard and the correspond-
ing frequency of occurrence are shown in the box and 
whisker plots (Fig. 4). A box-and-whisker plot (or box-
plot) is a convenient way to visually represent the dis-
tribution of data across their quartiles. As shown in 
Fig.  4, the boxplot represents the distribution of each 
hazard event across the 20 districts, providing the 
mathematical function or expression of the probabil-
ity of the hazard system that will assume a particular 
value or set of values. The median and mean for wind-
storm, hailstorm, building fire, flood, and earthquake 
are between 1–6 and 1–17, respectively. The median 
and mean values for a landslide are 14 and 25, respec-
tively. We speculate on a similar future development 
(1  decade) of the median and mean values   as well as 

a possible increase in the frequency of occurrence of 
the events in the respective districts. The boxplot also 
depicts outliers in the hazard events (e.g., building fire, 
forest fire, and landslide). In terms of hazards, in par-
ticular, these outliers show significant importance for 
the frequency of occurrence in some districts (e.g., fire 
hazards in Thimphu and landslides in Chhukha) and 
provide crucial valuable information.

Fig. 3 Multi-hazard records in Bhutan, a number of incidents of each hazard, b number of incidents under each district

Fig. 4 Statistical hazard distribution with boxplot
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Hazard zonation
On the account of the multi-hazard scenario, first, we 
considered district-level zoning for individual hazards. 
Figure  5a presents the occurrence of windstorm haz-
ards at the district level in Bhutan with a total of 72 
incidents. Storm hazards are particularly catastrophic 
in spring (March to May) and fall (September to 
November), often accompanied by torrential rain. The 
most affected building typology is the traditional build-
ings with masonry structures with rare cases in the 
modern buildings. In most cases, the timber truss, the 
roof, and the main walls of the buildings are completely 
damaged. The severity of the storm threat is more in the 
southern belt of the country and some parts of central 
Bhutan. Mongar, Pemagatshel, Sarpang, and Zhemgang 
are the hardest-hit districts with the greatest impact 
on households followed by Dagana, Samdrupjongkhar, 
Thimphu, and Trashigang. Similarly, hailstorm events 
in Bhutan are shown in Fig. 5b. Hail events are particu-
larly concentrated in a few districts in the south, centre, 
and east, such as Chhukha, Trashigang, and Wangdi-
phodrang. Most of the impacts are on agricultural land, 
causing major damage to crops, usually in spring and 

autumn. The 12-years record shows a total of 24 hail 
events.

With the onset of the dry season, Bhutan is facing 
multiple wildfires across the country. Fire on buildings 
remains unpredictable. Fire hazard is divided into two 
categories based on the nature of the impact. A total of 
414 fire incidents were recorded. The impact of the build-
ing fire is intense and direct, resulting in deaths and loss 
of livelihood. The building fire zoning in Fig. 5c shows 3 
districts with the highest number of hazards. The capital 
Thimphu recorded the highest number of building fires, 
followed by Bumthang and Mongar, indicating that most 
building fires were concentrated in densely populated 
urban areas. Traditional buildings are highly vulner-
able and suffered the most from the effects. Forest fires 
(Fig.  5d) have so far not caused any fatalities or major 
damage to infrastructure. However, land cover degra-
dation is enormous that poses a potential threat to the 
pristine environment and natural resources. Again, the 
capital Thimphu recorded the most forest fires, followed 
by Trashigang, Mongar, and Wangdiphodrang.

Historical flood hazards date back to 1968. So far, a 
total of 139 major flood events are registered. Figure 6a 

Fig. 5 District level hazard zonation of Bhutan (2008–2021). a Windstorm, b hailstorm, c fire-building, d forest fire
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shows the zoning and inventory map of flood hazards 
in Bhutan. Floods are one of the most destructive natu-
ral hazards in Bhutan. The frequency of flooding in the 
southern regions of the country shows a similar trend due 
to heavy rainfall in the region. Chhukha and Sarpang are 
the hardest hit by the flood disaster, followed by Samtse, 
Trashigang, Trashi Yangtse, and Lhuentse. Moderately 
few flooding events were observed in other districts, 
except for the Punakha district, which was hit by three 
major Glacial Lake Outburst Floods (GLOF) events. 
According to a study by Gurung et  al. (2017), Punakha 
remains highly vulnerable to GLOF due to the active 
Lemthang Tsho and its association with climate change 
impact. In Chhukha, a major flood disaster occurred in 
Pasakha in 1996 when the Barsakchu River flooded. The 
flood damaged more than 25 residential buildings caus-
ing more than Nu. 30 million losses. Similarly, the city 
of Phuentsholing in the same district was devastated by 
the Dhuti Khola flood in 2000 and the Amochu flood in 
2016. The extreme Himalayan region in Gasa and parts of 
Wangdiphodrang also recently experienced a major flood 
disaster. The 2021 Gasa flood devastated the hot spring 
facility and caused huge economic losses.

The landslide hazard zoning map of Bhutan is shown in 
Fig.  6b. Among the hazards considered, landslides have 
the most significant impact events. A total of 501 land-
slide events were verified. The recent trend shows an 
increase in the occurrence of landslides with frequent 
and recurring phenomena throughout most of the year. 
The majority of landslides are triggered by heavy and sus-
tained rainfall from April to September with few cases 
of co-seismic landslides. In addition, the topographic 
and fragile geological environment makes the Bhutan 
Himalaya highly prone to landslides and conditions are 
at their worst during extreme meteorological events. The 

majority of landslide sites are concentrated in the central 
and southern belts. Geologically, the lower lesser Hima-
layan region falling in the southern belt consists of weak 
formations such as the Buxa Group (Phuentsholing For-
mation, Pangshari Formation, and Manas Formation), 
the Daling-Shumar Group (Daling Formation, Shumar 
Formation, and Orthogneiss), and the Jaishidanda For-
mation. The lithological features in these formations are 
predominantly heavily weathered dark grey to black shale 
and phyllite, limestone strata, cream dolomite, and frac-
tured quartzite. The upper lesser Himalayas dominate the 
central belt inheriting orthogneiss and lower metasedi-
mentary units. The majority of these two belts are domi-
nated by multiple shear zones, thrusts, strikes, and dips 
of foliation and bedding, confirming high susceptibility 
to landslide activity.

The latest landslides statistics show the most landslides 
in July and August. In 2021 alone, the highest record of 
158 landslide events was registered. The data population 
indicates the majority of landslides along the road corri-
dor. Landslide hazards included landslides from natural 
slopes, debris, mudslides, falling rocks, and boulders. 
Boxcut, 15 km from Gelephu along the Gelephu-Trongsa 
primary national highway (PNH) under Sarpang reg-
istered the highest landslides, followed by Namling on 
Simtokha-Trashigang PNH. Landslides are also com-
mon throughout the year in Kurizampa-Nganglam 
PNH and Tingtibi-Panbang PNH under Pemagatshel 
and Zhemgang districts, respectively. The district-level 
landslide hazard zoning in Fig.  6b shows the highest 
landslide events in Mongar, followed by Chhukha, Sar-
pang, and Zhemgang with 78, 74, 68, and 60 landslide 
events, respectively. Paro, Haa, Punakha, Bumthang, and 
Lhuentse registered relatively low landslide hazards. 361 
landslide locations are geo-referenced.

Fig. 6 District-level hazard zonation of Bhutan. a Floods, b landslides
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The history of earthquake impacts in Bhutan dates back 
to the eighteenth century Great 1987 Assam earthquake 
8.15 < Mw < 8.358 which struck on a south-dipping fault 
near the northern edge of the Shillong Plateau, India 
(England and Bilham 2015). Bhutan Himalaya is con-
sidered one of the most seismically active regions in the 
world due to active seismic-tectonic activities, however, 
in particular, Bhutan has not faced an extreme earth-
quake (Mw > 6.5) for the past 6  decades (Tempa et  al. 
2020). In most of the cases, the earthquake impacts were 
felt due to earthquakes in the neighboring regions. The 
Himalayan range has experienced many large earth-
quakes, including the 1950 Mw 8.7 Assam event, which 
ruptured within ~ 200 km east of Bhutan. 2015, Mw 7.8, 
Gorkha Nepal earthquake, and the 2005 Mw 7.6, Kash-
mir India earthquake, are some of the recent events that 
also caused multiple deaths and destruction (Stevens 
et al. 2020). 2009, the Mongar earthquake (Mw 6.1) with 
the epicenter situated 180  km east of the capital Thim-
phu, in Mongar district at a depth of 14 km affected six 
nearby districts. The earthquake caused 12 deaths and 
47 injuries. The earthquake affected 4,950 households, 
25 basic health units, 91 school buildings, more than 
800 cultural/religious heritage structures, 22 renewable 

natural resource offices, and 27 government and public 
office buildings (ADRC 2015). The 2011 Sikkim-Nepal 
bordar earthquake (Mw 6.9) that struck at a focal depth 
of ~ 35 km also damaged 7,965 buildings in all the 20 dis-
tricts of Bhutan (Chettri et  al. 2021). According to per-
sonal communication with the DDM, the Mw 6.4 Assam 
earthquake 2021 reported major damages to 2,500 build-
ings in 16 districts of Bhutan. The majority of the dam-
ages were observed in cultural heritage buildings and 
masonry structures. The earthquake events in this study 
accounted for the number of events that caused signifi-
cant damage to infrastructures. Mongar, Trashigang, and 
Thimphu recorded the highest infrastructure damages 
(Fig. 7).

Multi-hazard zonation
The cascading hazard events are widespread across the 
country with different impact patterns and numbers of 
occurrences. The individual hazard zoning established 
in the previous section may be very conservative to pro-
vide adequate insight into the overall hazard level. In 
the context of this argument, resource allocation or pre-
disaster planning may not be as efficient. In particular, a 
different association pattern was observed between the 
frequency of hazards and impact in different administra-
tive units. The correlation between these two themes is 
essential to substantiate and validate the multi-hazard 
scenario for a given region. Moreover, for some hazards, 
the quantitative assessment of indicators remains a chal-
lenge due to a lack of sufficient empirical data (e.g., the 
population affected by landslide hazards and economic 
losses). A possible solution to this difficult problem could 
involve the use of a multi-criteria decision analysis model 
and by index-based weighted approach. Therefore, indi-
cator-based weighted multi-hazard zoning is performed 
on the district administrative scale. To achieve this, we 
used AHP on the indicator attributes available in Table 5 
and initiated 21 pairwise comparisons. A further pri-
oritization was performed to derive the weights of the 
indicators (Table  6). The results of the priority ranking Fig. 7 District-level earthquake hazard zonation of Bhutan 

(1987–2021)

Table 5 Summary of reported cumulative hazard impacts

Fatalities Affected population Building damage Economic loss

Landslide 28 Very high (5) 20 Very high (5)

Fire-building 9 818 281 Moderate (3)

Forest fire 0 4 49 Low (2)

Windstorm 1 8096 5365 High (4)

Hailstorm 1 1972 0 Moderate (3)

Floods 196 797 660 Nu. 2012.8 million

Earthquake 13 7290 13,578 Nu. 1239.63 million
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Table 6 Pairwise comparisons of indicators using AHP (CR = 6.2%)

Landslide Fire-building Forest fire Windstorm Hailstorm Flood Earthquake

Landslide 1 8 6 4 8 2 3

Fire-building 1/8 1 2 1 2 1/9 1/7

Forest fire 1/6 1/2 1 1/2 1/3 1/9 1/8

Windstorm 1/4 1 2 1 2 1/5 1/7

Hailstorm 1/8 1/2 3 1/2 1 1/8 1/8

Flood 1/2 9 9 5 8 1 2

Earthquake 1/3 7 8 7 8 1/2 1

Priority (%) 34.30 4.40 2.70 5.30 3.60 27.70 22.00

Table 7 Normalized priority ranking and corresponding weights

Landslide Fire-building Forest fire Windstorm Hailstorm Flood Earthquake Weights

Landslide 0.40 0.30 0.19 0.21 0.27 0.50 0.46 0.39

Fire-building 0.05 0.04 0.06 0.05 0.07 0.03 0.02 0.05

Forest fire 0.07 0.02 0.03 0.03 0.01 0.03 0.02 0.03

Windstorm 0.10 0.04 0.06 0.05 0.07 0.05 0.02 0.07

Hailstorm 0.05 0.02 0.10 0.03 0.03 0.03 0.02 0.05

Flood 0.20 0.33 0.29 0.26 0.27 0.25 0.31 0.32

Earthquake 0.13 0.26 0.26 0.37 0.27 0.12 0.15 0.26

Table 8 Implementation of weights, hazard score aggregation and multi-hazard level rating

Districts Landslide Fire-building Forest fire Windstorm Hailstorm Flood Earthquake Hazard rating

Bumthang 1.60 0.40 0.26 0.39 0.00 0.09 0.78 0.11

Chhukha 23.61 0.17 0.72 1.16 0.16 0.77 1.31 0.85

Dagana 5.42 0.00 0.33 1.55 0.11 0.09 0.78 0.25

Gasa 2.23 0.00 0.07 0.78 0.00 0.27 0.78 0.13

Haa 1.91 0.13 0.33 0.39 0.00 0.23 0.26 0.10

Lhuentse 1.91 0.03 2.10 0.78 0.00 0.41 0.78 0.18

Mongar 24.89 0.20 2.49 3.11 0.11 0.27 1.57 1.00

Paro 0.64 0.10 0.66 1.55 0.00 0.14 0.52 0.11

Pemagatshel 4.79 0.10 0.20 3.49 0.05 0.14 0.78 0.29

Punakha 1.60 0.03 0.66 1.16 0.11 0.27 1.05 0.15

Samdrupjongkhar 14.36 0.17 0.33 1.55 0.05 0.36 1.05 0.55

Samtse 3.83 0.10 0.98 0.78 0.11 0.54 0.26 0.20

Sarpang 21.70 0.13 0.46 2.33 0.05 0.77 1.31 0.82

Thimphu 2.23 0.64 5.25 0.00 0.00 0.23 1.57 0.30

Trashigang 7.66 0.10 2.56 1.94 0.16 0.59 1.83 0.45

Trongsa 11.17 0.10 0.26 0.39 0.05 0.09 0.78 0.39

Tsirang 2.55 0.00 0.07 1.16 0.00 0.09 0.52 0.13

Wangdiphodrang 5.11 0.13 2.23 1.16 0.21 0.27 1.31 0.32

Trashi Yangtse 3.51 0.07 1.18 0.78 0.11 0.50 1.31 0.23

Zhemgang 19.15 0.03 0.85 3.49 0.00 0.18 0.78 0.75
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generated by the AHP model are normalized to get the 
final scores (Table 7). Implementation of the AHP scores 
into the corresponding hazards for each district resulted 
in the aggregation of the weighted score (THS). In the 
end, the THS of the district’s weighted score divided 
by the highest weighted score yielded the district-level 
multi-hazard ratings (Table 8).

The multi-hazard zoning at the district level is shown 
in Fig.  8. As shown in Fig.  8, the southern part of the 
country is more prone to multi-hazard than the western 
parts, mainly because natural hazards are most common 
in the southern regions. These regional districts include 
Chhukha, Mongar, Sarpang, and Zhemgang, which have 
a very high multi-hazard level. The central region in 
Trongsa and Wangdiphodrang, Thimphu in the west, and 

the far east in Pemagatshel, Trashigang, and Samdrup-
jongkhar fall under a high multi-hazard level.

A summary of the multi-hazard levels is shown in 
Table  9. Four districts are categorized under very high 
multi-hazard levels and three each in the low and very 
low levels. Two districts fall under moderate multi-haz-
ard level. The highest of the six districts are under high 
multi-hazard levels. Thus, it is clear that more than 70% 
of districts in Bhutan are vulnerable to depict moderate 
to severe multi-hazard levels.

Population risk mapping
According to the National Statistics Bureau (www. nsb. 
gov. bt), the projected population in 2022 is estimated at 
763,249 people spread across 205 local government units 

Fig. 8 District-level multi-hazard zonation of Bhutan

Table 9 Summary of multi-hazard levels

Multi-hazard score Multi-hazard levels No. of districts Districts

0 Very low 0 None

0–0.13 Low 6 Bumthang, Gasa, Haa, Paro, Punakha, Tsirang

0.13–0.26 Moderate 4 Dagana, Lhuentse, Samtse, Trashi Yangtse

0.26–0.45 High 5 Pemagatshel, Thimphu, Trashigang, Trongsa, Wangdiphodrang

0.45–1 Very high 5 Chhukha, Mongar, Sarpang, Samdrupjongkhar, Zhemgang

http://www.nsb.gov.bt
http://www.nsb.gov.bt


Page 13 of 15Tempa and Yuden  Geoenvironmental Disasters            (2023) 10:7  

as shown in Fig. 9. The 2017 country-level census tract, 
the latest population, and housing census were used in 
the current study to map the spatial distribution of vul-
nerability of the Bhutanese population to multi-hazard 
risks. Estimates of population exposure are important to 
define the severity of a region’s hazard risk from hazard 
disasters e.g., landslide (Dikshit et  al. 2020), flood (Tate 
et al. 2021), and earthquake (Stevens et al. 2020). Occa-
sionally, several catastrophic events have claimed lives 
each year and the dangerous scenario is imminent.

To overcome some of the impending multi-hazard 
risks, the multi-hazard population risk assignment in the 
local government units is calculated by multiplying the 
population vulnerability distribution by the multi-hazard 
exposure rating relative to the district-level boundary. 
The multi-hazard population risk map is created to dem-
onstrate the multi-hazard risk level as shown in Fig. 10. 
The risk assessment of the population includes one of 
the most important goals of the United Nations for sus-
tainable development (SDGs), e.g., sustainable cities and 
communities, climate action, and life on land (Jatana 
and Currie 2020). In addition, the existence of residents 
in different geographical locations is attributed to hun-
ger, good health and well-being, quality education, and 
socio-economic activities linked to infrastructure and its 
resilience to climate protection. Most catastrophic events 

are related to climate change leading to torrential rains 
and storms causing floods, storms, landslides, and even 
hailstorms. Hazard risk assessment studies are carried 
out extensively to improve communities’ coping capaci-
ties for natural and man-made hazards. The end goal of 
such studies is to first identify the vulnerable areas and 
integrate multi-hazard scenarios. This enables planners, 
developers, and policymakers to implement appropri-
ate mitigation plans and strategies, as well as long-term 
resource allocations in delivering climate mitigation 
actions for resilient infrastructure.

Conclusion
In this study, district-wise multi-hazard inventory was 
created and multi-hazard zoning performed to map 
population risk with multiple hazards. In Bhutan, there 
are no systematic hazard and geospatial data are scare. 
A total of 1224 events consisting of seven hazards were 
retrieved from various sources through this study. Geo-
data were created for the landslide (361 locations) and 
flood hazards (43 locations). Floods, landslides, and 
earthquakes have caused the most destructive impacts 
followed by fire hazards and windstorms. Multi-haz-
ard zoning shows that 70% of the 20 districts are vul-
nerable to moderate to severe multi-hazard. Chhukha, 
Mongar, Sarpang, and Zhemgang suffer the most 

Fig. 9 Local-level population distribution of Bhutan
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from the effects of multi-hazards. A multi-hazard risk 
assessment is long overdue in Bhutan. In this study, an 
attempt was made to map the population risk to the 
multi-hazard risk, taking into account the distribution 
of the population in the local government units. Local 
government units under Chhukha, Mongar, Trashi-
gang, Samdrupjongkhar, and Zhemgang districts report 
very high population risk for multiple hazards.

Acknowledgements
The authors thank the Office of the Vice-Chancellor of the Royal University 
of Bhutan (RUB), Bhutan, for generous support of the research through the 
Annual University Research Grant (AURG).

Author contributions
KT contributed to the study’s conception and design. KY and KT carried out 
data collection. Analysis was performed by KT. The first draft of the manu-
script was written by KT and all authors edited and commented on previous 
versions of the manuscript. All authors also read, revised, provided inputs, and 
approved the final manuscript.

Funding
The authors declare that no funds, grants, or other support were received dur-
ing the preparation of this manuscript.

Availability of data and materials
All data generated or analysed during this study are included in this published 
article.

Declarations

Competing interests
The authors declare that they have no competing interests.

Received: 20 September 2022   Accepted: 14 March 2023

References
ADPC-UNDRR (2020) Disaster risk reduction in The Kingdom of Bhutan. Status 

report 2020, pp 1–40
ADRC (2015) Country report-Bhutan Disaster Management
Anderson CC, Hagenlocher M, Renaud FG, Sebesvari Z, Cutter SL, Emrich CT 

(2019) Comparing index-based vulnerability assessments in the Missis-
sippi Delta: implications of contrasting theories, indicators, and aggrega-
tion methodologies. Int J Disaster Risk Reduct 39(January):101128. 
https:// doi. org/ 10. 1016/j. ijdrr. 2019. 101128

Arosio M, Martina MLV, Figueiredo R (2020) The whole is greater than the sum 
of its parts: a holistic graph-based assessment approach for natural haz-
ard risk of complex systems. Nat Hazard 20(2):521–547. https:// doi. org/ 10. 
5194/ nhess- 20- 521- 2020

Barua U, Akhter MS, Ansary MA (2016) District-wise multi-hazard zoning of 
Bangladesh. Nat Hazards 82(3):1895–1918. https:// doi. org/ 10. 1007/ 
s11069- 016- 2276-2

Chettri N, Gautam D, Rupakhety R (2021) Seismic vulnerability of vernacular 
residential buildings in Bhutan. J Earthq Eng 00(00):1–16. https:// doi. org/ 
10. 1080/ 13632 469. 2020. 18683 62

DDM (2013) Disaster Management Act of Bhutan 2013, pp 1–40

Fig. 10 Population risk map to multi-hazard for Bhutan at the local level

https://doi.org/10.1016/j.ijdrr.2019.101128
https://doi.org/10.5194/nhess-20-521-2020
https://doi.org/10.5194/nhess-20-521-2020
https://doi.org/10.1007/s11069-016-2276-2
https://doi.org/10.1007/s11069-016-2276-2
https://doi.org/10.1080/13632469.2020.1868362
https://doi.org/10.1080/13632469.2020.1868362


Page 15 of 15Tempa and Yuden  Geoenvironmental Disasters            (2023) 10:7  

Dikshit A, Sarkar R, Pradhan B, Acharya S, Alamri AM (2020) Spatial landslide risk 
assessment at Phuentsholing, Bhutan. Geosciences 10(131):1–16. https:// 
doi. org/ 10. 3390/ geosc ience s1004 013

Dikshit A, Sarkar R, Pradhan B, Acharya S, Dorji K (2019) Estimating rainfall 
thresholds for landslide occurrence in the Bhutan Himalayas. Water (swit-
zerland) 11(8):1–12. https:// doi. org/ 10. 3390/ w1108 1616

Dunant A (2021) Are we missing the target? A bias-variance perspective on 
multi-hazard risk assessment. Front Earth Sci 9(May):1–6. https:// doi. org/ 
10. 3389/ feart. 2021. 685301

Durlević U, Novković I, Lukić T, Valjarević A, Samardzić I, Krstić F, Batoćanin 
N, Mijatov M, Curić V (2021) Multihazard susceptibility assessment: a 
case study—municipality of Štrpce (Southern Serbia). Open Geosci 
13(1):1414–1431. https:// doi. org/ 10. 1515/ geo- 2020- 0314

England P, Bilham R (2015) The Shillong Plateau and the great 1897 Assam 
earthquake. Tectonics 34(9):1792–1812. https:// doi. org/ 10. 1002/ 2015T 
C0039 02

Fernández T, Pérez-García JL, Gómez-López JM, Cardenal J, Moya F, Delgado J 
(2021) Multitemporal landslide inventory and activity analysis by means 
of aerial photogrammetry and lidar techniques in an area of Southern 
Spain. In: Remote sensing, vol 13, issue 11. https:// doi. org/ 10. 3390/ rs131 
12110

Garschagen M, Doshi D, Reith J, Hagenlocher M (2021) Global patterns of 
disaster and climate risk—an analysis of the consistency of leading index-
based assessments and their results. Clim Change. https:// doi. org/ 10. 
1007/ s10584- 021- 03209-7

Gautam D, Thapa S, Pokhrel S, Lamichhane S (2021) Local level multi-hazard 
zonation of Nepal. Geomat Nat Hazards Risk 12(1):405–423. https:// doi. 
org/ 10. 1080/ 19475 705. 2021. 18799 41

Gurung DR, Khanal NR, Bajracharya SR, Tsering K, Joshi S, Tshering P, Chhetri LK, 
Lotay Y, Penjor T (2017) Lemthang Tsho glacial Lake outburst flood (GLOF) 
in Bhutan: cause and impact. Geoenviron Disasters 4(17):1–13. https:// 
doi. org/ 10. 1186/ s40677- 017- 0080-2

Jatana N, Currie A (2020) Hitting the targets: the case for ethical and empow-
ering population policies to accelerate progress towards the Sustainable 
Development Goals. Population Matters, London

Johnson K, Depietri Y, Breil M (2016) Multi-hazard risk assessment of two Hong 
Kong districts. Int J Disaster Risk Reduct 19(December):311–323. https:// 
doi. org/ 10. 1016/j. ijdrr. 2016. 08. 023

Kappes MS, Keiler M, von Elverfeldt K, Glade T (2012) Challenges of analyzing 
multi-hazard risk: a review. Nat Hazards 64(2):1925–1958. https:// doi. org/ 
10. 1007/ s11069- 012- 0294-2

Khan A, Gupta S, Gupta SK (2020) Multi-hazard disaster studies: monitoring, 
detection, recovery, and management, based on emerging technolo-
gies and optimal techniques. Int J Disaster Risk Reduct 47(April):101642. 
https:// doi. org/ 10. 1016/j. ijdrr. 2020. 101642

Khatakho R, Gautam D, Aryal KR, Pandey VP, Rupakhety R, Lamichhane S, Liu 
YC, Abdouli K, Talchabhadel R, Thapa BR, Adhikari R (2021) Multi-hazard 
risk assessment of Kathmandu valley, Nepal. Sustainability (switzerland). 
https:// doi. org/ 10. 3390/ su131 05369

Liu B, Han X, Qin L, Xu W, Fan J (2021) Multi-hazard risk mapping for cou-
pling of natural and technological hazards. Geomat Nat Hazards Risk 
12(1):2544–2560. https:// doi. org/ 10. 1080/ 19475 705. 2021. 19694 51

Liu Z, Nadim F, Garcia-Aristizabal A, Mignan A, Fleming K, Luna BQ (2015) 
A three-level framework for multi-risk assessment. Georisk 9(2):59–74. 
https:// doi. org/ 10. 1080/ 17499 518. 2015. 10419 89

NSB (2018) Population and housing census of Bhutan-National Report. 
National Statistics Bureau, Royal Government of Bhutan, Thimphu, Bhutan

NSB (2020) Bhutan at a Glance 2020. National Statistics Bureau, Royal Govern-
ment of Bhutan, Thimphu, Bhutan

Papathoma-Köhle M, Cristofari G, Wenk M, Fuchs S (2019) The importance of 
indicator weights for vulnerability indices and implications for decision 
making in disaster management. Int J Disaster Risk Reduct 36(Febru-
ary):101103. https:// doi. org/ 10. 1016/j. ijdrr. 2019. 101103

Rehman A, Song J, Haq F, Mahmood S, Ahamad MI, Basharat M, Sajid M, 
Mehmood MS (2022) Multi-hazard susceptibility assessment using 
the analytical hierarchy process and frequency ratio techniques in the 
Northwest Himalayas, Pakistan. Remote Sens 14(3):1–31. https:// doi. org/ 
10. 3390/ rs140 30554

RGOB (2009) Joint rapid assessment for recovery, reconstruction and risk 
reduction-Bhutan Earthquake September 21, 2009. October

Rusk J, Maharjan A, Tiwari P, Chen THK, Shneiderman S, Turin M, Seto KC (2022) 
Multi-hazard susceptibility and exposure assessment of the Hindu Kush 
Himalaya. Sci Total Environ 804:150039. https:// doi. org/ 10. 1016/j. scito 
tenv. 2021. 150039

Saaty TL (1977) A scaling method for priorities in hierarchical structures. J Math 
Psychol 15(3):234–281. https:// doi. org/ 10. 1016/ 0022- 2496(77) 90033-5

Saaty TL (1990) How to make a decision: the analytic hierarchy process. Eur J 
Oper Res 48(1):9–26. https:// doi. org/ 10. 1016/ 0377- 2217(90) 90057-I

Sarkar R, Dorji K (2019) Determination of the probabilities of landslide events-a 
case study of Bhutan. Hydrology. https:// doi. org/ 10. 3390/ hydro logy6 
020052

Siddique MS, Schwarz J (2015) Elaboration of multi-hazard zoning and qualita-
tive risk maps of Pakistan. Earthq Spectra 33(3):1371–1395

Stevens VL, De Risi R, Le Roux-Mallouf R, Drukpa D, Hetényi G (2020) Seismic 
hazard and risk in Bhutan. Nat Hazards 104(3):2339–2367. https:// doi. org/ 
10. 1007/ s11069- 020- 04275-3

Tate E, Rahman MA, Emrich CT, Sampson CC (2021) Flood exposure and social 
vulnerability in the United States. Nat Hazards 106(1):435–457. https:// 
doi. org/ 10. 1007/ s11069- 020- 04470-2

Tempa K (2022) District flood vulnerability assessment using analytic hier-
archy process (AHP) with historical flood events in Bhutan. PLoS ONE 
17(6):e0270467. https:// doi. org/ 10. 1371/ journ al. pone. 02704 67

Tempa K, Chettri N, Aryal KR, Gautam D (2021a) Geohazard vulnerability and 
condition assessment of the Asian highway AH-48 in Bhutan. Geomat 
Nat Hazards Risk 12(1):2904–2930. https:// doi. org/ 10. 1080/ 19475 705. 
2021. 19804 40

Tempa K, Chettri N, Gurung L, Gautam D (2021b) Shear wave velocity profiling 
and ground response analysis in Phuentsholing, Bhutan. Innov Infrastruct 
Solut 6(2):1–16. https:// doi. org/ 10. 1007/ s41062- 020- 00420-w

Tempa K, Sarkar R, Dikshit A, Pradhan B, Simonelli AL, Acharya S, Alamri AM 
(2020) Parametric study of local site response for bedrock ground motion 
to earthquake in Phuentsholing, Bhutan. Sustainability (switzerland) 
12(13):1–20. https:// doi. org/ 10. 3390/ su121 35273

UN (2016) Transforming our world: the 2030 agenda for sustainable develop-
ment. United Nations, sustainabledevelopment.un.org. https:// doi. org/ 
10. 1201/ b20466-7

UN (2018) Vulnerability profile of Bhutan. In Committee for Development 
Policy 20th Plenary Session (Issue March)

Zharikova M, Sherstjuk V (2020) Event-Based approach to multi-hazard risk 
assessment

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.3390/geosciences1004013
https://doi.org/10.3390/geosciences1004013
https://doi.org/10.3390/w11081616
https://doi.org/10.3389/feart.2021.685301
https://doi.org/10.3389/feart.2021.685301
https://doi.org/10.1515/geo-2020-0314
https://doi.org/10.1002/2015TC003902
https://doi.org/10.1002/2015TC003902
https://doi.org/10.3390/rs13112110
https://doi.org/10.3390/rs13112110
https://doi.org/10.1007/s10584-021-03209-7
https://doi.org/10.1007/s10584-021-03209-7
https://doi.org/10.1080/19475705.2021.1879941
https://doi.org/10.1080/19475705.2021.1879941
https://doi.org/10.1186/s40677-017-0080-2
https://doi.org/10.1186/s40677-017-0080-2
https://doi.org/10.1016/j.ijdrr.2016.08.023
https://doi.org/10.1016/j.ijdrr.2016.08.023
https://doi.org/10.1007/s11069-012-0294-2
https://doi.org/10.1007/s11069-012-0294-2
https://doi.org/10.1016/j.ijdrr.2020.101642
https://doi.org/10.3390/su13105369
https://doi.org/10.1080/19475705.2021.1969451
https://doi.org/10.1080/17499518.2015.1041989
https://doi.org/10.1016/j.ijdrr.2019.101103
https://doi.org/10.3390/rs14030554
https://doi.org/10.3390/rs14030554
https://doi.org/10.1016/j.scitotenv.2021.150039
https://doi.org/10.1016/j.scitotenv.2021.150039
https://doi.org/10.1016/0022-2496(77)90033-5
https://doi.org/10.1016/0377-2217(90)90057-I
https://doi.org/10.3390/hydrology6020052
https://doi.org/10.3390/hydrology6020052
https://doi.org/10.1007/s11069-020-04275-3
https://doi.org/10.1007/s11069-020-04275-3
https://doi.org/10.1007/s11069-020-04470-2
https://doi.org/10.1007/s11069-020-04470-2
https://doi.org/10.1371/journal.pone.0270467
https://doi.org/10.1080/19475705.2021.1980440
https://doi.org/10.1080/19475705.2021.1980440
https://doi.org/10.1007/s41062-020-00420-w
https://doi.org/10.3390/su12135273
https://doi.org/10.1201/b20466-7
https://doi.org/10.1201/b20466-7

	Multi-hazard zoning for national scale population risk mapping: a pilot study in Bhutan Himalaya
	Abstract 
	Introduction
	Material and method
	Study area
	Data
	Method

	Results and discussion
	Hazard statistics
	Hazard zonation
	Multi-hazard zonation
	Population risk mapping

	Conclusion
	Acknowledgements
	References


