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With the increase on anthropogenic activities in the Nepal Himalaya, number of disaster cases causing loss of lives, properties and environment are increasing so does the risk of disaster. Though disasters are still commonly perceived as natural events by most Nepalese people, hazards are natural, but disasters are not, and should not be seen as the inevitable outcome of a natural hazard's impact. Hazards (flood, landslide, earthquake) being natural events, cannot be stopped from happening but through proper planning and management, disasters can be avoided in most cases. This Ph.D. study is mainly intended to present how anthropogenic activities, through the analysis of specific anthropogenic activities are responsible for natural hazards to become disasters.

Selecting two river valleys (Kali Gandaki, Seti) as case studies, this research specifically outlines the overall issues of main natural hazards in western Nepal Himalaya. Methodology includes hydro-geomorphological mapping, hydraulic analysis including HEC-RAS modelling, use of functional flooding space, land-use and land-cover change analysis, by interpretation of satellite maps and interview with local people. Most past disasters in the studied sites had taken place due to the un-scientific human activities. People have lived or built infrastructures within the functional flooding space of river, hence are responsible for disasters as they often get killed or structures washed away during high floods. Many reconstruction works are carried out without reviewing what caused past disasters and without making any change on the initial design and location. Growing anthropogenic activities mainly road construction, bridge construction, unplanned urbanization, hydropower and dam construction, riverside settlement, sand mining, mechanical excavation, blasting have increased significant risk of disasters in both Kali Gandaki and Seti River valleys.

A significant change on the land use and land cover of the Seti River valley, mainly the urban/built-up area, which saw its increase by 405 % between 1996 and 2020, and by 47 % in between 2013 and 2020. Effect of climate change cannot be ignored to aggravate natural hazards change into disasters. Instead of relocating people from vulnerable places of river banks to safer places, the government and local authorities rather seemed to have encouraged people to live in the floodplain by providing basic amenities such as drinking water, electricity and access road. Many settlements and infrastructures along rivers in both valleys, have been identified vulnerable to hydro-torrential hazards and may invite disasters in our future. By simply respecting rivers' functional flooding space, fluvial hazards in most cases, can be avoided from becoming disasters. This economic and environment friendly
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s'étaient produits à proximité des routes [START_REF] Dixit | Political economy of 2020 landslides, road construction and disaster risk reduction in Nepal[END_REF], montrant indirectement que la construction de routes est une cause de l'augmentation d'aléas naturels (comme les glissements de terrain) entraînant davantage de catastrophes. En 2019, au moins dix-sept ponts ont été endommagés au Népal, dont treize ont été complètement détruits par des inondations et des glissements de terrain [START_REF] Gurung | Construction of road bridges without consideration of geo-hazards and river-flow dynamics -A case study from Ghatte Khola, Myagdi, Nepal. Géomorphologie: Relief, Processus[END_REF]. Les infrastructures telles que les ponts et les routes qui ont été endommagées ou emportées par des événements naturels (inondations, glissements de terrain) au Népal auraient été construites sans tenir compte des effets possibles des aléas naturels et de la dynamique fluviale [START_REF] Bell | A catastrophic multi-hazard event in 2020 in Kali Gandaki valley, Nepal Himalaya[END_REF][START_REF] Gurung | Construction of road bridges without consideration of geo-hazards and river-flow dynamics -A case study from Ghatte Khola, Myagdi, Nepal. Géomorphologie: Relief, Processus[END_REF].

Malheureusement, la reconstruction (terminée ou en cours) de ces infrastructures se fait actuellement sans examen précis des causes de ces catastrophes et sans apporter de 

2.1.

Risques naturels

Selon UNISDR (2009), les aléas sont des événements naturels qui se produisent naturellement sur terre en lien avec des processus physiques et réguliers, qui ne peuvent pas être contrôlés. Les aléas naturels peuvent causer des blessures, des pertes de vie, des pertes de biens, la perte de moyens de subsistance et de services, une perturbation des fonctions sociales et économiques ou une dégradation de l'environnement. Un aléa naturel est un agent qui a le potentiel de provoquer une catastrophe [START_REF] Cuny | Disasters and Development[END_REF]. Les aléas naturels en eux-mêmes ne constituent pas des catastrophes. S'il n'y a aucun risque pour la vie humaine et les biens, même si la zone est extrêmement dangereuse, il n'y aura pas de catastrophe ; par exemple, un glissement de terrain à grande échelle dans une zone inhabitée ne pose aucun risque pour la vie humaine et les biens, bien que la zone puisse être extrêmement dangereuse.

Un examen global des initiatives de réduction des catastrophes UNISDR (2004) a classé les aléas naturels dans les trois catégories suivantes :

(1)

Aléas géologiques

Tremblements de terre, volcans, tsunamis, mouvements de masse (éboulements, éboulements, glissements de terrain, liquéfaction), subsidence, effondrement de surface, activité de faille géologique.

( Pourtant, beaucoup de gens n'ont pas réalisé que les activités humaines (activités anthropiques) elles-mêmes ont créé des conditions pour que les aléas naturels se transforment en catastrophes, comme l'ont écrit [START_REF] Crutzen | Geology of mankind[END_REF] ; Zalasiewicz et al. (2010) ; [START_REF] Goudie | The Human impact on the Natural Environment: Past, Present, and Future[END_REF] ; [START_REF] Lewis | Defining the Anthropocene[END_REF]. Les activités anthropiques peuvent influencer l'occurrence, la fréquence et l'intensité des risques naturels, ce qui peut augmenter les catastrophes (Gill et Malamud, 2017). Avec l'augmentation des activités de développement au Népal, les cas de catastrophes augmentent également chaque année. Plusieurs facteurs sont impliqués, dont certains sont rapidement présentés ci-dessous.

C1. Croissance démographique et urbanisation non planifiée

L'augmentation rapide de la population a entraîné une urbanisation et une urbains sur des terres de plus en plus marginales, à la périphérie des centres urbains [START_REF] Alexander | Vulnerability to landslides[END_REF]. Quatre-vingt-dix pour cent de ce type de croissance se produit dans des pays en développement comme le Népal, dont beaucoup sont soumis à des événements naturels extrêmes [START_REF] Kuddus | Urbanization: a problem for the rich and the poor?[END_REF]. La croissance démographique conduit donc à des implantations dangereuses et marginales le long des berges (i.e., l'espace de fonctionnement, ou zone inondable fonctionnelle ; [START_REF] Malavoi | Determination of the free space of rivers (Détermination de l'espace de liberté des cours d'eau). Guide Technique[END_REF]Arnaud-Fassetta et al., 2009) et en pied de versant, propices aux catastrophes en exposant plus d'individus à des risques, zones souvent sujettes à de fortes inondations et à des glissements de terrain [START_REF] Petley | Trends in landslide occurrence in Nepal[END_REF].

C2. Le développement des infrastructures (1) Construction de routes

La construction de routes dans des zones géologiquement actives est considérée comme augmentant la probabilité de glissements de terrain et de mouvements de masse en raison de l'excavation (coté amont) et de la surchage (coté aval) produite par l'entassement des déblais (Sidle et al., 2006 ;[START_REF] Gurung | Construction of road bridges without consideration of geo-hazards and river-flow dynamics -A case study from Ghatte Khola, Myagdi, Nepal. Géomorphologie: Relief, Processus[END_REF]. Les routes qui sont construites dans des zones sujettes aux glissements de terrain sans renforcement de pente ni mesures de protection appropriées, souvent appelées routes non aménagées, provoquent des glissements de terrain et finissent par entraîner des catastrophes. Cela confirme le point de vue de [START_REF] Keefer | Landslides caused by earthquakes[END_REF], [START_REF] Owen | Mass movement hazard in the Garhwal Himalaya: the effects of the 20 th October 1991 Garhwal earthquake and the July-August monsoon season[END_REF], [START_REF] Barnard | Natural and human-induced landsliding in the Garhwal Himalaya of northern India[END_REF] et [START_REF] Keefer | Investigating landslides caused by earthquakes -A historical review[END_REF] qui suggèrent tous que la modification du paysage par les hommes en vue du développement d'infrastructures telles que la construction de routes, est l'un des facteurs les plus influents pour provoquer des glissements de terrain dans des régions tectoniquement actives, glissements qui se transforment souvent en catastrophes. L'excavation (côté pente amont) augmenterait la susceptibilité aux glissements de terrain d'une route, pendant et après la construction [START_REF] Montgomery | Road surface drainage, channel initiation, and slope instability[END_REF][START_REF] Devkota | Landslide susceptibility mapping using certainty factor, index of entropy and logistic regression models in GIS and their comparison at Mugling-Narayanghat road section in Nepal Himalaya[END_REF]Brenning et al., 2015). Les matériaux d'excavation d'une route nouvellement construite stockés du côté de la pente descendante (côté rivière) peuvent également provoquer des coulées de débris, voire même des glissements de terrain car les déblais sont mal consolidés [START_REF] Alexander | On the causes of landslides: Human activities, perception, and natural processes[END_REF][START_REF] Sidle | Landslides: Processes, Prediction, and Land Use[END_REF]. Ces processus pourraient alors entraîner d'autres risques naturels, tels que des inondations dues à la formation d'un barrage de glissement de terrain [START_REF] Costa | The formation and failure of natural dams[END_REF][START_REF] Korup | Recent research on landslide dams: A literature review with special attention to New Zealand[END_REF].

De même, un mauvais drainage des routes entraîne des infiltrations d'eau qui favorisent les ruptures du substrat rocheux et les glissements de terrain profonds. De même, [START_REF] Glade | Landslide occurrence as a response to land use change: a review of evidence from New Zealand[END_REF], [START_REF] Owen | Landslides triggered by the 8 October 2005 Kashmir earthquake[END_REF]) et Brenning et al. (2015) ont signalé que si un tremblement de terre ou de fortes pluies déclenchent de nombreux glissements de terrain dans le monde, de tels glissements de terrain se concentrent principalement dans des versants déjà affectés par la construction de routes ou des versants déforestés (activités anthropiques).

( [START_REF] Crozier | Multiple occurrence regional landslide events in New Zealand: Hazard management issues[END_REF]. L'effet de ces changements conduit à des mouvements de masse provoquant des catastrophes [START_REF] Petley | The role of global and regional precipitation patterns in landslide generation[END_REF].

C4. Extraction de sable

L'extraction de sable fait généralement référence à l'extraction d'agrégats, qui incluent le sable, le gravier, les cailloux ou les galets des rivières et des éléments fluviaux (canaux, berges et plaines inondables). L'enlèvement de matière d'un lit de rivière peut altérer l'hydraulique de la rivière en raison de creusements (approfondissement du lit de la rivière), de variation de la largeur ou du profil longitudinal d'une rivière, ce qui peut de fait aussi altérer les processus écosystémiques. L'extraction non raisonnée de sable détruit également l'esthétique des rivières et des ruisseaux et rend le système écologique instable. L'extraction de sable a un impact négatif sur la recharge des eaux souterraines [START_REF] Hemalatha | Effect of sand mining on groundwater depletion in Karnataka[END_REF][START_REF] Rao | Sand Mining: Groundwater depletion in papagani catchment[END_REF].

C5. Changement climatique

Il existe des preuves suggérant que les catastrophes liées au climat sont de plus en plus fréquentes. Par exemple, la fréquence des catastrophes causées par les cyclones tropicaux et les inondations a augmenté. Les activités humaines sont responsables de la menace du changement climatique mondial et de l'élévation du niveau de la mer résultant du réchauffement climatique causé par l'augmentation des concentrations de gaz à effet de serre (GES) dans l'atmosphère (IPCC, 2007). Les changements climatiques dûs aux activités humaines, tels que la modification de la répartition et de l'intensité des précipitations, ont également conduit à des catastrophes [START_REF] Jha | Natural and Anthropogenic Disasters: An Overview[END_REF]. Le recul rapide des glaciers (retrait moyen de plus de 30 m/an), l'augmentation rapide de la température (> 0,06 °C), les précipitations irrégulières et l'augmentation de la sécheresse sont quelques-uns des effets dus à l'augmentation des activités anthropiques auxquelles le Népal est confronté au cours des dernières années [START_REF] Karki | Climate Change and its Increasing Impacts in Nepal[END_REF]. [START_REF] Solomon | The physical science basis contributions of working group I to the fourth assessment report of the intergovernmental panel on climate change[END_REF][START_REF] Christensen | Regional climate projections[END_REF] (1) Décrire les problèmes généraux des risques naturels en Himalaya du Népal.

(2) Examiner les aléas naturels qui caractérisent les montagnes de l'ouest du Népal dans un contexte de croissance démographique et de développement rapide des infrastructures.

(3) Prouver que les catastrophes ne sont pas naturelles et peuvent être évitées dans une large mesure, mais pas complètement.

(4) Explorer le rôle des activités anthropiques qui aident les risques naturels à se transformer en catastrophes.

( 

G. Domaines de recherche

La recherche a été entreprise sur les sites suivants le long de la vallée de la rivière Seti dans le district de Kaski et le long de la vallée de la rivière Kali Gandaki dans les districts de Myagdi et de Mustang dans l'ouest du Népal (Fig. 6).

G1. Vallée de la rivière Seti

La vallée de la rivière Seti est un bassin intermontagneux similaire à la vallée de Katmandou, typiquement développé dans le centre de l'Himalaya. (1) Tatopani (Bhurung) ;

(2) Guithé Bhir ;

(3) Kham Bhitta et Duwari Khola ;

(4) Ghatte Khola ;

(5) Rupse Khola ;

(6) Kavre Bhir et Pahiro Thaplo ;

(7) Thaplyang Khola ;

(8) Kahiku Khola ;

(9) Chhoya Deurali. Ces sites ont été choisis principalement pour les raisons suivantes.

(1) Les vallées de la Seti et de la Kali Gandaki ont été témoins de nombreux risques naturels catastrophiques (inondations, glissements de terrain, coulées de débris) dans un passé récent, et ceux-ci se reproduisent de plus en plus souvent.

( 

Introduction

The main purpose of this chapter is to introduce about Nepal, its geomorphology, various natural hazards and how these have affected on a context of economy and geo-politics of Nepal. This chapter, therefore, will present different types of natural hazards in Nepal. Natural hazards are primarily governed by hydrology, geomorphology, geology, climate, and tectonics / seismology. Further impact, control and management of natural hazards, are largely dependent on socio-economic and geo-political context of a country.

Natural background

Nepal, a developing and a landlocked mountainous country in South Asia, with an area of 147,181 sq. km is home to 26.5 million inhabitants (2011 census). It is situated between two large and densely populated countries of Asia: China in the north and India in the south, east and west (Fig. 9). About 800 km long (east-west) and 170 to 200 km wide (north-south), it belongs to the central part of the Himalayan Arc, which has been formed by the collision of Indian and Eurasian plates. It has contrasted elevations ranging from 60 meters above the sea level in the southern plain to 8,848.86 meters, Mt. Everest, the highest peak on the earth, in the northern part and eight of the ten world's highest peaks lie in Nepal.

2.1.

Regional geomorphology of Nepal Himalaya [START_REF] Hagen | Report on the geological survey of Nepal preliminary reconnaissance[END_REF] has divided the regional geomorphology of Nepal into five main, well-defined physiographic regions from South to North (Fig. 10). Table 1 Himalaya but some sites also lie in the Higher Himalaya.

Tectonics / seismology of the Nepal Himalaya

Nepal is tectonically very active as it lies between two moving plates, i.e., Indian Plate and Tibetan Plate. According to Bilham et al. (1997), Indian Plate is moving northward with an average rate of 2 cm to 5 cm per year and nearly half of this horizontal slip is being accommodated within the Himalaya. As a result, the rocks of the Himalaya are moving upward as well as horizontally towards south along the major thrusts (Upreti, 1999).

The basic framework, or architecture, of the Himalaya is controlled by three master thrusts that extend all along the Himalayan range: namely the Main Frontal Thrust (MFT), the Main The three thrusts are considered to come together in a low angle decollement known as the Main Himalayan Thrust (MHT) to the north, deep below the Himalaya (Fig. 11). The decollement is a major crustal break separating the upper and the lower continental crust of the Indian plate. The lower crust under thrusts to the north below the Tibetan continental crust resulting in the doubling the crust below Tibet but the crust above the decollement is being pushed out to the south along the three master thrusts. Initiation of the three thrusts was younger in age from north to south. The MCT was the first thrust to break the Indian crust.

All in all, these active faults pose constant threats of earthquakes in Nepal, hence Nepal is prone to disasters.

Geology of Nepal Himalaya

Geologically, Nepal is divided into five Zones (Fig. 12): the Terai Zone (Gangetic Plain), the Sub-Himalayan Zone, the Lesser Himalayan Zone, the Higher Himalayan Zone and the Tibetan-Tethys Himalayan Zone. Studied sites for this PhD thesis lie in Lesser Himalayan Zone, Higher Himalayan Zone and Tibetan -Tethys Himalayan Zone. 

Terai Zone

The Terai Zone (Fig. 

Sub-Himalayan (Siwaliks) Zone

The Sub-Himalayan Zone, also known as the Siwaliks Zone (Fig. 12,legend 2), is delimited on the south by the Main Frontal Thrust (MFT) and on the north by the Main Boundary Thrust (MBT). It consists of fluvial deposits of the Neogene age (23 million years to 1.6 million years old). This Zone extends all along the Himalaya forming the southernmost hill range with width of 8 to 50 km. The Lesser Himalayan rocks thrust southward over the rocks of Siwaliks along the MBT [START_REF] Dahal | Geology for Technical Students[END_REF]. The general dip of Siwaliks beds has a northward trend with varying angles and the overall strike is east-west. The Siwaliks Zone has number of east-west running thrusts. Siwaliks Zone is also rich with fossils (plants, pisces, reptiles and mammals -Carnivora, Proboscidea, Artiodactyla, Rodentia and Primates).

Lesser Himalayan Zone

The Lesser Himalayan Zone (Fig. 12, legend 3) is bounded to the north by the Main Central Thrust (MCT) and to the south by the Main Boundary Thrust (MBT). The MBT can be traced out in all Nepal Himalaya. The Lesser Himalaya Zone mainly have unfossiliferous, sedimentary, and meta sedimentary rocks such as slate, phyllite, schist, quartzite, limestone, dolomite (thrusted from the Indian Plate). There are also some granitic intrusions in this Zone.

The Higher Himalayan Zone (HHZ)

Geologically, the Higher Himalayan Zone (HHZ) (Fig. 12, legend 4) includes the rocks laying north of the Main Central Thrust (MCT) and below the highly fossiliferous the Tibetan-Tethys Zone. The HHZ consists of an approximately 10 km thick succession of strongly metamorphosed coarse-grained rocks. It extends continuously along the entire length of the country and its width varies from place to place. This HHZ is separated from the Tibetan-Tethys Zone by a normal fault system called South Tibetan Detachment System (STDS).

The Tibetan-Tethys Himalayan Zone

The Tibetan-Tethys Zone lies in northern part of the country (Fig. 12 Fort, 1977).

Climate of Nepal Himalaya

Climate of Nepal is extremely varied and is controlled by the monsoonal winds and the regional geomorphology. and Tibet (China) is given in Fig. 15. The south-east wind brings monsoon in whole South Asia, which flows towards Nepal and Tibet from the Indian ocean (Fig. 15). Yet, the term monsoon refers not only to the summer rains but to the entire cycle that consists of both summer moist onshore winds and rain from the south as well as the offshore dry winter winds that blow from the north Asia (Siberia) to the Indian Ocean [START_REF] Das | The monsoon experiment[END_REF]. Topography and aspect of mountain slope (relief) also make local change in rainfall, wind and temperature. In Finally, the Nepalese climate shows a very marked dry season lasting from mid-October until May and during this period, many locations experience severe drought.

Nepal
However on recent years, as worldwide, climate in Nepal also seems to be changing. Long drought and intense rainfall have been frequent on recent years and is attributed to the climate change. More precipitation is being observed in Trans-Himalayan region these days and as shown in Fig. 20, this will invite more natural hazards (Fort, 2015).

Climate change is likely to have a significant impact on the frequency and intensity of some natural hazards, i.e., extreme flood event. Increases in air temperature will make GLOF flooding more likely as glacier melting increases and large volume pro-glacial lakes form more quickly. Increases in extreme precipitation will make flash flooding more frequent;

increase soil erosion potentially leading to more landslide induced flooding; and increase the frequency of events where urban flooding occurs due to infrastructure being overwhelmed compared to its design. et al., 1984). 

Natural hazards in Nepal

Nepal is prone to various types of natural hazards, mainly geo-physical and hydro-meteorological hazards (earthquake, landslide, flood, debris flow, glacier/landslide lake outburst flood) due to its rugged and fragile physical environment: very high peaks, high angle of slopes, variable climatic conditions, complex geology and active tectonic processes.

Nepal lies in a tectonic Zone where the mountain-building process still continues, hence Nepal is also in a seismically active Zone with a high probability for massive earthquakes. 1934, 1980, 1988, 2005, 2015and floods of July 1993, July 2002, May 2012, August 2018 and July 2020 are among the most devastating natural hazards in Nepal, the country ever experienced in modern times. They did not only cause heavy loss of human lives and physical property but also adversely affected the development process of the country as a whole. In this way, Nepal has been found to be a disaster-prone country.

A short introduction to main natural hazards in Nepal are discussed below.

Earthquakes

Earthquakes are classified into five categories (Table 2). Figure 21 shows the history of major earthquakes in the past 500 years indicating potential Zones for future earthquakes in the Himalayan region. From the seismic risk perspective, Nepal is considered as one hot-spots in the world [START_REF] Dixit | Public School Earthquake Safety Program in Nepal[END_REF]. Nepal has an historical record of devastating earthquakes: the earliest recorded major destructive event was in the year 1255 (Table 3), followed by the M>8 events of 1408 and the debated one of 1505. More recently, the M 8.4

1934 Bihar event remains the reference one. The Nepal 2015 Gorkha earthquake, with a moment magnitude (Mw) of 7.8, was a major tremor, which caused more than 9,000 deaths, injured approximately 22,500, damaged approximately one million traditional masonry as well as reinforced concrete buildings. During earthquakes, 80% of fatalities are caused by collapsed buildings, about 10% are caused by the lack of medical facilities and, about 10% are because of emergency response systems (Yon et al., 2017). Given the increment of population in main cities of Nepal including Kathmandu valley in recent decades, the infrastructure damages and mortality would significantly increase during a future major earthquake (Bilham, 2019).

Earthquakes cannot be predicted nor can be known where and when exactly it takes place. But it has been more than 500 years since the western part of Nepal, especially

Pokhara and to the west of Pokhara, has not been hit by a major earthquake. To that end, the segment from western Nepal to the east of Pokhara appears to be the most important seismic gap in Nepal (Bollinger et al., 2016;Fort et al., 2018;Fig. 22). Actually, the April 25, 2015

Gorkha earthquake did not affect the Pokhara valley, only 70 km distant; instead, it propagated eastward, severely affecting Kathmandu and adjacent districts (Bollinger et al., 2016). This means that along the area extending from Gorkha to the western Nepal border, another large earthquake is already due and may occur at any time. The death toll from a future nocturnal earthquake in Nepal Himalaya could possibly exceed 100,000 due to increased population and given the vulnerability of present-day construction methods. However, that same earthquake during daylight hours may result in fewer deaths than the estimated (Bilham, 2019). 

Landslides

Landslides are commonly occurring natural events in Nepal. The concept of landslide is used to describe a range of processes that result in downward and outward movements of slope forming material composed of rock, soil and artificial materials (Petley et al., 2005b). In this context, the term 'mass movement' might be desirable, but here the term landslide will be used as it is commonly used and better addresses the case of Nepal [START_REF] Petley | Trends in landslide occurrence in Nepal[END_REF]. The landslides classification by [START_REF] Varnes | Slope movement types and process[END_REF] is established according to the types of movement and affected material (Table 4). The occurrence of landslides is influenced by factors such as steep slopes, geologic structure, and groundwater conditions and they are triggered by intense and prolonged rainfall, earthquakes, and melting of permafrost [START_REF] Petley | Trends in landslide occurrence in Nepal[END_REF]. Nepal being one of most active mountain ranges in the world, frequent landslide activity can be expected here. However, human activities are progressively playing a significant role in mountainous region of Nepal to generate landslides (Gerrard and Gardner, 2002;[START_REF] Petley | Trends in landslide occurrence in Nepal[END_REF].

Landslides are causing great disruption to economy and development. For example, every year landslides disrupt the Prithvi highway, the only road connecting the capital city Kathmandu with the South, like in August 2000, when the road was disconnected for 11 days and isolated the Kathmandu valley [START_REF] Dahal | Representative rainfall thresholds for landslides in the Nepal Himalaya[END_REF]. The Kali Gandaki corridor road from Beni to Jomsom gets blocked by landslides almost every monsoon season, the longest being for 2 months in the year 2020. The occurrence of landslides is not even throughout the country. The Terai region, flat plains in the southern part of the country, has a very low occurrence of landslides as do the Mountain districts, whereas the Hill districts have the highest distribution of landslides [START_REF] Dahal | Representative rainfall thresholds for landslides in the Nepal Himalaya[END_REF]. Haphazard road construction (steep hillslope undercutting) is said to be a major issue in Nepal, significantly increasing the risks of land sliding, hence of infrastructure destruction and human toll [START_REF] Petley | Trends in landslide occurrence in Nepal[END_REF][START_REF] Hearn | Engineering challenges for sustainable road access in the Himalayas[END_REF]Sudmeier-Rieux et al., 2019;[START_REF] Bell | A catastrophic multi-hazard event in 2020 in Kali Gandaki valley, Nepal Himalaya[END_REF]. 

Floods

Flood is the most common natural hazard in Nepal and has affected lives of vulnerable people, often pushing them further into poverty. The principal and most destructive type of flooding from rivers (fluvial) often occurs in the Terai region. On average, floods cause over 175 deaths each year and average annual economic losses exceeding USD 140

Million (Nepal Disaster Report, 2019). Nepal is the tenth highest country in the world in terms of relative physical exposure to fluvial flooding, exposing possible damage to physical assets as a value equivalent to 1.4% of its GDP.

There are about 6,000 rivers and streams, measuring a total length of ~ 45,000 km in Nepal [START_REF] Shrestha | Rivers of Nepal[END_REF]. Collectively, these river systems sustain drinking water, agriculture, hydropower, recreation, and other livelihood options. However, they also produce floods causing disaster. Floods are responsible for damage to agricultural products, built infrastructure, human lives, and often result in waterborne diseases such as cholera, dysentery, and typhoid fever. A brief summary of different types of flood and their occurrence in Nepal are presented and discussed below and summarized in Table 5, 6. The typology of floods is based on the main triggers.

Monsoon flood

Monsoon floods are common during the monsoon period from June to September in Nepal since two-thirds of the total precipitation occurs in this period (Fig. 25).

Monsoon rainfall can cause soils saturation, hence increased runoff, and then widespread large floods once river capacity is overwhelmed. The low-lying urban areas and infrastructures and Terai region are the main receptor for these floods including large swaths of agricultural land. This is the largest source of flooding to Nepal and causes the greatest loss of lives and properties. Every year, monsoon floods creates havoc across the country in Nepal.

Flash flood

Flash floods in mountainous areas and the mid-hills generally occur in small catchments, when intense rainfall falls in a short period of time leading to high surface water runoff into existing streams and channels (Fig. 26). These events can happen in any of the Himalayan or middle hills regions. Due to the large volumes of water generated by surface water runoff, flash floods can breach existing river channels and pose risk to nearby population centers and existing infrastructure such as bridges. It is mainly caused by natural factors:

intense rainfall, presence of landslide debris and/or soft rocks (schists/mica schists) and, in the upper catchments, the co-occurrence of snow and glacial melt with monsoon precipitation.

Several human factors are also responsible, for example land use changes, drainage congestion caused by haphazard development activities, and dam failures (K.C., 2013).

These factors may act individually or in combination, and the intensity and magnitude depend largely on the location and pattern of occurrence. Moreover, continuous rainfall on saturated mountain slopes induces landslips resulting in flash floods along with high sediment and bed loads. The occurrence of extreme precipitation events in mountain areas causes significant damage to properties and claims human lives. For example, an extreme precipitation event in 1993 in southern and central parts of Nepal had generated about 2,000 landslides of various sizes with major landslides in more than 200 places resulting in flash floods in many rivers, which significantly damaged transportation routes and claimed about 160 lives [START_REF] Dhital | Geological engineering investigations at the collapsed Seti Bridge site, Pokhara[END_REF].

Landslide dam lake outburst flood (LDOF)

Landslides (usually triggered by the loosening of soil through precipitation and/or weathering, and more rarely by earthquakes) can create a dam across a river and block river flow, leading to a lake building behind it. Temporary lakes are formed due to damming by landslides in areas where narrow river valleys are bordered by steep and rugged mountain slopes [START_REF] Zhu | Flash flooding caused by landslide dam failure[END_REF]. Although these events can create permanent features, most dams are prone to collapse. Approximately 27% of landslide dams burst within a day of their formation [START_REF] Costa | The formation and failure of natural dams[END_REF]. If the dam breaches, then the ponded water comes out suddenly in a flash flood, which carries part of the landslide material. Due to the rapid release of large volumes of water, floods can breach existing river channels and pose immense threats to downstream settlements and existing infrastructures. These events can happen in any of the Himalayan or middle hills regions. Large landslide dams are often caused by complex landslides that start as slumps and transform into rock or debris flows or avalanches. The breaching of landslide dam lakes occurs as a result of fluvial erosion of the debris or landslide material, with erosion starting at the toe of the dam and moving progressively upstream to the lake. Piping (the presence of sloping tube-like features in the soil often marked by seepage) can also lead to internal structural failure of the dam. However, the most common cause of failure is overtopping by the lake water. Sometimes, piping and undermining of the dam can cause partial collapse followed by overtopping and breaching.

Similarly slope failure can also cause dam failure. Earthquake may also be one of the main reasons for landslide dam lake burst. Flash flooding caused by landslide dam failure is a significant hazard in Nepal, as also particularly common in the high rugged mountain areas of China, India, and Pakistan [START_REF] Zhu | Flash flooding caused by landslide dam failure[END_REF]. In a study by [START_REF] Khanal | Study on landslide dam outburst flood in Madi River in Nepal on August 3[END_REF], it is reported that 11 disastrous landslide dam outburst floods occurred from 1967-1989 due to breaching of landslide dams. In Larcha (Sidhupalchowk district), this type of flood took place in July 1996 killing 54 people and sweeping away 22 houses. Such events occur randomly and cannot be precisely predicted.

A massive landslide on August 2, 2014 at Jure, Sindhupalchowk district (Nepal), has blocked the Sun Koshi River forming a lake 300 -350 m wide and ~3 km long, which has destroyed a km section of the Araniko highway and killed one hundred and fifty six people. Luckily the dam did not burst and its water was released gradually by blasting off the deposited dam materials (Fig. 27). A massive landslide on August 2, 2014 at Jure, Sindhupalchowk district (Nepal), had blocked the Sun Koshi River forming a landslide dam lake which was 300 -350 m wide and ~3 km long, and had destroyed a km section of the Araniko highway, submerged the 2.6 MW Sanima Hydropower and killed one hundred and fifty six people. Luckily the dam did not burst and its water was released gradually by blasting off the deposited dam that had restricted Sun Koshi River flow.

Inset map shows the Jure landslide looking from downstream (© Manoj Khadka, Nepal Army).

Glacier lake outburst flood (GLOF)

In the Himalayan region, moraine-dammed glacial lakes are common and numerous GLOF events have been traced back to the failure of moraine dams [START_REF] Shrestha | Understanding the Chamoli flood: Cause, process, impacts, and context of rapid infrastructure development[END_REF]. Glacial lakes can be impounded by moraine complexes, glacial ice or even bedrock and, GLOF may take place due to slope failure, overtopping or other failure mechanisms of the dam. They may lead to catastrophic destruction in the high mountains that threaten people's lives, livelihoods and infrastructures. The Hindu Kush Himalaya has experienced numerous GLOF events, some of them with transboundary impacts [START_REF] Xu | -Dangerous glacial lake and outburst features in Xizang Himalayas[END_REF][START_REF] Yamada | Glacier Lakes and outburst floods in the Nepal Himalaya[END_REF][START_REF] Reynolds | High-altitude glacial lake hazard assessment and mitigation: a Himalayan perspective[END_REF][START_REF] Ives | Formation of glacial lakes in the Hindu Kush-Himalayas and GLOF risk assessment[END_REF].

More than 50 glacial lake outburst events have been recorded in the Hindu Kush Himalaya but records are available only for a part of China, Nepal, Pakistan, and Bhutan.

An increase of GLOF events over the period 1940 -2000 has been reported in the Himalaya although the trend has been considered statistically insignificant [START_REF] Richardson | An overview of glacial hazards in the Himalayas[END_REF]. A total of 47 glacial lakes are said to be potentially dangerous (42 in Koshi basin, 3 in Gandaki basin, and 2 in Karnali Basin). Among them, 21 lie in Nepal [START_REF] Bajracharya | Inventory of glacial lakes and identification of potentially dangerous glacial lakes in the Koshi, Gandaki, and Karnali River Basins of Nepal, the Tibet Autonomous Region of China, and India[END_REF]. The frequency of GLOFs and risk from potential GLOFs are expected to increase as the climate continues to change. As temperatures rise, new lakes form, existing ones expand and sometimes merge, increasing the potential flood volumes in the high mountains. The areas like Upper Barun, Lower Barun, Chamlangtsho, Tsho Rolpa, Sabou, Dudh Kunda, Majang, Imja, Thulagi have potentially dangerous glacier lakes [START_REF] Bajracharya | Inventory of glacial lakes and identification of potentially dangerous glacial lakes in the Koshi, Gandaki, and Karnali River Basins of Nepal, the Tibet Autonomous Region of China, and India[END_REF]. These lakes contain huge volumes of water and remain in unstable condition. As a result, they can burst any time bringing floods downstream and may cause huge loss of lives and physical property. Nepal has experienced a number of disastrous GLOF events in the past (Table 6). [START_REF] Adhikari | Flooding and Inundation in Nepal Terai: Issues and Concerns[END_REF]1967, 1968, Buri Gandaki, Gorkha 

Human-caused infrastructural flooding

Sometimes, human built infrastructures may fail, hence causing flooding. On August 18, 2008, a flood control embankment on the eastern side of the Koshi River breached that wreaked havoc downstream in the Sun sari district of Nepal and in six districts of Bihar, a state in northeastern India [START_REF] Dixit | Kosi Embankment Breach in Nepal: Need for a paradigm shift in responding to floods[END_REF]. About 60 people were killed, 7,000 families were displaced and about 50,000 people were affected by that flood in Nepal in addition to 3.5 million people affected in Bihar, India [START_REF] Dixit | Kosi Embankment Breach in Nepal: Need for a paradigm shift in responding to floods[END_REF]Fig. 31). 

Socio-economic and geo-political context of Nepal

Nepal is still a least developed country and it has set the vision of graduating It is unlikely that the US-funded Millennium Challenge Corporation (MCC), which is a USD 500-million investment scheme for roads and electricity transmission lines, will be endorsed by Nepal's parliament without amendments. Nepal, a country deprived of connectivity due to its geography, should make the best use of this huge US grant. Like with China's Belt and Road Initiative (BRI) projects, Nepal should benefit from the MCC for its rapid economic development. However, the biggest challenge for Nepal remains maintaining a balance between the three regional and global powers. While subscribing to any projects under China's BRI, the US' MCC or Indian projects, Nepal will have to fully assure all its neighbors and partners that their concerns and sentiments are taken into account as it accepts economic assistance. How Government of Nepal maneuvers in this complex geo-political setting and continues to economically benefit from all the three major powers, is going to shape the future of Nepal? Until Nepal becomes a developed country, it cannot control and manage disasters properly. As such, natural events convert into disasters when they hit poor people living in vulnerable places or destroy properties when these are built in hazard prone areas.

Natural hazards vs. anthropogenic activities in Nepal Himalaya

As described above, natural hazards such as earthquakes, large landslides, large-scale floods appear to be serious potential threats in Nepal. Further, with the increase in anthropogenic activities such as construction of modern infrastructures which are often built without taking into consideration of threats from potential natural hazards, the probability of extensive damage has also increased. Such anthropisation is not a development paradigm but rather a development paradox. On recent decades, anthropisation is being increased by the change of open spaces, landscapes, and natural environments by human activities. Natural hazards have the potential to become disasters if the local environment is modified by either environmental changes or human activities [START_REF] Adger | Advancing a political ecology of global environmental discourse[END_REF].

As such, the land use and land cover (LULC) is rapidly changing within a short period in most parts of Nepal [START_REF] Lamichhane | Integrated Assessment of Climate Change and Land Use Change Impacts on Hydrology in the Kathmandu Valley Watershed, Central Nepal[END_REF]Gurung et al., 2021).

Inappropriate road construction (steep hillslope undercutting) is a major issue in Nepal, significantly increasing the risks of landslides, hence causing infrastructure destruction and human toll [START_REF] Petley | Trends in landslide occurrence in Nepal[END_REF][START_REF] Hearn | Engineering challenges for sustainable road access in the Himalayas[END_REF]Sudmeier Rieux et al., 2019;Bell et al., 2021). Each year various meteorological, hydrological and climate-related natural hazards bring disasters in Nepal by causing considerable loss of lives, and disrupt economic and social development. Unsustainable LULC change directly affects biodiversity and invite disasters [START_REF] Chase | Simulated impacts of historical land cover changes on global climate in northern winter[END_REF].

For example, the main anthropogenic interventions within river beds that affect flooding are encroachments in floodplain areas (narrowing of river flow beds). The narrowing is being caused by the construction of buildings and infrastructures on river banks and floodplains. The existence of a natural cross section, with an adequate bottom width to allow maximum discharge, often lacks due to human activities that alter river bed geometry. In addition, unplanned settlement, haphazard construction, increasing population, weak economic condition, and low literacy rate make Nepalese population vulnerable to geo and hydro-hazards [START_REF] Rankin | Political economies and political rationalities of road building in Nepal[END_REF]. Similarly lack of co-ordination among agencies related to disaster management, resource constraint, lack of technical manpower, lack of public awareness, very remote, rural communities, and absence of modern technology are increasing risk of natural hazards in Nepal [START_REF] Mcadoo | -Roads and landslides in Nepal: How development affects environmental risk[END_REF]. In addition, poorly-designed roads, bridges and hydropower projects are being built in geologically fragile sites without vetting, and with little risk assessment of future maximum flood intensity. Allowing encroachment to river functional space, undercutting of steep hill slopes will mean worse disasters in future.

Further, the climate change has added some threats (like glacial lake outburst floods or catastrophic rock collapses of high mountain slopes) to an already high-risk region.

Conclusions

As discussed above and given the fragile geology and geo-morphology of flooding space or freedom space of river has been analysed at selected sites. The river's functional flooding space is considered to be the best way for the sustainable management of flood since past flood events around the world have proven that no structural protection measures built against floods within the river's functional space are absolute. In fact, any structural control measures built within the freedom space of river could be repeatedly affected during floods.

Studied area

The study is carried out in Pokhara city and Seti River valley, starting from the Sabche Cirque, the headwater of Seti River, down to Pokhara city. The studied places have been marked from 1 to 14 (white dots, Fig. 32). Seti River which traverses through wide sections and narrow gorges at different places, measures about 40 km distance up on reaching the central part of Pokhara city (800 m) from the Sabche Cirque (4,800 m), also known as Annapurna Greater Depression. The Seti River valley has a catchment area of 586.36 km 2 . 

Geological and geomorphological setting of Pokhara and Seti River valley

A regional geological map and cross-section of the Seti River valley covering the area north of Pokhara city (modified from [START_REF] Kargel | Causes and human impacts of the Seti River (Nepal) disaster of 2012[END_REF], are in figures 33 and 34.

The bedrock of the area can be divided into three tectonic units from south to north, i.e., the Lesser Himalaya, Higher Himalaya and the Tethys Himalaya, separated by major regional faults namely the Main Central Thrust (MCT) and South Tibetan Detachment System (STDS) (Fig. 34). [START_REF] Gurung | Geomorphology of Pokhara Valley[END_REF][START_REF] Yamanaka | Terrace landform and Quaternary deposit around Pokhara Valley, central Nepal[END_REF]Fort and Freytet, 1983;[START_REF] Fort | Glacial extension and catastrophic dynamics along the Annapurna front, Nepal Himalaya. Sonderdruk Aus[END_REF][START_REF] Fort | Sporadic morphogenesis in a continental subduction setting: An example from the Annapurna Range, Nepal Himalaya[END_REF][START_REF] Koirala | Geological hazards in Pokhara Valley, western Nepal[END_REF][START_REF] Koirala | Engineering and environmental geological map of Pokhara Valley[END_REF]. The Pokhara valley is surrounded by hills, which consists of mainly low to medium grade metamorphic rocks, predominantly phyllite, sandstone and phyllitic quartzite [START_REF] Koirala | Geological hazards in Pokhara Valley, western Nepal[END_REF]. The Karst structures (e.g. subsurface flow channels, solution cavities, sinkholes, pinnacles, solution chimneys, etc.) are widely developed both at the surface and underground (Gautam et al., 2000). The Quaternary sediments include both consolidated (debris flow formations) and other sediments. The debris flow sediments covering almost all the Pokhara basin are the most characteristic Quaternary deposits in the valley. The Quaternary deposits that overlie basement rocks of Pokhara have been divided into seven formations: Begnas, Siswa, Tallakot, Ghachok, Phewa, Pokhara and Rupakot Formations [START_REF] Yamanaka | Terrace landform and Quaternary deposit around Pokhara Valley, central Nepal[END_REF][START_REF] Fort | Sporadic morphogenesis in a continental subduction setting: An example from the Annapurna Range, Nepal Himalaya[END_REF]Fort et al., 2018). These are present in different places along the Seti River and Pokhara valley as shown in Fig. 35.

The Ghachok Formation is the major lithology prone to the development of karstic features (Fig. 35). The Ghachok and Pokhara Formations are quite different due to their material, hence to their differential resistance to erosion and to their geometric relationship in relation to differential uplift [START_REF] Hormann | Die Terrassen an der Seti Khola: Ein Beitrag zur Quartären Morphogenese in Zentral Nepal[END_REF][START_REF] Yamanaka | Terrace landform and Quaternary deposit around Pokhara Valley, central Nepal[END_REF][START_REF] Fort | Sporadic morphogenesis in a continental subduction setting: An example from the Annapurna Range, Nepal Himalaya[END_REF][START_REF] Fort | The Pokhara valley: A product of a natural catastrophe[END_REF]. The Ghachok Formation consists of sediments that are intensely lithified due to the high content of calcium carbonate (mostly derived from the marbles and schists of the yellowish Larjung Formation), and therefore they behave rather like a bedrock, widely known as conglomerate rock.

This explains (i) the extended karstification, a process, which creates wide open cracks and large caves in the sub-ground, and (ii) the narrow gorges through, which Seti

River flows across the Pokhara city, prone to blockages during flooding. In contrast, the Pokhara Formation is more erodible, because it is made of loose, gravels deposits (including a few gneissic boulders like the Bhim Kali one), brought by the mega debris flow events of Medieval age [START_REF] Fort | Sporadic morphogenesis in a continental subduction setting: An example from the Annapurna Range, Nepal Himalaya[END_REF][START_REF] Fort | The Pokhara valley: A product of a natural catastrophe[END_REF][START_REF] Schwanghart | -Repeated catastrophic valley infill following medieval earthquakes in the Nepal Himalaya[END_REF][START_REF] Stolle | Catastrophic valley fills records large Himalayan earthquakes, Pokhara, Nepal[END_REF]Stolle et al., , 2019)). The sediments of Pokhara Formation, mostly derived from the Nilgiri Formation (black carbonaceous schists), do not show strong lithification. The hardened Ghachok Formation, located to the north of Pokhara city, forms an upper terrace bounded by steep cliffs, which was progressively entrenched by the Seti River then abruptly and partly filled by the Pokhara gravels, now forming the lower, most recent terrace sets. But in the centre of the Pokhara valley, the Pokhara gravels are superposed upon the Ghachok conglomerates [START_REF] Hormann | Die Terrassen an der Seti Khola: Ein Beitrag zur Quartären Morphogenese in Zentral Nepal[END_REF][START_REF] Fort | Sporadic morphogenesis in a continental subduction setting: An example from the Annapurna Range, Nepal Himalaya[END_REF][START_REF] Fort | The Pokhara valley: A product of a natural catastrophe[END_REF]. The Seti River valley is narrowing when flowing across the Ghachok Formation, then widening across Pokhara Formation. These two major formations are crucial to explain both landforms (the occurrence of gorges across Pokhara city) and the present processes and hazards: easy bank erosion when only Pokhara Gravels outcrops, but bank collapses with blocks when Ghachok outcrops even if there is some thin cover of Pokhara gravels. The process of deepening of Seti River in Ghachok Formation and both widening and progressive incision processes in Pokhara Formation is a continuous phenomenon since the Pokhara gravels deposition, which, from Milanchowk-Lamachaur downwards, is overtopping the older Ghachok conglomerates.

Climate and hydrology of Seti River valley

Nepal is one of the most vulnerable countries in the world in the context of climate change impacts and disasters (INFORM, 2020). Seti River valley is the highest precipitation area in Nepal with annual precipitation more than 4500 mm (DHM, GoN; Fig. 14). The intense rainfall causes severe landslides and floods in the region. The climate of Seti River valley is subtropical. The temperature varies between 30°C and 35°C in summer and -2°C and 15°C in winter (Fort et al., 2018). The rainfall pattern is dominated by the monsoon rainfall, with 80% of the total rainfall occurring from June to September. The average annual precipitation in Pokhara is 3951 mm (DHM, GoN), with amounts exceeding 4800 mm in Seti River catchment (elevations ≈ 3000 m) due to the orographic amplification, which makes Pokhara and Seti valley -the highest annual precipitation in the country. In winter, the circulation of westerlies prevails and the sky remains clear, although the atmosphere is cold and rather foggy in the morning (Burbank et al., 2003;Gabet et al., 2004;Fort et al., 2018).

Seti River valley being the highest precipitation area in Nepal and having the steepest orographic gradient (~10%) where 4.2 km fall of the elevation within 44 km distance, it is highly vulnerable to floods. Further these floods are expected to increase with the increase of anthropogenic activities and global warming (climate change). Our findings from the study carried out on specific sites along the Seti River valley on hydro-torrential hazard and how human activities are aggravating this turn into disaster, are presented in a peer reviewed paper in the following section 3, and complements will be provided in Section 4.

Natural hazards in Pokhara and Seti River valley

Pokhara valley and Seti River valley have been exposed to frequent multiple natural hazards since its formation. Floods, landslides, earthquakes, sinkholes are major natural hazards that pose serious threat to humans and its properties in Pokhara and along Seti River valley. Here we first discuss about flood hazard, which was mainly focused on this study.

Flood hazard

Seti River may experience mainly three types of flood, which have been told

to have occurred at different times in the past also by different studies: (i) the "regular" monsoon floods, (ii) the rare floods events such as the 2012 one (which can become more frequent with the changing climate), and (iii) the exceptional debris-floods events such as the Medieval ones (that had caused the extent of the top surface of the Pokhara gravels 100 m above the present Seti River bed), which will invade the entire Pokhara valley, killing hundred thousands of people living there. Though rare and exceptional debris-floods have not been recurrent, but if they occur, they pose a great risk to Pokhara and Seti valley, the latest one was the 2012 Seti flood. Many scientists have warned that flooding in Seti River similar to the scale of 2012 or even greater may occur again in the days to come, yet with even more serious consequences in densely populated river side settlements along Seti River and Pokhara valley (Bhandary et al., 2012;Fort et al., 2018;Gurung et al., 2021). Flood in Seti River valley can be developed mainly from one or combination of (a) rock mass triggered ice-avalanche debris flow in Sabche Cirque (as in 2012) and (b) landslide dammed lake outburst flow in Seti

River and its tributaries. The most threatening flood hazard however comes from the high Annapurna area, the Sabche Cirque associated with extreme weather events and high precipitation, especially during the summer monsoon period, resulting in excessive river discharge. Seti River being a snow-fed river, it is in high risk of flash flood due to avalanches and rock fall in its headwater. As such, the Seti River watershed is characterized by deposits from past catastrophic floods originated from Sabche Cirque and triggered by earthquakes [START_REF] Fort | Sporadic morphogenesis in a continental subduction setting: An example from the Annapurna Range, Nepal Himalaya[END_REF][START_REF] Schwanghart | -Repeated catastrophic valley infill following medieval earthquakes in the Nepal Himalaya[END_REF][START_REF] Stolle | Catastrophic valley fills records large Himalayan earthquakes, Pokhara, Nepal[END_REF]. River side settlements that have sprung on the floodplains along Seti River such as Saadal, Khaarpaani, Masina Bagar, Upallo and Tallo Gosti, Shantitole (Kaseri Bazzar), Ramghat etc. have been identified vulnerable to floods in Pokhara and Seti catchment.

Historical, exceptional massive debris floods events in the Seti River

According to different researchers, Seti River catchment was historically invaded by exceptional debris floods [START_REF] Yamanaka | Terrace landform and Quaternary deposit around Pokhara Valley, central Nepal[END_REF][START_REF] Fort | Sporadic morphogenesis in a continental subduction setting: An example from the Annapurna Range, Nepal Himalaya[END_REF][START_REF] Koirala | Engineering and environmental geological map of Pokhara Valley[END_REF][START_REF] Koirala | Engineering and environmental geological map of Pokhara Valley[END_REF][START_REF] Fort | The Pokhara valley: A product of a natural catastrophe[END_REF][START_REF] Schwanghart | -Repeated catastrophic valley infill following medieval earthquakes in the Nepal Himalaya[END_REF][START_REF] Stolle | Catastrophic valley fills records large Himalayan earthquakes, Pokhara, Nepal[END_REF]. Actually, the morphology of Pokhara valley itself is told to have been formed as the result of different giant debris-flow events in the past.

(i) The Ghachok Glacio-fluvial Conglomerate Formation, which is supposed to have formed around 12,000 years ago by mega debris flow related to deglaciation [START_REF] Gurung | Geomorphology of Pokhara Valley[END_REF][START_REF] Yamanaka | Terrace landform and Quaternary deposit around Pokhara Valley, central Nepal[END_REF]Fort and Freytet, 1983;[START_REF] Fort | Glacial extension and catastrophic dynamics along the Annapurna front, Nepal Himalaya. Sonderdruk Aus[END_REF][START_REF] Fort | Sporadic morphogenesis in a continental subduction setting: An example from the Annapurna Range, Nepal Himalaya[END_REF][START_REF] Koirala | Geological hazards in Pokhara Valley, western Nepal[END_REF][START_REF] Koirala | Engineering and environmental geological map of Pokhara Valley[END_REF].

(ii) The Pokhara Gravels Formation, which was deposited during the medieval ages (~800 years ago) at least by two or three mega-debris-flow events [START_REF] Schwanghart | -Repeated catastrophic valley infill following medieval earthquakes in the Nepal Himalaya[END_REF][START_REF] Stolle | Catastrophic valley fills records large Himalayan earthquakes, Pokhara, Nepal[END_REF]. These mega debris-flows were derived from the giant mountainwall collapses from the Annapurna IV (7525 m) West face, East of Sabche Cirque (Fig. 32, 33) that are believed to have been triggered by mega-earthquakes [START_REF] Fort | Sporadic morphogenesis in a continental subduction setting: An example from the Annapurna Range, Nepal Himalaya[END_REF][START_REF] Schwanghart | -Repeated catastrophic valley infill following medieval earthquakes in the Nepal Himalaya[END_REF][START_REF] Stolle | Catastrophic valley fills records large Himalayan earthquakes, Pokhara, Nepal[END_REF]. As such, their petrographic components support that these mega debris-flows were derived from Annapurna IV and Sabche Cirque [START_REF] Colchen | Geological map of Annapurnas-Manaslu-Ganesh Himalaya of Nepal[END_REF].

The Ghachok conglomerates and their petrography indicate that the material were from all sides of the Sabche Cirque, with the predominant yellowish Larjung limestones.

In contrast, the petrographic components of Pokhara gravels (mostly Nilgiri limestones, or "dark grey calcareous schists of the Sombre Formation"; [START_REF] Colchen | Geological map of Annapurnas-Manaslu-Ganesh Himalaya of Nepal[END_REF], clearly demonstrate that these mega debris-flows were derived from giant mountain-wall collapses from the Annapurna IV (7,525 m) West face, East of Sabche Cirque. The damming of tributaries of the Seti River by the debris flow events of the medieval ages (i.e., Pokhara gravels) deposited along the main stream of the Seti River resulted in the formation of several lakes in Pokhara valley including Fewa, Begnas and Rupa and others [START_REF] Gurung | Geomorphology of Pokhara Valley[END_REF][START_REF] Yamanaka | Terrace landform and Quaternary deposit around Pokhara Valley, central Nepal[END_REF]Fort and Freytet, 1983;[START_REF] Fort | Glacial extension and catastrophic dynamics along the Annapurna front, Nepal Himalaya. Sonderdruk Aus[END_REF][START_REF] Fort | Sporadic morphogenesis in a continental subduction setting: An example from the Annapurna Range, Nepal Himalaya[END_REF][START_REF] Fort | The Pokhara valley: A product of a natural catastrophe[END_REF][START_REF] Stolle | Catastrophic valley fills records large Himalayan earthquakes, Pokhara, Nepal[END_REF].

Therefore, Pokhara valley and Seti River have historical floods since their formation.

Latest disastrous flood in Seti River

The latest disastrous flood in Seti River took place on May 5 th 2012, where a hyper-concentrated debris flow occurred in the upper part of the Seti River valley causing the death of 72 people and obliterating dozens of homes and infrastructures worth millions of dollars. This flood consisted in a rockslide triggered ice -snow debris flow (Bhandary et al., 2012;[START_REF] Dwivedi | Cause and mechanism of the Seti River flood, 5th May 2012, Western Nepal[END_REF][START_REF] Gurung | Causes and effects of Seti River Flash Flood 2012[END_REF][START_REF] Kargel | Causes and human impacts of the Seti River (Nepal) disaster of 2012[END_REF]NASA, 2013;[START_REF] Kargel | Seti River flood disaster and alpine cryospheric hazards facing Pokhara, Nepal[END_REF]SANDRP, 2014). It was unusual because it was an unpredicted and unexpected debris flow that had occurred in the dry period. Although the reason for the flood is still debated, the most convincing one is believed to be a rock mass triggered rock-ice-avalanche debris flow after the failure of a massive rock mass from Annapurna IV (Bhandary et al., 2012;[START_REF] Dwivedi | Cause and mechanism of the Seti River flood, 5th May 2012, Western Nepal[END_REF]NASA, 2013;[START_REF] Kargel | Seti River flood disaster and alpine cryospheric hazards facing Pokhara, Nepal[END_REF]SANDRP, 2014;Fort et al., 2018). A huge rock mass (~ 22 million m 3 ) detached from the western steep slope of Annapurna IV, had fallen around 1500 m down on the glacier ice at the toe of the slope. The rock mass collapse was not triggered by rainfall or an earthquake, in contrast to the aforementioned mega-earthquake events (Pokhara gravels Formation), but the volume of the collapse was large enough to be recorded by the seismometer network [START_REF] Dwivedi | Cause and mechanism of the Seti River flood, 5th May 2012, Western Nepal[END_REF].

Among the possible explanations about the detachment of a massive rock slope, either a classic decohesion process of high-mountain cliffs and/ or the impact of climate change (melting of permafrost ice present within the rock joints and cracks), seem to be reasonable option (Fort et al., 2018). The rock mass was completely disintegrated, a huge cloud formed and large quantities of ice were removed. From melting of snow and ice, large quantities of water were produced by the impact. The dynamic impact energy is calculated to have been roughly 250 billion KJ [START_REF] Hanisch | The Pokhara May 5 th flood disaster: A last warning sign sent by nature[END_REF]. From a process during this impact on ice, a sort of debris/water/ice avalanche ("sturzstrom") formed and rushed down into the wide Sabche Cirque (Fig. 36). All loose material, ice, shrub vegetation and soils were erased and incorporated into the flow. Its width attained about 2 km, thus with considerable dissipation of its dynamic energy. At the bottom of the Sabche Cirque, the flow and its air-pressure swept away many side trees and finally entered the narrow deep gorge, which forms the spillway of the Sabche Cirque. At the southern end of the gorge, the stream had transformed into a huge debris flow which mainly hit the lower terraces of Khaarpani Tatopani killing 69 people there (Fig. 37, 38). 

4.

Complementary sites from Seti River, which were not included in the article 4.1.

Anthropogenic activities within the river functional flooding space at

Bharabhuri Bagar and Ramghat

The river's functional flooding space is considered to be the best way for the sustainable management of flood since past flood events around the world have proven that no structural protection measures built against floods within the river's functional space do not last long. In fact, any structural control measures built within the freedom space of river could be repeatedly affected during floods. Analysis of the river functional flooding space

shows that anthropogenic activities at Bharabhuri Bagar (Fig. 32, dot 4) and Ramghat depression (Fig. 32, dot 13) have increased risk for flood hazard to become disaster since infrastructures and settlements have been built within the river maximum flooding space.

Providing more space for rivers to migrate and flood naturally without any danger, appears to be the obvious approach for the sustainable management of fluvial risk, because this approach of river management is not only "environmentally friendly" but is also economically sensible and it can save human lives and properties in heavily populated alluvial plains.

The hydro-geomorphological maps with delineation of the river functional space prepared for Bharabhuri Bagar (Fig. 39) and Ramghat (Fig. 40) show the active-channel dynamics, flooding zones, maximum flooding space connectivity between the river, and the slope. These maps also include past events deduced from field observations, and data provided by local people. These maps show clearly that anthropogenic activities and settlements have been built within the maximum flooding space or functional flooding space of river. That means these infrastructures and settlements are vulnerable to high floods. At Bharabhuri Bagar [Fig. 41 (a), (b)], the powerhouse and intake of upper and middle Seti hydro power projects are being built within the river functional flooding space, hence these are susceptible to high floods. Note that these areas were also flooded during the 2012 Seti flood.

Similarly, the fluvial risk has been increased by anthropogenic activities such as construction of houses within the river functional space at Ramghat depression (Fig. 40).

As such, the 5th May 2012 Seti debris flow event has already proved that anything built within the river's functional space are not sustainable. A case example from Seti Mureghat is shown in Fig. 42. 

Sites subject to damming and flooding due to bottlenecks (gorges):

Sabche Cirque, Jimribari, Kapuche, K.I. Singh Bridge, Narayanthan and Ramghat

Sabche Cirque

Also known as Annapurna Greater Depression, it is a bowl-like glacial structure that exists at the elevation of 4500 m surrounded by Machhapuchhre (6,993 m), Annapurna III (7,555 m), and Annapurna IV (7,525m) mountains and is the source of Seti River (Fig. 32, dot 1, Fig. 43). Since Sabche Cirque is prone to avalanches, massive rock-falls and wedge failures (Fig. 43), the presence of about 1 km narrow and deep Seti River gorge at the outlet of Sabche Cirque (Fig. 45) acts as spillway and may cause flooding downstream. 

Jimirbari

Jimirbari, located about 10 km downstream from the Sabche Cirque (Fig. 32, dot 2), where the intake of the upper Seti hydro power project (25 MW) is being built (Fig. 46), is susceptible to flooding due to the presence of narrow and bottleneck river section.

There, the Seti River flows through unstable banks on both sides with a sharp bend (Fig. 47), and, landslides are possible due to the steep slope. The Seti flow might be blocked by landslides anytime and thus create upstream temporary damming and, subsequently cause downstream flooding. The slopes consists of loose soil with highly weathered phyllite rock. Further, the risk at Jimirbari is increased by anthropogenic activities, which might cause flood change into disaster. The construction of intake structure and weir (dam) of the upper Seti hydro power project on the floodplain have increased the risk. According to a local from Jimirbaari (81 yrs. old Dale Pun, now lives in Kapuche), the intake site and settlement area were flooded twice to his memory. The first some 30 years ago and the last one was during the 5 th May 2012 where 2 houses were partly submerged in flood. Active erosion and landslips can still be seen along the banks of the sharp bend (Fig. 48).

Kapuche

Located some 2 km downstream of Jimirbari (Fig. 32, dot 3, Fig. 49), the swollen Seti River during monsoon often gets blocked at Kapuche due to the presence of a sharp bend and bottleneck channel (Fig. 50). During high flooding like in 2012, damming takes place at this narrow section and causes downstream flooding. There is also a possibility of rock-falls and landslide from the left bank slope of the Seti River at this narrow channel that might block Seti flow and create landslide lake dam. As such, Ebang was dammed during the 2012 Seti debris flow event due to this narrow and bottleneck section at Kapuche (Fig. 51). The flooding at K.I. Singh bridge may also be possible by block falls and river bank toppling as shown in Fig. 54 along narrow and deep gorge between K.I. Singh Bridge and its Seti River exit (Fig. 55). The Seti bank along KI Singh bridge gorge consists of Conglomerate rock of Ghachok Formation. 

Ramghat

Ramghat, a strange depression in the centre part of Pokhara city (Fig. 32, dot 13), is famous for sand mining quarry. Due to the presence of bottleneck channel at its outlet (Fig. 59), Ramghat depression is highly susceptible to damming. As such, during monsoon season, the depression frequently gets impounded with water and converts into a lake (Fig. 60). If Ramghat is fully filled up by water, about 6.3 million cubic meter water (600 x 300 x 35 m 3 ) is stored. This scenario seems to turn into disaster when there occurs additional flash flood such as landslide dam outburst flood (LDOF) in Seti catchment together with monsoon flooding which could cause overflow of Seti towards settlement. This is also possible if the Seti flow is blocked by bank toppling downstream the Ramghat for a long period. 

Sites susceptible to edge falls and bank toppling

The River banks along the Seti River which are mostly terraces from the Ghachok Formation, are susceptible to river edge falls and collapses. This may bring a huge disaster since edge falls and bank toppling may affect houses that have been built on the very edge of the bank terraces and may also kill people. Further, they may block Seti River flow, especially in narrow gorge within Pokhara city causing huge loss of lives and property. For example, if Seti gets blocked downstream of Ramghat (Ramghat to Ratopahiro section, Fig. 

Earthquake hazard

Since Since the time circa 500 -600 years ago, a large earthquake of high-magnitude (>8) has not hit the segment from western Nepal to the east of Pokhara, hence this area appears to be the most important seismic gap in Nepal (Bollinger et al., 2016). The recent 25 April 2015, Gorkha earthquake, only 70 km north east of Pokhara, did not have much impact in the Pokhara valley and its surroundings, rather it propagated eastward, severely affecting Kathmandu and Sindhupalchowk areas (Bollinger et al., 2016). This means that along the area extending from Pokhara to the western Nepal border, another large earthquake is already due and may occur at any time (Bollinger et al., 2016;Fort et al., 2018). Under such scenario, it is sure to be more catastrophic if a large earthquake shakes Pokhara valley. In addition, earthquakes can also trigger landslides in the Seti River catchment, so that landslides and landslide dam lake outburst floods may possibly develop. The worst case would be that a mega-earthquake triggers a rockslide and subsequent mega-floods similar to those caused by the Medieval ones that shaped the Pokhara valley. Since many buildings are poorly constructed and built in foothills, these are even more vulnerable to earthquakes.

Karst hazard

The sediments in Pokhara valley are rich in calcareous constituents, hence are susceptible to karstic hazards which are widespread in the form of sinkholes, caverns, ground subsidence and sub-soil pinnacles in the Pokhara valley (Fort et al., 2018). Such sinkholes and pinnacles are frequently observed in Ghachok Formation, because they are indurated conglomerates and they behave as a limestone bedrock. The sinkholes and caverns are caused by dissolution, which progress either on or below the surface. Due to the presence of soluble calcareous material in the karstic sediments, the heavy monsoon rain easily develops sink holes both at the surface and underground. Karst areas present a variety of risks to people and their environment [START_REF] Wilson | Evaluating sinkhole hazard in mantled karst terrane[END_REF]. These include the subsidence that may be rapid or slow, resulting in damage to buildings and infrastructure. The sinkhole formations are repeatedly developed in the monsoon season, mainly in the area of Newroad, Nadipur, Mahendrapul, Batulechaur and Chhorepatan areas.

Primarily sinkholes can be divided into two groups in Pokhara valley (Fig. 79).

(i)

Cover collapse sinkholes: occur where a solution cavity develops in the limestone to such a size that the overlying cover material can no longer support its own weight.

When a collapse occurs, it is generally very abrupt and can be catastrophic. Piping also often causes cover collapse sinkholes.

(ii) Cover subsidence sinkholes: occur where the cover material is relatively incohesive and permeable, and soil move downward in sequence to replace grains that have already moved downward to replace dissolved limestone.

Sinkholes often develop at the middle of the road, thereby bringing the motor roads to collapse and adjacent houses cracked (Fig. 8081828384858687). Civil engineering structures (houses, roads, bridges) constructed over the soil, which is vulnerable for sinkhole formation, may partly or fully be damaged depending on the nature and size of sinkhole. Sinkholes can also occur under the buildings when water percolates under the foundation. It is also anticipated that many small caverns may have already developed inside the Pokhara valley due to the monsoon rain. Before the urbanization, the rainfall infiltration rate of Pokhara was very high (approximately 70% of the total rainfall used to infiltrate below the ground surface)

but now with the increment on built-up areas (buildings and streets), there is very low infiltration of rainwater through ground. Nowadays infiltration of large amount of water is highly possible through underground pipes and surface drains from the place where they are leaked or broken. They quickly develop voids into the soil by dissolving the conglomerate / limestone that underlies. As a result, many sinkholes can be seen on the roadside area of Pokhara valley where more surface water flows or gets collected.

Many parts of Pokhara valley may have already contained voids under the surface due to karstification and a small scale earthquake might be sufficient to trigger the collapse of the ground. In the context of the rapid urbanization of the Pokhara valley, the development of sinkholes is progressing and poses a serious threat to buildings, infrastructure, and farmland depending on the different parts of the valley [START_REF] Rimal | Growing city and rapid land use transition: Assessing multiple hazards and risks in the Pokhara Valley[END_REF]Fort et al., 2018). When water enters into karstic soil, it dissolves the karst material, hence soil loses its strength and also due to anthropogenic activities such as construction of building, road, bridge etc., the top cover is loaded heavily, which cause collapse of soil. Since there is little control of superficial water fluxes (runoff, irrigation waters), so that subsurface flow, solution cavities, and sinkholes are widely developed in some areas of the Pokhara valley (Gautam et al., 2000). 

Armala sinkholes: A piping process different from the karstic sinkholes

A number of sinkholes had developed between November 2013 and November 2014 in Armala area on the North West side of Pokhara city (Fig. 88) that had attracted many national and international researchers. Most sinkholes were spherical in shape (Fig. 89, 90)

and generally of small diameter (< 10 m) and depth close to 7 m, posing a serious threat to the already settled population and their built structures as well as agricultural farmland (Fort et al., 2018).

The Thulabensi Phant of Armala area, where more than 120 sinkholes appeared, correspond to a fluvial plain with alluvium superposed upon the silty, clay and fine sands corresponding to the backwash deposits related to the Pokhara mega-debris flows of Medieval ages [START_REF] Stolle | Catastrophic valley fills records large Himalayan earthquakes, Pokhara, Nepal[END_REF].

The main mechanism of formation of sinkholes in Thulabensi Phant is believed to be due to the piping phenomenon where fine sediments were washed-away by sub-surface flowing water, which was initiated by partial dissolution of carbonate containing sediments [START_REF] Rijal | Characterisation of sinkholes affected area of Thulanenshi Phat, Armala, Kaski, Nepal[END_REF]Fig. 91).

In fact, human encroachment in Duhuni Khola (River means Khola in Nepali), a right-bank tributary of the Kali Khola, had increased subsurface water flow and, hence, helped development of a piping mechanism in the silty limey layer (Fort et al., 2018). In 

Impacts of sand mining

Sand and gravel mining practices are causing environmental deterioration (disappearance of aquatic life and habitat) and natural hazards. More specifically, they favour the occurrence of bank erosion (undercutting, shallow landslides, and collapses), thus, increasing the risk for adjacent settlements, especially when the river widens its active channel during the monsoon season (Fort et al., 2018). This process may be further accentuated by a deficit in the solid load of the river, leading to river scouring and incision, which may locally endanger hydraulic structures like dams, culverts, and bridges and, more generally, induce changes in river morphology and eventually a lowering of the groundwater table (Fort et al., 2018). Studies have also shown its negative effects include the permanent loss of sand in areas, as well as habitat destruction [START_REF] Byrnes | Large-scale sediment transport patterns on the continental shelf and influence on shoreline response: St. Andrew Sound, Georgia to Nassau Sound[END_REF].

Though sand mining is creating above mentioned problems, short economic benefits seem to outweigh those problems. But in the long term, this is not a healthy practice.

Widespread legal and illegal extraction of sand from rivers occurs throughout the country including studied sites in this research. These unsustainable practices are posing risk to both environment and human beings and are causing disasters. This does not mean that sand mining should be stopped forever and for all places. The focus is on practice of sustainable sand mining. Sand and gravel mining in rivers would be sustainable if the quantity of material extracted is within the volume 'replenished' by the system, and sufficient sand and gravel remains in the system to maintain downstream river beds, deltas and natural environments. [START_REF] Shrestha | Understanding the Chamoli flood: Cause, process, impacts, and context of rapid infrastructure development[END_REF]Fig. 94 -96). This

Chamoli debris-flow event has been found to be very similar to 5 th May 2012 Seti River debris flow, because both debris flows were triggered after a massive rock mass failure in a snow-ice capped high mountain [START_REF] Shrestha | Understanding the Chamoli flood: Cause, process, impacts, and context of rapid infrastructure development[END_REF]. The exact reason for the massive rock failure in both cases is not known yet but it is believed to be associated with climate change, or earthquake or weathering of rock mass or combination of two or more above events. Observed atmospheric warming and corresponding long-term changes in cryospheric conditions (glaciers, permafrost) or the combination of two are the most probable, as observed in other mountains of the world. In the Himalayas, such debris flow events have threatened hundreds of downstream infrastructure projects such as large hydropower dams, bridges, roads and human settlements built along the banks of mountainous rivers [START_REF] Schwanghart | -Repeated catastrophic valley infill following medieval earthquakes in the Nepal Himalaya[END_REF].

The visuals that we saw in both Seti River (Nepal) and Chamoli (India) debris flow events, were frightening and heartbreaking. These are once again a grave reminder about how our shared mountain region is fragile and vulnerable to a multitude of geological and geomorphological processes. These events also remind us that vulnerabilities are being exacerbated by climate change. These two examples demonstrate that deadly winter floods, though unusual, are a reality in the Himalayan region. These high mountains being remote and uninhabited, no information about threat level is available, hence such flood events often catch everyone by surprise resulting in high loss and damage. Disasters like these illustrate the risks we live with each day, which are probably increasing with climate change.

In the case of Seti River (Kaski, Nepal) and Chamoli (Uttarakhand, India), experts haven't ruled out the fact that massive rockslides at such high ridges were triggered by warm weather -a result of global warming. As high mountains warm faster than average, we are likely to see more frequent dry season floods in the years ahead. These events have further exposed how vulnerable are our infrastructures and populations downstream during such dry period floods. Though it may take us a while to unearth the actual cause(s) of these floods (Seti River and Chamoli), these are a reminder of how anthropogenic activities in the mountains have increasingly placed people and property in a high risk.

Actually, in the present context of Global change and warming, if such a mountain collapse is triggered by a large earthquake (which is expected at any time), as what happened lastly during the Medieval period, then it will be an exceptional, massive disaster affecting the entire Pokhara valley as compared to the ones refereed above. Similarly, another disastrous flood on June 16 and 17 2013, in Uttarkhand area along Mandakini River in north India, had devastated the area killing more than 3886 persons and destroying properties worth billions of dollars (Fig. 97). 

Melamchi flood, Sindhupalchowk, Nepal

A disastrous debris flow first occurred on June 15, 2021 along the Melamchi River in central Nepal lasting for some 10 hours and was followed by another flash flood on 31 July 2021. The main disaster took place in Melamchi Bazzar (45 km east of Kathmandu)

in Sindhupalchowk, which is located in the floodplain just downstream the confluence of Melamchi and Indrawati Rivers (Fig. 98). The debris flow converted into disaster by causing great loss of properties and lives (Fig. 99, 100). Seven persons were killed and 20 others have been reported missing with injury to six persons. This devastating debris flow and deposition led to the displacement of 525 households, and significant damage (most beyond their use) to 337 houses, Melamchi-Timbu road, 13 suspension bridges and seven motorable bridges, one hydropower project, 10 trout farms, and head works of the Melamchi Water Supply Project.

In this flood, lower Melamchi Bazzar was completely flooded and several houses were wiped out. The much-delayed $500 million Melamchi water supply project to Kathmandu valley has also been badly damaged at its head works, and although it was officially inaugurated in April, its real operation may now be pushed back by several months, if not years (Fig. 101). , have been either flooded or washed away as the Melamchi River reclaimed its territory. This is yet another example to prove that any structures built within the functional flooding space of river, i.e., in floodplain are not safe, hence should be avoided. 1: A 6 th storey building built in the floodplain of Melamchi which was inundated up to its 2 nd storey, can be taken as a reference for the comparison (source: Photo Museum of Nepal). Furthermore, it's clear from the Melamchi disaster that disaster cannot be attributed to a single factor for large catchments consisting of glaciated areas in the headwaters such as Seti River valley. According to study of ICIMOD [START_REF] Shrestha | Understanding the Chamoli flood: Cause, process, impacts, and context of rapid infrastructure development[END_REF] and NEA (Pandey et al., 2021), the Melamchi disaster was a result of multiple factors and processes that occurred at various locations along the Melamchi River. Different processes seem to have contributed for Melamchi flood, such as weather conditions, processes in the high-altitude glacial environment, processes at the old landslide site, formation of a new landslide, river damming and outburst flood, riverbank erosion and debris deposition, dynamics of flow, sediment transport and morphology at the confluence of two rivers, i.e., Melamchi and Indrawati. These hazards, both alone and in combination with others, seem to have amplified the scale of the disaster in downstream areas. The nature of the Melamchi disaster thus suggests cascading hazards that amplified the magnitude of the disaster. The disaster would have been of a lesser degree had it been caused by a single hazard. Therefore the catastrophic event at Melamchi River can be regarded as cascading multi-hazard event. Such cascading multi-hazard events are frequent along the mountainous regions of Nepal. Especially, several river basins of Sindhupalchowk district have occurrence of many cascading natural hazards/disaster events since 2014 Jure landslide event.

The primary factor of cascading multi-hazard event is controlled by the 2015 Gorkha earthquake as it had triggered numerous landslides and left most areas fractured in the district. Ever since, several debris flows, floods and landslide events have shattered Sindhupalchowk district almost every monsoon season, including damages to the strategic highway network.

Inundation of Tal village, Manang, Nepal

Similarly Tal village in Manang was also heavily flooded on 15 June 2021 when Marsyangdi River was swollen due to massive debris flows from local tributaries to Marsyangdi River at Chame, the district headquarters of Manang (Fig. 102,103). Indeed the Marsyangdi River was blocked for a while by these debris flows from tributaries at Chame and later it caused downstream flooding destroying few houses at Chame and inundating about 80% area of Tal village (Fig. 103). The debris flow is said to be caused by heavy precipitation, the highest rainfall ever recorded within 24 hours (82.2 mm) in Manang (DHM, GoN). This has necessitated to consider the effect of climate change on our projects and lives. 

Conclusions

It's clear from flood events such as Seti, Chamoli, or Melamchi that disaster cannot be attributed to a single factor for large catchments consisting of glaciated areas. With Further, it is evident that infrastructures and settlements built within the river's functional flooding space are not sustainable and they will be reclaimed by rivers sooner or later, no matter how strongly these are built. Nature is so powerful that we cannot tame rivers, hence allowing more space to flow rivers freely looks the only sustainable management to fluvial risk and floods. Lately multiple factors are causing cascading hazards leading to cascading disasters. In summary, we need to go beyond the conventional ways of addressing flood issues. It's time for us to collaborate and improve our understanding to ensure that future risks are reduced. Otherwise, we will face more disasters in our future.

CHAPTER 3 SMALL CATCHMENTS: GHATTE KHOLA (SECOND STUDY CASE)

Introduction

After presenting our findings and discussing the natural hazard issues on the first study case in Chapter 2, i.e., the Seti River valley, which represents large catchments, this chapter deals with the hydro-torrential hazards in the second study case, i.e., Ghatte Khola (GK) in Myagdi, which represents small catchments. GK is subject to complex morphological processes (gravitational, hydro-geomorphological) and to extreme events (landslide outburst floods), resulting in bank erosion and debris flow, massive aggradation. GK was chosen as a study site because this represents small catchment tributaries along roadside in Nepal which are infested with landslides and floods resulting in frequent closure of road. Moreover, this site lies on Kali Gandaki road corridor, which is being developed under China's Belt and Road Initiative (BRI) project. This chapter mainly discusses about the hydro-torrential hazards, i.e., debris flows along GK, geology of GK, past disasters and how unscientific human activities (unplanned and haphazard construction) have led or are leading hydro-torrential hazards change into disaster and published papers about GK. At the end of this chapter, similar case studies from Nepal are also discussed.

Studied area

GK is located on the right bank as a small tributary to Kali Gandaki (KG) River and in a transition between lesser and higher Himalayas (Fig. 106). GK is located at Dana on the KG corridor road in Myagdi district (Western Nepal) and has catchment area of 8.4 km 2 .

Geomorphological context and natural hazards

GK consists of a catchment that is affected by many active landslides at its upper part. The GK catchment morphology is controlled by the geology that has biotite-rich mica-schists of the Lesser Himalaya along its right bank and steep quartzites and gneiss rocks of the Higher Himalaya along the left bank. The colluvium mass on its upper catchment on the right bank moves down every year, thus GK catchment is behaving as landslide catchment.

GK flows through a typically narrow, V-shaped valley, which consists of steep rocky terrain on the left bank and steep colluvium slope on the right bank. The slope of GK catchment is about 30 ° at its upper part, which reduces to about 8 ° on the downstream where GK torrential stream is suddenly widened and has developed as a debris fan, which is ~1.5-km wide and ~2- when ephemeral landslide pool are formed at narrow channels of GK. Therefore these debris flows in GK must be well considered when any structures are built over GK. Further, debris flows in GK may become worse at its confluence with KG, when similar floods occur along KG River concurrently.

Methods used for estimating flood magnitude

Different methods were used for the estimation of maximum flood discharge in GK:

1. Rational method;

2.

Water and Energy Commission Secretariat (WECS) method;

3. Prem Chandra Jha (PCJ) method;

4. Modified Dicken's method;

On top of these, physical indications of past floods, i.e., historical flood level marks at sections of rivers were also used to have knowledge about the magnitudes of peak flows in past. Rational and WECS methods have been briefly described in published papers (see below the GRPE and TJNEA papers in sections 3.1. and 3.2.). So PCJ method and modified Dicken's method are discussed below.

Prem Chandra Jha (PCJ) method

PCJ method [START_REF] Jha | Maximum rainfall discharge for the design of road structures of Nepal[END_REF] was used to estimate the peak flood and this was compared with results obtained by other methods. The PCJ method [START_REF] Jha | Maximum rainfall discharge for the design of road structures of Nepal[END_REF] calculates the design peak flood discharge based on hourly rainfall intensity. This method employs the formula, Qp = 16.67 ap Op Φ F kf + Qs, where Qp = maximum rainfall design discharge for required exceedance probability (in m 3 /s), ap = maximum rainfall design intensity for required exceedance probability (in mm/min) = ahr.kt, where ahr = hourly rainfall intensity for required exceedance probability at selected rainfall stations (in mm/min), kt = reduction coefficient of hourly rainfall intensity that depends on the catchment size (here 0.86), Op = infiltration coefficient of the basin, derived as the function of exceedance probability (here 0.33 ), Φ = areal reduction coefficient of maximum rainfall discharge that depends on the catchment size (here 0.152), F = catchment area of drainage basin (in km 2 ), kf = coefficient for unequal distribution of rainfall in different size of basin, captured by one rain (here 0.996), and Qs = discharge by melting of snow, which can be taken as 0 to 10% of QP in the absence of data (here 0.05 x QP).

Modified Dicken's method

This method is also widely used in Nepal [START_REF] Rijal | Comparative study of flood calculation approaches, a case study of East Rapti River Basin, Nepal. Hydro Nepal[END_REF]. Qf = C A where, A and As are the total catchment area and snow covered area (in km 2 ), respectively, and T is return period in years.

Note: Among those all four methods, the Rational method gives higher value, hence for the safety factor, discharges computed by Rational method are used for this GK study.

Hydrological analysis

Hydraulic analysis has to be performed to determine the effect of the waterway area on upstream floodwater elevations of a bridge. For this hydraulic analysis, we used the higher discharge values obtained by Rational method. This is discussed in detail in our published paper (section 3). In addition, values of the peak discharge obtained from Rational and Water and Energy Commission Secretariat (WECS) methods are presented in Table 8, 9.

Computation of scouring depth

Lacey equations [START_REF] Lacey | Flow in alluvial channels with sandy mobile beds[END_REF][START_REF] Rahman | Local scour estimation at bridge site: Modifications and application of Lacey formula[END_REF] are generally used to calculate the silt factor and the scour depth based on the flow and the size of the soil particles of the bed materials. The silt factor, f, is calculated from the mean grain diameter dm (in mm) as:

m d f 76 . 1 
The mean scour depth for Lacey's regime width is calculated as:

3 1 47 . 0          f Q d
IRC has recommended the following correction formula for the scour depth, if the river is contracted from the regime width while constructing bridge.

61 . 0        L W d d cor
where L is the contracted river width (in m).

IRC has also recommended for using the Maximum scour depth for alluvial and quasi-alluvial river. For multi span bridges and where the river is not contracted (width of the river is greater than linear waterway), the maximum scour depth is maximum of 2.00 times of dcor.

The scour depth for GK bridge was calculated as shown in Table 10. Note: Since the provided scour depth in the Ghatte Khola bridge was 2.82 m, which is greater than computed scour depth 2.5 m, hence the GK bridge is potentially safe from river scouring.

Articles published in Journals

Many road bridges have been built low without enough free-board to safely pass high flood discharges or built in landslide prone areas resulting in disasters. Therefore hydro-torrential hazards and high flood discharge must be considered during design and construction of bridges. A study has been done in GK catchment to assess whether such hazards were considered in GK bridge or not. Two papers published on this regard, are presented below. 

Discussion of similar cases in Nepal

GK represents only a case example but there are many such small tributary catchments where hydro-torrential hazards are overlooked during the construction of bridges and road, hence disaster(s) are taking place or likely to take place sooner or later. Lets discuss few examples.

Soti Khola bridge, Gorkha, Nepal

Soti Khola, which is a small right bank tributary to Buri Gandaki River, is located on the way to Larke Pass from Arughat in Gorkha, West Nepal (Fig. 109). The construction of a 25 m long motor bridge over Soti Khola, had begun from early 2016. The 

Chame (Mananag) and Bhoteodar (Lamjung), Nepal

Marsyangdi River starts from Manang and flows through Lamjung (Fig. 113).

On 15 June 2021, Manang witnessed the highest rainfall ever recorded in the district which caused disastrous flood in Marsyangdi River causing devastation at Chame, the district headquarters of Manang and downstream settlements including its adjacent district, i.e.,

Lamjung. According to Department of Hydrology and Meteorology (DHM, GoN), there was 82.2 mm rainfall within 24 hours period on 15 June at Humde rain gauge station, which is the ever recorded highest precipitation in Manang, the district that lies in the Trans-Himalayan region. On 14th June, there was 54.6 mm rainfall in Manang. The previous extreme rainfall in a day was recorded 60. 6 mm on 28 May 2021, which had also caused flash flood in a local Ghatte Khola that had swept away 5 houses. Right bank local streams which are tributaries to Marsyangdi River had flash floods on 15

June 2021 that had blocked the Marsyangdi River at Chame causing great destruction at Chame (Fig. 115) and downstream areas when the dam was breached.

A road bridge over Marsyangdi River at Bhoteodar (Lamjung), known as Belghari bridge was also badly damaged by the same flood which was originated from Manang (Fig. 116). The destruction at Chame, Manang is yet another example which shows the importance of consideration of river flow dynamics in small catchments and tributaries for our infrastuctures and settlements.

Though locals narrate that they had never seen such big floods in their living memory in Manang, probably the flash flood to that scale can be attributed to extreme rainfall, i.e., the highest to date. However, from the Google Earth image of Chame (Fig. 117), it is clear that the destruction was mainly due to the human occupation in the floodplain (settlement and construction in the low lying ground) within the functional flooding space of Marsyangdi River. Hence it can be concluded that anthropogenic activities were responsible to invite disasters both in Chame and Bhoteodar. 

Conclusions

The newly built GK bridge in Dana (Myagdi) is quite representative of road and bridge development in Nepal : it does not seem to have been correctly planned e.g.

insufficient water way, freeboard to pass high flood flow or debris flow. Hence this bridge is at high risk of potential damage, making interruption to traffic flow along the major KG road corridor. This will increase functional, social and economic vulnerability in the context of a developing country. Motor road and bridges are necessary for the development of Nepal but they need to be sustainable.

Like GK bridge, many road bridges have been built without consideration of potential hydro-hazards and their triggers, thereby causing loss of lives and properties. Such In the year 2018, the monsoon was particularly strong south and north of the highest peaks Dhaulagiri and Nilgiris-Annapurna, and induced major geomorphological events and several closure days, the analysis of which forms the core of the article of Bell et al. (2021) published in Geomorphology and reproduced below (2). In the year 2020, the KG road from Beni to Jomsom was again closed for 88 days, the ever longest closure of this road since its opening (Table 11). Road and bridges often get affected either by landslide or flood or both, resulting in the loss of road, bridges, settlements and human beings. To that end, natural hazard affected places from Tatopani (Bhurung) to Lete Khola were studied in order to know how natural hazards are ending up in disaster(s).

Though Ghatte Khola site also lies in this road section, which is already discussed in Chapter 3, the following additional sites (Fig. 118) from Tatopani (Bhurung) to Lete Khola were studied: Tatopani (Bhurung); Guithe Bhir; Kham Bhitta (K.B.); Duwari Khola; Rupse Khola; Kavre Bhir and Pahiro Thaplo; Thaplyang Khola; Kahiku Khola; and the road section from Kahiku Khola to Lete Khola and Chhoya Deurali landslide. Few of these sites were already considered in [START_REF] Bell | A catastrophic multi-hazard event in 2020 in Kali Gandaki valley, Nepal Himalaya[END_REF] and [START_REF] Fort | The Pokhara valley: A product of a natural catastrophe[END_REF]. Therefore evaluating the change that occurred either in the last two years, or in the last ten years at some specific sites is also part of our new input. The above article mentions several sites, among, which some of them are reconsidered here (Fig. 118), after the dramatic 2020 monsoon, which caused many blockages (Table 10). A short description of each studied site is presented below, which was mainly focused on the natural hazards and how these were the cause of disasters [START_REF] Bell | A catastrophic multi-hazard event in 2020 in Kali Gandaki valley, Nepal Himalaya[END_REF].

Article published in

Tatopani (Bhurung)

Tatopani (= hot water in English) is famous for natural hot spring and is widely known as Tatopani Bhurung (Bhurung is the local name of this place; Fig. 118). It is located at 1190 m above sea level in the Lesser Himalaya on the right (Western) bank of the KG River [START_REF] Fort | The Pokhara valley: A product of a natural catastrophe[END_REF]. The KG corridor road passes through this place. Tatopani settlement is developed on two separate terraces (upper and lower) formed by KG River on its right bank.

The upper terrace is old settlement, which is 10 -15 m above the present level of KG River.

New settlement is being developed on the lower terrace as well, which is 3 -5 m above the present level of KG River. The natural hot-spring is located at different places along the KG River bed level. During monsoon season when KG River is swollen with flash floods, KG road and natural hot-spring sites are frequently damaged or flooded. The maintenance of KG road in Tatopani meant to link China and Nepal, has been a big challenge that requires the full recognition and knowledge of potentially damaging hydro-geomorphic processes that may create persistent traffic blockages.

On 26 th September 1998, when KG River was blocked by a landslide at 1 km downstream Tatopani (Southeast of Tatopani, Lat. 28°29′19″ N and Long. 83°38′57″ E), a temporary dam was formed, which had expanded up to Tatopani village, inundating its lower terrace including the natural hot spring and few roadside houses (Fig. 119, 120;[START_REF] Fort | The Pokhara valley: A product of a natural catastrophe[END_REF] and part of the upper terrace settlement [START_REF] Fort | Extreme rainfall triggered landslides: Hydro-geomorphic impacts and induced risks in the Nepal Himalayas[END_REF]. The same authors estimated the depth of the lake close to the landslide dam to be 20 m. In August 2020, the monsoon flood not only eroded KG road at Tatopani village but also washed away some section of this road and the newly built retaining walls to protect the road (Fig. 121). Actually, instead of protecting the road, these retaining walls are constraining the KG flow, reducing in width the river channel and subsequently increasing the stream power of the river, all the more that the KG road is built on the floodplain (i.e., the freedom space). So there is no surprise to see damages or disaster during high floods. This is a good example of anthropogenic activities that makes clear how people are responsible to invite disaster(s). Until the hydro-geomorphology of KG River is understood and applied in practice, no development work (anthropogenic action) will be sustainable.

Guithe Bhir

Guithe Bhir (Bhir = escarpment in English) is located at about 2 km to the north from Tatopani (Fig. 118). Its location is Lat. 28° 30' 32" N and Long. 83° 39' 25" E and has an elevation of 1360 m. Guithe Bhir is a weathered, phyllite rock slope, which controls the slope angle of the present hillslope, parallel to the dip, and which is cut by the new KG road (Fig. 122,123). Every monsoon season, rockslide takes place at Guithe Bhir blocking KG road and occasionally, the rockslide has also taken lives. Actually and naturally, the slope is continuously eroded at its toe by the KG River (Fig. 123).

Guithe Bhir rockslide has been active since the construction of KG road in 2007 and the Guithe rockslide is expanding year after year. As long as there is destabilization of the slope for KG road widening work, the Guithe Bhir rockslide will continue to move or many years to come. Further to the north of Guithe Bhir (Fig. 122), on the way to Dana, an old landslide deposit (colluvium) has been frequently remobilized because of hillslope toe cutting by the KG road. This landslide was reactivated heavily in July 2019 and ever since, this has been causing frequent closures of the KG road during the two following monsoon seasons (Fig. 124) despite of the construction of gabion walls, that were not correctly calibrated (Fig. 125). This is another example of how anthropogenic activities are aggravating disaster along KG road. 

Kham Bhitta

Kham Bhitta (KB) is located some 2.5 km distant from Tatopani and about 500 m far from Guithe Bhir to the north on the way to Dana and Jomsom (Fig. 118). Kham Bhitta is an old colluvium mass of 3 to 12 m thick over weathered phyllite bedrock that is dipping parallel to the slope (Fig. 126,127). That means any slope destabilisation work may trigger mass movement in Kham Bhitta. As such, this slope is experiencing planar landslides since the slope was destabilised by the construction of KG corridor road in 2007 (Fig. 128). A hydro-geomorphological map of KB is prepared (Fig. 129). Besides, and similarly to Guithe 

Rupse Khola

Rupse Khola is located at some 3 km distant to the north from KB (Fig. 118).

Rupse Khola has a total catchment area of 22 km 2 . This place, which lies in KG corridor road, is very famous for its natural beauty, i.e., Rupse waterfall [Fig. 137 (a)]. The Rupse waterfall, which falls first from a height of 108 m in kyanitic gneisses, then flows down to meet KG River passing through the KG road after its second fall (Fig. 138).

We prepared a hydro-geomorphological map of Rupse Khola with delineation of river functional flooding space (Fig. 139). From natural hazards perspective, Rupse Khola is as risky as it is beautiful. From time to time, it receives floods since its catchment consists of steep unstable slopes prone to landslides. Further ever since the KG road was built through Rupse Khola in 2008, the old colluvium mass from both banks of Rupse Khola started to move and this process is still continuing. In fact, the KG road cut has destabilised the old colluvium deposited mass.

The latest disastrous flood in Rupse Khola was occurred on 20 July 2020 [Fig. respectively (Fig. 148,149). This is one of the few main reasons that triggered cloud burst flood in Rupse Khola.

Way forward

Unless tunnel is built, landslides from both banks of Rupse Khola and floods from its upper catchment are likely to bring more disasters for many years to come, but this involves more cost.

Alternatively, the present road alignment from Dana to Rupse water fall can be changed to overcome the ongoing problem at Rupse. The new road alignment requires the construction of 5 km road through Bhalebaas from Garpar and a 80 m long bridge over KG River, about 200 m upstream the confluence of Rupse Khola and KG River (Fig. 150). Yet, it is still not secure since it would require a steeper and bending road across old landslide material. is an old landslide mass [START_REF] Fort | The Pokhara valley: A product of a natural catastrophe[END_REF], which is being eroded continuously at its toe by the KG River (Fig. 159), PahiroThaplo often moves down during monsoon season making it more aggressive and resulting in more damage to its downstream part. Upstream of Pahiro Thaplo, the KG leaves the braided floodplain at Tal Bagar before entering into deep gorge (Fig. 160). Opposite to Pahiro Thaplo and along right bank of KG River at Kavre Bhir, the slope consists of talus, through which KG road is built. These talus move down frequently blocking KG road during monsoon season since the slope of talus is destabilized by KG road construction activities, i.e., upgrading to a 2-lane Highway (Fig. 161). 

Thaplyang Khola

Thaplyang Khola is another small right bank tributary of the KG River and is located south of Ghasa, the W-E oriented (Fig. 118,162). Thaplyang Khola catchment (area of 3.6 km 2 ) has steep gradient with mean catchment slope 36°, and an elevation ranging between 1870 m to 3949 m. It is developed at the contact between the Higher Himalayan gneissic, north dipping hillslope (NNE 50°-60°), well expressed along the right bank, and a massive rockslide material along the left bank, northern hillslope, as observed close to the confluence with KG (Fig. 163). Further upstream, this contrast is less marked since there are also remnants of landslide (colluvium) material covering the gneissic dip slope (Fig. 163). A longitudinal profile of the lower part of the catchment and two cross sections of Thaplyang Khola are measured and presented (Fig. 164, 165).

A hydro-geomorphological map was also prepared (Fig. 166), which clearly shows that KG road and bridge were built within the functional flooding space of Thaplyang Kola. According to locals, this catchment used to have small debris flows occasionally during monsoon season in the past but the frequency and volume of debris flows suddenly increased with the recent destabilization of the slope at the lower part of the catchment due to the KG road construction. During the 2014 monsoon, the lower catchment was affected by a major debris pulse, accumulating a debris fan, which dammed the KG River and caused the formation of a temporary lake, and the KG was diverted on its left bank and the former channel was abandoned [START_REF] Bell | A catastrophic multi-hazard event in 2020 in Kali Gandaki valley, Nepal Himalaya[END_REF].

During a later field visit, we have updated the observations made in this last reference. Actually, in July 2020, a hyper-concentrated flood occurred again in Thaplyang Khola that washed away the 40 m long under-construction bridge (Fig. 167), whereas further upstream the catchment -nearby the temporary settlement -part of the debris flow was diverted towards the left bank (Fig. 168, 169), a process that occurs occasionally as reported by the locals. The main trigger for this event is intense precipitation (Fig. 146 were expanding in the lower part of the catchment during each rainy season and to the detriment of old landslide material (Fig. 162). Most probably, the process will not stop until all unstable mass comes down from the catchment of Thaplyang Khola. Therefore any bridge over Thaplyang Khola on KG road will not be sustainable. 

What could be an appropriate structure at Thaplyang Khola?

Given the present active landslides and possible debris flows, a permanent bridge does not seem to be sustainable at Thaplyang Khola nor at Rupse Khola. Furthermore, a completely no-failure design could be exceedingly costly in these places. A question can be discussed whether such a costly bridge over Thaplyang Khola is necessary or not because it is true that Thaplyang Khola catchment receives flash floods on few occasions of the year and most of the time, the stream remains dry. On this aspect, a costly bridge, which was washed away during the construction in July 2020 does not look economically viable too. In contrast, inexpensive, low-water crossings such as concrete fords, could have been planned and carefully designed along the present road (Fig. 171). In fact, concrete fords are easier and quicker to repair or build even if they get damaged or washed away in flash floods. Though ford-type structures imply some periodic or occasional traffic delays during periods of high flow, it takes no more than a week to repair or clean them off and the traffic can be resumed.

But when a bridge is broken, it takes months to rebuild. Furthermore, since Thaplyang Khola flow stops the traffic only for few occasions of the year, building a ford would have been a better option both economically and functionally than an expensive yet vulnerable road bridge.

Fig. 171: Alternative crossing for Thaplyang Khola -a concrete ford type structure to cross Thaplyang Khola -an inexpensive means for the crossing (modified after [START_REF] Keller | Low-volume roads engineering: Best management practices, transportation research record[END_REF]. Table 12 shows the calculation of landslided material from landslides of Kham Bhitta, Rupse (4 landslides) and Thaplyang Khola. 

Kahiku Khola

Kahiku Khola is also a small right bank tributary of the KG River and is located north of Ghasa, at about 1 km distant from Ghasa (Fig. 118,173). Kahiku Khola has a total catchment area of 15 km 2 . Kahiku Khola consists of old talus slopes. This area has become geologically active since the construction of KG road in 2007. Like many mountainous roads in Nepal, the steep hillslope undercutting is a major issue at Kahiku Khola also significantly increasing the risks of land sliding. The cut slope has destabilized the loose deposited slope of Kahiku along the right bank of KG, which is causing failure of the slope and is expanding every year with the widening of KG road. On 20 July 2020, a major flood event occurred in Kahiku Khola that destroyed the KG road and a under-construction road bridge over Kahiku (Fig. 174,175). The flood also eroded both banks of Kahiku Khola triggering landslides, hence making a significant damage to the KG road.

The disaster occasionally happens during dry season also at Kahiku Khola due to the steep undermining of the loose talus slope by the KG road (Fig. 176).

Way forward

The construction of a tunnel of about 700 m long seems to be the best way out to avoid risk of landslides at Kahiku Khola (Fig. 177). 

Chhoya Deurali landslide and road from Kahiku Khola to Lete Khola

The KG road between Kahiku Khola and Lete Khola is located to the north of Kahiku along the right bank of KG River and is stretched in some 4 km distant (Fig. 118, 179). Chhoya Deurali is located just opposite to this road along the left bank of KG River (Fig. 180, 181). The KG road section between Kahiku Khola and Lete Khola passes through the old landslide mass (colluvium deposit) [START_REF] Fort | Glaciers and Mass wasting processes: their influence in the shaping of the Kali Gandaki valley (Higher Himalaya of Nepal)[END_REF][START_REF] Bell | A catastrophic multi-hazard event in 2020 in Kali Gandaki valley, Nepal Himalaya[END_REF]. After the steep undercutting by this KG road in 2007, many sections started to re-activate and ever since numerous landslides have taken place every monsoon season (Fig. 182,183). This landslides have increased further with the ongoing widening work of the KG road (upgrading to two lanes). The road was completely halted for more than 2 months in 2020.

Most dramatic impacts occurred south of Chhoya Deurali (Fig. 180, 181) in August 2018, where severe flooding caused a huge collapse (min. 2.5 million m 3 ) of parts of the prehistoric Dhampu rock avalanche deposit [START_REF] Fort | Glaciers and Mass wasting processes: their influence in the shaping of the Kali Gandaki valley (Higher Himalaya of Nepal)[END_REF]. This slope failure caused an enormous sediment input impacting on the 12 km downstream stretch (Chhoya Deurali to Dana) and increasing the average active floodplain width from 36 to 63 m [START_REF] Bell | A catastrophic multi-hazard event in 2020 in Kali Gandaki valley, Nepal Himalaya[END_REF].

This re-activation occurred after a long period of progressive vegetal recolonization (three decades), and is now acting as the main sediment source to KG River. 

Article to come

All the examples presented above will be part of an article, which is still in preparation and that will focus on recurrent hydro-torrential hazards along Kali Gandaki corridor road from Tatopani (Bhurung) to Lete Khola, Western Nepal.

Discussion

Geological and hydro-meteorological hazards inviting disaster do exist not only in the Kali Gandaki valley as discussed above, but in most hilly areas of Nepal. Few additional examples are presented below: (i) the Bhote Kosi River, another trans-himalayan river like the KG, which originates from south Tibet (ii) a few examples of damages to bridge located in South Himalayan and Terai zones: the Thimura-Devghat bridge (Chitwan) and the Badighat khola bridge (Gulmi).

Disasters in Bhote Koshi River valley

Like KG valley, Bhote Koshi valley (Fig. 184) is also prone to different natural geo and hydro-torrential hazards. Every year during monsoon season, natural hazards turn into disasters. For example, the swollen Bhote Koshi River had destroyed many houses and road at Liping Bazzar in July 2016 (Fig. 185). In another disastrous floods in Bhote Koshi River and Bhairab Kunda Khola on July 6, 2016, more than 200 houses were swept away at Larcha and Liping Bazzar of Tatopani village [START_REF] Cook | Glacial lake outburst floods as drivers of fluvial erosion in the Himalaya[END_REF]. The flood in the Bhote Koshi River was triggered by heavy rains (and could be snow avalanche) across the border in China (The Himalayan Times, July 7, 2016). Similarly, a 70 m long Bhote Koshi Bridge at Larcha had collapsed in Sindhupalchowk after being hit by rock fall from its left bank on 23 July 2017 (Fig. 186).

In 2020, there were more than 120 major landslides across Nepal from 14

June to 20 July, killing more than 150 people with many injured (NDRRMA). The most affected areas were Bhote Koshi River valley and its tributaries in Sindhupalchowk district.

On 9 July 2020, a debris flow occurred in a small rivulet in Barabise Municipality Ward No.

5 -Jambu, that killed twenty people and swept away fifteen houses built on the debris fan (Fig. 187,188). Many such debris flows had occurred in small rivulets to Bhote Koshi that had caused devastation at debris fans. Most debris flows were the result of slope failures from a combination of heavy rain and steep slope. The swollen Bhote Koshi River also had destroyed many houses, roads and bridges at different places along the Barabise-Tatopani road section of Araniko Highway in the monsoon of 2020 (Fig. 189). 

Slab span collapse of a multispan underconstruction bridge in Chitwan

On 6 th April 2021, two spans of a multi-span underconstruction 200 m long Thimura-Devghat Bridge over Trishuli River in Chitwan (central Nepal) got collapsed killing two people and injuring 7 others (Fig. 190). It had four-spans with RCC prestressed and steel truss superstructures. The bridge had three 40 m prestressed concrete spans (first, second, and fourth spans from the left bank) and the third span had 80 m steel truss. The two spans, which were 1 st and 2 nd spans from the left bank, had collapsed. At that time, both slabs had its concreting finished and was on curing stage. The 3 rd span, i.e., steel truss bridge was being erected. The bridge had gone down when it was all set to construct the steel truss after finishing the construction of the concrete structures. The main cause of this failure is reported to be anthropogenic activity, i.e., poor scaffolding work on loose sand [START_REF] Pandey | Multi-perspective field reconnaissance after the Melamchi debris flow of June 15, 2021 in Central Nepal[END_REF].

Scaffolding was prepared after making an embankment by loose sand (Fig. 191). 

Collapse of the Badighat Khola underconstruction Bridge, Gulmi

Disasters in Nepal are also happening due to the construction work carried out in wrong time / season. For example, when the scaffolding work is not completed before the onset of pre-monsoon, then flash floods event during pre-monsoon season may occur, which cause the failure of bridges. Like the failure of Ghatte Khola [START_REF] Gurung | Construction of road bridges without consideration of geo-hazards and river-flow dynamics -A case study from Ghatte Khola, Myagdi, Nepal. Géomorphologie: Relief, Processus[END_REF] and Thaplyang Khola Bridges on Kali Gandaki corridor road in Myagdi a 58 m long Badighat Bridge linking Wami Taksar ward no. 3 and 7 of Musikot Municipality in Gulmi in West Nepal, was collapsed for the second time after its scaffolding was hit by a flash flood on 15

April 2020 (Fig. 192). This bridge had also collapsed in the previous year during its construction stage from a similar flash flood on 25 April 2019 (Fig. 193). This is yet another example of anthropogenic activity responsible for the disaster. 

Conclusions

Multiple hazards (e.g., floods, landslides, earthquakes, glacial and landslide lake outburst floods) are threatening people, their goods and infrastructures in the high mountains of Nepal Himalaya. Floods and landslides are mainly driven by monsoonal precipitation. However, human impact often increases natural risks, like in the KG corridor road, where the new two-lane road construction (since 2017) has caused many undercut and instable slopes. From 2020 hydro-torrential events along the KG corridor road, it is evident that how important it is to understand localized events in relatively small catchment tributaries, which play major role for cascading multi-hazard processes in Himalayan mountain regions that often leave serious consequences on downstream settlements and infrastructures.

The entire study area from Tatopani (Bhurung) to Lete Khola (~ 25 km length) shows increased geomorphic activity, including floods, hyper-concentrated and debris flows and multiple landslides. Due to unscientific human activities (such as poor design and site selection, construction in the floodplain and within the functional flooding space of river), most hydro-torrential hazards in the study area, were observed to have ended up in disasters.

Therefore hydro-geomorphic functioning and related hazards should be carefully considered when planning road design and bridge sites, for a better traffic maintenance and safety. It is recommended to change the present road alignment at Rupse water fall through Bhalebaas or build a tunnel to overcome the ongoing problem at Rupse. At Kahiku Khola, though expensive, tunnel seems to be the best solution to avoid landslide risk hazard. Given the increment on extreme hydro-torrential hazards with increasing unscientific human activities, more disasters are likely to occur in our future, hence we must act now to reduce or avoid such possible disasters. For that, we need sustainable management of natural hazards, which will be discussed and presented in Chapter 5.

CHAPTER 5 PERCEPTION, PREVENTION AND DISCUSSION ON THE RESEARCH WORK

Introduction

After in depth discussion on previous chapters about main natural hazards and their risk in the studied sites from the Kali Gandaki (KG) and Seti River (SR) valleys and detail presentation on how anthropogenic activities are causing natural hazards resulting in disasters, this chapter discusses firstly on how Nepalese people, engineers, government authorities and bureaucrats are perceiving and understanding the natural hazards, and the induced risk. Secondly, it discusses the main findings from this Ph.D. research and finally it presents ways about disaster risk reduction and how our lives and property can be protected from natural hazards.

For primary data source, community meetings, risk perception interviews and interactions were conducted with local people in the studied sites in both SK and KG river valleys. Especially local people at Saadal, Karuwa, Masina Bagar, Kaseri Bazzar, Shanti Tole, Ramghat (SK valley) and Tatopani, Gharap, Dana, Kavre, Ghasa, Kahiku (KG valley)

were interviewed. For secondary data source, engineers, authorities and bureaucrats from relevant offices such as National Disaster Risk Reduction and Management Authority (NDRRMA), Kali Gandaki corridor road project, Department of Roads (DoR), Pokhara

Metropolitan office, and Nepal Engineers' Association (NEA) were interviewed. These meetings, interactions and interviews were primarily focused on the following questions:

i.

How are natural hazards and risks perceived and understood?

ii.

What socio-cultural factors influence these perceptions?

iii.

How natural hazards can be managed effectively to avoid possible disasters?

How are natural hazards and risks perceived and understood by policy makers, bureaucrats and local people in Nepal?

Disasters are traditionally seen as acts of god in Nepal which still prevails. As such, Nepalese still believe in many myths and folk tales about the formation of Pokhara and Phewa lake. According to a tale, Phewa lake was created by a divine power by blocking the river until the village was submerged to form into a lake when a divine was rejected by all villagers except a woman, when she went there to beg in the disguise of a beggar [START_REF] Vaidya | Folklores and Legends from Pokhara[END_REF].

Similarly another folklore tells that Seti Gandaki (Seti Khola / Seti River) was formed when younger sister was rushed frantically down to the valley looking after her elder sister Kali Gandaki who lived together in the Annapurna Himalaya [START_REF] Vaidya | Folklores and Legends from Pokhara[END_REF]. On the way, she got surprised to see women ploughing the fields and embarrassed too from women toiling instead of their male counterparts, then she plunged into a deep gorge to avert her eyes from the shameful sight from the place, now known as K.I. Singh bridge, and continued her journey through Pokhara valley until emerging out at the place called Dhunge Sangu and Sitako Paaila at the end of the valley to the south. She never met her sister though.

Prior to the promulgation of Disaster Act 2017 and formation of NDRRMA in 2019, Nepal used to have disaster response office in all districts under the Home Ministry, known as Jilla Daibi Prakop Uddar Samiti (in Nepali) means District Divine Disaster Relief Committee (Fig. 194). Here the use of word "Divine" gives a clear message that even bureaucrats of Nepal Government were perceiving disasters as acts of god until 2017 and this could be one of the main reasons why there was little work on disaster prevention and mitigation in Nepal. Even today, many people including policy makers and bureaucrats still perceive disaster as natural events, while majority of common people still have the same traditional perception in their mind to receive them as divine's act.

On July 20, 2020, three under-construction bridges were swept away by disastrous floods at different places along the KG corridor road in Myagdi and Mustang districts. After assessing these sites, I interviewed contractors of these bridges. In spite of the great loss, they did not seem to be much worried because they simply blamed the nature for the disaster. They echoed that since bridges were destroyed by flood, a natural event, it was beyond human control and capacity. They said in Nepali "K garne ta, yo ta praakritik prakop ho" means "what to do, this is due to natural disaster". Also Subarna Khatri, 43, who used to run Waterguard hotel at Rupse waterfall and who lost his hotel during the Rupse flood on 20

July 2020, told me that it was an act of god, hence should be complacent with whatever loss took place.

Further from the discussion with authorities in KG corridor road project and DoR office in Kathmandu, mostly engineers, it was clear that they still perceive such events as natural disasters and don't want to blame any person, i.e., designer, rather to natural hazards such as flood, landslide. These are only representative case examples about how disasters are still perceived in Nepal. From the field meetings and interview with local people, it was revealed that many people still have misbelief that disasters are inevitable and cannot be avoided. Most local people do not have any idea about risks that they are living with but only few seemed to have understood the risk. Many riverside residents of KG and SK valleys, did not seem to be aware of possible disasters that they are living with, such as high flood that may wipe out whole settlement at any time. Some people' perceptions of hazard and risk are high; people understand the existing threat and know the risk of possible hazards, yet they continue to live in hazard prone areas. Short economic benefits seem to outweigh those perceptions. Most floodplain occupants answered that they were living on floodplains for their livelihoods as they make money from sand mining in the river. 

What socio-cultural factors influence these perceptions?

The way people understand, interpret, perceive and assess risk can be seen to reflect traditional beliefs and values, knowledge, custom, religion, social structure, length of time occupying a particular geographic location, and historical and modern experiences [START_REF] Horlick-Jones | Social dynamics of environmental risk perception: Implication for risk communication research and practice[END_REF][START_REF] Harmsworth | Cultural Consideration in Landslide Risk Perception[END_REF]. According to [START_REF] Pidgeon | Risk Perception[END_REF] risk perception involves people's beliefs, attitudes, judgements and feelings, as well as the wider social and cultural values. Natural hazard risk perception is based on human interaction with and dependence on the natural environment [START_REF] Harmsworth | Cultural Consideration in Landslide Risk Perception[END_REF].

Heijmans (2004,2009) identifies two aspects which make up local people's perception of risk:

(i) the possible exposure to danger and future damages by natural hazards; and (ii) capacities, options and alternatives for the exposed population, and the implications of their decisions to occupy a hazard prone area. Political will is fundamental to disaster risk reduction. In disasters associated with natural hazards, it is much more useful to understand how the political and economic processes in a society act in various ways to generate varying levels of exposure to risk among different people. Differences in these socio-economic factors result in hazard having a different degree of impact. For slum and poor houses, their socio-economic poverty makes them powerless and hence they become more vulnerable to disasters (SDPI and ITDG, 2001;SAMHSA, 2017). Studies by Gaillard and Cadag (2009), [START_REF] Oven | The best of intentions? Managing disasters and constructions of risk and vulnerability in Asia[END_REF] and Sudmeier-Rieux et al. (2012) showed that in spite of high-risk perceptions and knowledge of risk, some communities continue to live in dangerous places, mainly for economic benefits.

Hence, there is a nexus between poverty and disaster. Poverty is pervasive in Nepal.

According to World Bank Annual Report (2020), 18.7% Nepali population are still living under the poverty line. Often poverty is both a cause and consequence of any disaster. For example, the over extraction of natural resources beyond the regenerative capacity of these resources in order to support the livelihood of the poor households has been a cause of many disasters.

4.

How natural hazards can be managed effectively to avoid possible disasters?

Disaster risk reduction and management may be defined as the concept and practice of reducing disaster risks through systematic efforts to analyse and manage the causal factors of disasters, including through reduced exposure to hazards, lessened vulnerability of people and property, wise management of land and the environment, and improved preparedness for adverse impacts of hazards and their possibility of disaster (UNISDR, 2009).

Disaster risk reduction and management strategies include mainly two phases of program, i.e., (i) Pre-disaster and (ii) Post disaster. Pre-disaster mainly includes preparedness which can further be divided into two groups viz. structural and non -structural measures. Post disaster program mainly includes: rescue and relief, and rehabilitation and reconstruction (Fig. 195).

Preparedness

The vulnerable people and properties can be protected by advance preparedness prior to the occurrence of natural hazards. Preparedness activities help for effective rescue and rehabilitation works. The "preparedness" phase occurs before a disaster takes place. Measures are taken to protect people and property, reducing risks and consequences from a given disaster situation. Its main goal is to reduce vulnerability to disaster impacts (such as property damage, injuries and loss of lives). It includes both structural and non-structural measures.

Structural measures

It includes riverbank protection (constructing levees, check dams or permanent barriers to control flooding), slope protection and stabilization work (retaining wall, drainage system). Structural measures are often costly and require regular repair and maintenance. On the absence of regular repair and maintenance, these structures often fail before their design period. For example, every year, gabion protection walls are built at a huge cost along the SK bank of Shanti Tole and Sukhawati Gumba (for location see Ch. 2,Fig. 32,dots 10,11), but most walls are damaged or washed away by the monsoon flood and it seems that such structural measures will not be effective during high floods (Fig. 196). Similarly gabion retaining walls built along KG corridor road as discussed in Ch. 4, are also failed. Building expensive structural measures may have a greater chance of functioning as planned and not culminating in disaster, yet these structures are not absolute solution and disaster may still occur. Early Warning System (EWS) is considered to be a key element under the nonstructural measures to reduce risk from disasters. Though government of Nepal has reported significant achievements in the development and implementation of EWS for floods, landslides, and GLOFs, the disaster early warning system is at infancy in Nepal [START_REF] Kafle | Disaster Early Warning Systems in Nepal: Institutional and Operational Frameworks[END_REF].

Non-structural measures

Even where EWS are installed, EWS has not been very effective in practice as not all the four components of the EWS (Fig. 197) have been taken into account properly and effectively and in many cases, those installed are also not working (Fig. 198).

In Nepal, two types of EWS are in use, i.e., community managed EWS and community based EWS (Practitioners' Handbook, 2010).

(i) Community managed EWS. This system managed by members of the community, but they may not be involved in the complete process of the establishment of the system. The establishment of the EWS might be done by an external organization. In this process the community might not be fully empowered.

(ii) Community based EWS. This system is developed, managed and maintained by the community itself. In this process the empowering of the people/community will be in the center. The role of supporting organizations will be to facilitate active and meaningful participation of all community members. Ultimately the EWS will be owned by the community.

Summary: A properly designed and implemented Early Warning System (EWS) can save lives and property. For that, the EWS should also work early so that it could allow necessary evacuation time before disaster takes place. 

New concept for fluvial hazard management

The river's functional flooding space or freedom space, which is a nonstructural measure, is a new concept for Nepal, which is considered to be the best way for the sustainable management of flood since past flood events around the world have proven that no structural protection measures built against floods within the river's functional flooding space were absolute, i.e., did not last long. Eventually, any structural control measures built within the freedom space of river could be repeatedly affected during floods and they will be the freedom space of river could be repeatedly affected during floods and they will be reclaimed by rivers sooner or later, no matter how strongly these are built.

Nature is so powerful that we cannot tame rivers, hence allowing more space to flow rivers freely will be the only sustainable management to fluvial risk and floods. Though it has not been practiced yet in Nepal, this concept is widely used in many developed countries, which has been highly successful and is also found to be economical compared to structural measures. Indeed giving more space to rivers has emerged as a more sustainable river management approach and several countries have developed names and delineation methods to define this management approach such as room for the river in Netherlands [START_REF] Piégay | A review of techniques available for delimiting the erodible river corridor: a sustainable approach to managing bank erosion[END_REF]; fluvial territory in Spain [START_REF] Ollero | Channel changes and floodplain management in the meandering middle Ebro River, Spain[END_REF]; "operating space" in France and river corridor in Vermont, USA [START_REF] Kline | Protecting river corridors in Vermont[END_REF]; making space for water in the United Kingdom and natural flood management in Scotland [START_REF] Waylen | Challenges to enabling and implementing natural flood management in Scotland[END_REF].

Therefore, the best way to be safe from floods is to be away from floodwaters by not building any permanent structures within the functional flooding space as depicted in 

Rescue and relief

Rescue and relief, also called response, are those actions taken directly during and the immediate aftermath of a disaster to save lives, reduce hazard impacts, ensure public safety and meet the basic subsistence needs of the affected people. Response actions are efficient when there are risk-informed preparedness measures in place at any level of society.

The institutional elements of response often include providing emergency services and assistance (also on a volunteer basis) by public and private sectors. In Nepal, this job is often done by Army, Police, Red Cross and locals and then relief material is provided to disaster areas by District Disaster Management Committee under NDRRMA, Red Cross and few I/NGOs. So far, Nepal's response to disaster risk reduction and management, is largely limited to rescue and relief only. In our future, other phases of disaster risk reduction and management strategies, i.e., preparedness and rehabilitation / reconstruction seem to be given more priority.

Rehabilitation and reconstruction

"Rehabilitation and reconstruction" means rebuilding the disaster affected area in an effort to return operations back to normal This includes the restoring or improving livelihoods, health, economic, physical, social, cultural and environmental assets, systems and activities, of a disaster-affected community, with build back better. The division between the rehabilitation stage and response phase is not clear-cut; for example, considering those response actions, such as the supply of temporary housing and water supplies, may extend well into the rehabilitation and reconstruction stage. For example, some 145 displaced families by the Gorkha earthquake 2015 in Uttar Gaya Rural Municipality, Rasuwa are still living under temporary shelter (Tin roof) -for more than six years now (Fig. 202). However, in the rehabilitation and reconstruction stage, we may also consider the medium and longer-term As an engineer and practitioner, firstly I would not have recommended to build any structures and settlements within the functional flooding space, nor on landslide prone areas. Secondly if these were to build, then these would have been built at other alternative locations making the structure robust, high and out of the functional flooding area. Finally I would have recommended to see other options (alternatives) and not to live and build any structures in hydro-geomorphologically active areas.

As discussed in Ch. 4, disasters that took place in Rupse Khola, Thaplyang Khola and Kahiku Khola in July 2020 along the KG corridor road in KG River valley, were the outcome of "unscientific" human activities (i.e., not considering the active hydrogeomorphic processes). Bridges were built on floodplains within the rivers' functional flooding space. In 2012 SK flood, many bridges and houses along the channel including Khaarpaani Tatopani were washed away as they were built within the functional flooding space. KG road at Tatopani (Bhurung) was found to have been built on floodplain, so this road section is highly vulnerable to high floods. As such, the road was washed away by the flood in August 2020 (Ch. 4). As mentioned by [START_REF] Piégay | A review of techniques available for delimiting the erodible river corridor: a sustainable approach to managing bank erosion[END_REF]), Arnaud-Fassetta et al. (2009) and [START_REF] Kondolf | Setting Goals in River Restoration: When and Where Can the River "Heal Itself"? Stream Restoration in Dynamic Fluvial Systems: Scientific Approaches, Analyses, and Tools[END_REF], any structures built within the functional flooding space of river could be repeatedly affected during floods, so does apply for structures and settlements that have been built along Seti River and KG River valleys. It's only the matter of time. Today both SK and KG River have been robbed by people but the day will come when rivers will rob the people.

Unless tunnel is built, landslides from both banks of Rupse Khola and floods from its upper catchment are likely to bring more disasters for many years to come, but this involves more cost. Alternatively, the present road alignment from Dana to Rupse water fall can be changed to overcome the ongoing problem at Rupse. The new road alignment requires the construction of 5 km road through Bhalebaas from Garpar and a 80 m long bridge over KG River, about 200 m upstream the confluence of Rupse Khola and KG River (Ch. 4, Fig. 150). Yet, it is still not secure since it would require a steeper and bending road across former landslide material.

Given the existing active landslides and possible debris flows, a permanent bridge does not seem to be sustainable at Thaplyang Khola nor at Rupse Khola. Furthermore, a completely no-failure design could be exceedingly costly in these places. A question can be discussed whether such a costly bridge over Thaplyang Khola is necessary or not because it is true that Thaplyang Khola catchment receives flash floods on few occasions of the year and most of the time, the stream remains dry. On this aspect, a costly bridge, which was washed away during the construction in July 2020 does not look economically viable too. In contrast, inexpensive, low-water crossings such as concrete fords, could have been planned and carefully designed along the present road at Thaplyang Khola (Ch. 4, Fig. 171).

(ii) By the construction of bridges with insufficient free-board and linear waterway

As presented cases in Ch. As discussed in 5.2.1., given the hydro-torrential hazards, massive active landslides at its catchment and fragile geology of the bridge sites (the foundation soil is colluvium deposit and can be easily eroded by the flood), it is not possible to build a permanent bridge over Rupse Khola nor in Thaplyang Khola, hence alternative ways as discussed in 5.2.1. seem to be the best solution. However, bridge over Kahiku Khola would have been sustainable even for extreme floods if it had been built 2 m high and 10 m long than the present design.

Further, landslide at the right bank of Kahiku Khola (Ch. 4) was the result of vertical undercutting of the slope for the road construction. The undercut is so vertical that the landslide seems to be active for many years to come as long as the road widening work is continued. Furthermore, road between Kahiku Khola and Lete Khola (Ch. 4) is built on geomorphologically active area, which is worsened by bad construction practice and road widening work coupled with heavy precipitation. Despite the fact that anthropogenic activities were responsible for the bridge disasters in KG valley in 2020 (since someone had decided to build these bridges in flood prone areas and built them low without consideration of possible fluvial hazards and river flow dynamics), the more appalling situation is that many engineers, policy makers, and bureaucrats have not realized yet that these disasters were actually invited by unscientific human activities such as construction of structures in natural hazard prone areas, floodplains and within river's functional flooding space, design and construction of bridges without consideration of river flow dynamics and natural hazards, which could have been avoided with proper planning, design and construction. As such, not all natural hazards turn into disasters, the focus should be on human actions which make it possible for a natural hazard to become a disaster.

As an engineer, I would have recommended to build a tunnel along Tatopani (Bhurung), Guithe Bhir, Kavre Bhir and Kahiku Khola. It will be highly expensive to build tunnel but since length of tunnel is less than 1 km in each site, hence it is worth to build tunnel in these places to avoid possible disaster. After all, there is nothing more expensive than lives of people. To avoid landslides along Kham Bhitta, the road alignment can be changed across the KG River, which is already in use by locals, only one additional bridge should be built over KG at Dana. Similarly, landslides along road section between Kahiku Khola to Lete Khola can be controlled by application of systematic slope stabilization and drainage system.

(iv) By unsustainable sand mining

As explained under "Discussion" in JNGS paper in Ch. 2, unsustainable sand mining leads to disaster. Practice of unsustainable sand mining is on increasing trend both in SK and KG valleys, which are posing risk to both environment and human beings and are causing disasters. This does not mean that sand mining should be stopped forever and for all places. The focus is on practice of sustainable sand mining. Sand and gravel mining in rivers would be sustainable when the quantity of material extracted remains within the volume 'replenished' by the river system, and sufficient sand and gravel exists in the system to maintain downstream river beds, deltas and natural environments.

How has fluvial risk been developed along the KG and SK valleys?

As discussed in Ch. 2, 3 and 4, in addition to pre-disposing and triggering factors, human activities have played important role to aggravate development of fluvial risk.

For example, people are building infrastructures and settlements on floodplains encroaching rivers within the functional flooding space of rivers. Further, these structures are built without giving any due consideration to existing natural hazards and fragile geology of the site. Furthermore, people are repeating the same mistake without learning any lesson from past disasters. All in all, these aggravating factors (human activities) are helping increase of fluvial risks along the KG and SK valleys. Fig. 6 (JNGS paper, Ch. 2) analyses in detail and depicts the possible factors that help development of fluvial risk in SK valley, so is true for KG River valley also. Only the difference is that KG River valley have also glacial lakes as a pre-disposing factor and GLOF also may be a triggering factor in KG. 

Why do people occupy natural hazard prone areas?

As discussed under "Discussion" in JNGS paper in Ch. 2, short-term economic benefits (or livelihood) were found to be the main reason for occupying natural hazards areas.

The other reasons for people to live on risky areas are (i) failure to implement the land use plan strictly by the state authorities and (ii) lack of public awareness about the risk of possible disasters. The best solution is to be away from hazard prone areas, i.e., abandon hazard prone areas. People living in hazard prone areas should be migrated to safer places with income generating opportunities for their livelihood, which should be led by NDRRMA (GoN). Some people argue that riverbank settlements can be made safe through structural measures against fluvial hazard (flood) but as discussed already, rivers cannot be tamed so easily and it involves a huge cost and even this is done, it cannot be guaranteed for years.

How Pokhara valley is threatened by risk of natural hazards?

As mentioned in Ch. 2 (section 2.3.), Pokhara valley is exposed to frequent multiple natural hazards that pose serious threat to humans and its properties in Pokhara and along SK valley, which are discussed below.

(i) Flood hazard

As discussed in section Ch. 2 (section 2.4), due to the presence of bottleneck channels at K.I. Singh bridge, Narayanthan, and Ramghat, upstream areas may be inundated 

(iii) Earthquake hazard

Further to discussion in Ch. 2 (section 5.2), Nepal as a whole country is prone to earthquake and Pokhara is no exception. Further since the time circa 500 -600 years ago, a large earthquake of high-magnitude (>8) has not hit the segment from western Nepal to Pokhara, hence this area appears to be the most important seismic gap in Nepal, and a large earthquake is already due for this region (Bollinger et al., 2016;Bilham, 2019). With the significant increment on population and buildings on recent years in Pokhara, earthquake risk is also significantly increased. 

(iv) Bank toppling hazard

Seti River flows through Pokhara city. As discussed in Ch. 2 (section 4.3), the banks of Seti are susceptible to toppling at many places, due to their geological, Late Quaternary formation (i.e., Ghachok Formation), and continuous toe erosion process. Mainly Seti banks from Ramghat to Ratopahiro (Ch. 2, Fig. 32, dot 13 to 14) are highly susceptible to that hazard.

(v) Karstic hazard

Sinkholes frequently develop in many areas of Pokhara during monsoon season. As discussed in Ch. 2 (section 5.3), the sediments in Pokhara valley hardened filling, the Ghachok formation, is rich in calcareous constituents, which dissolve in water. Therefore when underground soil comes into contact with water, the calcareous material gets dissolved, which create voids inside the soil and ultimately reduces the strength of soil, thereby the underneath soil fails to support the overburden load causing the ground subsidence, which are widely known as sinkholes. Many parts of Pokhara valley may have already contained such voids under the surface due to the karstification of soil, hence there is a possibility that a major earthquake may trigger the collapse of the ground resulting in additional damage to buildings and infrastructures.

How can we reduce risks of natural hazards in Pokhara and avoid possible disasters?

The risks in Pokhara as discussed in section 5.5., can be reduced and managed by adopting the following measures.

(i) Land use plan of Pokhara city which has clearly mentioned where to live and not, should be strictly followed and implemented by Pokhara Metropolitan city.

(ii) A detail geo-technical investigation should be carried out prior to any construction of structures (house, school, hotel, bridge etc.) in Pokhara. This helps to identify voids underneath the ground if any and thus help to design proper foundation structures so that it does not fall during earthquake or due to karstification.

(iii) Settlements near the banks of SK should be avoided. Bank toppling along SK may bring disaster at any time.

(iv) Living at foothills should be avoided. So houses at the foothill, where there exits risk of landslides, should not be built.

(v) Surface runoff water should be well managed so that it does not enter into the ground to avoid any sinkholes in Pokhara. But in order to know already formed underground sinkholes (cavities), geotechnical investigation must be done prior to the construction of any houses or structures.

(vi) Those living in vulnerable areas should be relocated to safer places and for this government should take the lead role.

(vii) Illegal settlements are on increasing trend along the SK valley. This should be stopped by the government once and for all.

(viii) Over exploitation of natural resources, i.e., unsustainable sand and gravel mining should be stopped. As discussed above in section 2 of this Chapter, many people including policy makers and bureaucrats still perceive disaster as natural events which they think are inevitable and cannot be stopped, while supra-natural beliefs still seem to be working for majority of common people. In the studied areas, most people have no idea about the risk that they are living with but some people' perceptions of hazard and risk are high; yet they continue to live in hazard prone areas. Similarly, as discussed above in section 3, people's perceptions can be seen to reflect their traditional beliefs and values, knowledge, custom and religion. In some cases, economic benefits seem to outweigh those risks and perceptions.

Therefore, people from local level to political leaders, bureaucrats, engineers need to be given more awareness education on natural hazards and disasters in order to change their present perception. Such awareness programs should be launched as a national campaign at least for two consecutive years across the country. The course on natural hazards and disaster should be included in the curriculum of Schools and Universities too. Disaster risk reduction and management should be a part and parcel of daily life of each and every people.

Who are real victims in disaster events?

Every year, disasters are causing huge loss of lives and properties in Nepal. But people do not lose everything in all disasters. For example;

(i) If bridges are damaged or washed away during construction, then the sole responsibility lies up on bridge contractors. Indeed, they lose very little financially because these bridges are insured against the loss due to natural event. So real losers would be insurance companies and Nepali people. Not to mention that disasters delay in construction of bridges, which badly affects the economy of Nepal as a whole.

(ii) Once road bridges are completed and handed over to Department of Road (DoR), then the responsibility / ownership goes to the DoR. If bridges get damaged or washed away after the construction, then it is DoR, Nepal Government who has to bear all losses. As stated before, such disaster would have great impact on the economy of Nepal as a whole.

(iii) In general, roads are not insured in Nepal against any damage neither during the construction nor after the completion due to their wide coverage of area and complexity on insurance policy. On the other hand, there is still very little practice to insure private houses against disasters even in big cities like Kathmandu or Pokhara, while it has not come into practice in villages of Nepal yet. All large hydro-power plants are generally insured in Nepal.

Therefore, when disaster occurs in road and individual houses, then Nepal Government and individual house owners respectively have to bear all loss. Again, insurance companies will bear most part of the loss when disaster occurs in large hydro-power plants. However, it is obvious that every disaster brings loss to every one affecting directly or indirectly the economy of whole Nepal.

By increasing natural hazard resilience of the community, our structures (including houses) through preparation and increasing response capacity, avoiding hazard prone areas, and constructing infrastructures through the proper design and use of proper materials, we can reduce the risk of disasters and the loss. On the other hand, insurance should be done for all houses in Nepal against natural hazards since Nepal is highly prone to various natural hazards. Though insurance normally does not cover 100% losses, it is better to have something recovered than nothing. According to Hari Krishna Shrestha, Chairperson of Insurance Companies in Nepal, if houses are insured against natural hazards under the "General Insurance policy", then losses can be recovered up to 70% from the insurance.

5.9.

Who is held responsible and accountable for the disaster?

Every monsoon season, about 100 bridges, many road sections, hydro-power plants and settlements are either damaged or washed away by floods and landslides across Nepal [START_REF] Gurung | Construction of road bridges without consideration of geo-hazards and river-flow dynamics -A case study from Ghatte Khola, Myagdi, Nepal. Géomorphologie: Relief, Processus[END_REF] but sadly no one is held responsible and accountable for the loss / damage. For example, Department of Roads (DoR) does the design of all road and bridges in Nepal. Most bridges have been built low and in hazard prone areas without consideration of hydro-geomorphic events and river flow dynamics. So does for roads. In consequence, roads and bridges get damaged or washed away by floods and landslides, yet there is no system or practice in Nepal that makes someone responsible and accountable. No engineer(s), designer(s) and contractor(s) who was / were involved in the site selection, design, and construction phases, are held responsible and accountable for the loss and damage. Probably this is one of few main reasons that is increasing disasters and risk of disasters because most hazard affected bridges or road are re-built at the same place without making any change on initial design and location and without learning any lesson from the past disaster (s). highly unstable bank slopes, these areas are prone to landslide dams, and hence can produce landslide dam outburst floods (LDOF). All these make possibility of recurrence of a flood in SK similar to the scale of 2012 or even greater, if a strong earthquake occurs.

General recommendations for disaster risk reduction and management (i) Conduct large-scale awareness education campaign

My research has demonstrated that most people in Nepal still have misconception about disaster. It's the need of today to educate and raise awareness to all people across Nepal, not only for common citizens but also for top bureaucrats and policy makers about disasters and natural hazards. They should be made aware of the fact that disasters are the consequence of interactions between natural hazards and unscientific human activities, which could have been avoided with proper planning, design and construction while natural hazards cannot be stopped from happening.

Local communities should be made aware of what are the risks that they are living with and how vulnerable their infrastructures are. As such, not all natural hazards turn into disasters, it is human presence and actions which make it possible for a natural hazard to become a disaster. This should be part of a standard curriculum rather than waiting until a disaster occurs.

(ii)

Give more focus on preparedness Among three phases of disaster reduction and management, i.e., (i) properties and more disasters are foreseeable but these can be addressed through careful planning, thorough investigation, adherence to best practice, control of construction practices and learning the lessons of the past.

Building resilience in hazard-prone communities should be a top priority to reduce the disaster risk. It is essential that the local government and the communities themselves receive financial support and the transfer of knowledge and expertise to achieve this. Local informal institutions such as village youth clubs, and women's/mothers' groups should be strengthened as such groups will enhance the capacity of the community to respond to a hazard. Insurance of houses and properties should be started to help share the loss/burden of disasters. Steps must be taken from "reactive" to "proactive" approach. It is true that less attention was paid on preparedness and more focus seemed to be limited to reactive / response.

Therefore preparedness, at all level from household to national level, is necessary to reduce the risk and combat disasters.

(iii) Make responsible and accountable

After all, it is people who decide where to live, or build and how to build, hence the concerned person(s) who were involved in the design and construction, must be held responsible and accountable for any loss / damage of infrastructures by natural hazards so that s/he would learn lesson for not to repeat mistakes in the new design and construction. This does not mean that they should be punished for their work / ignorance, instead they should be trained and educated further to understand our slopes and rivers in a better way to avoid disaster in our future.

(iv) Avoid the hazard

A detailed geomorphological assessment should be undertaken when selecting the initial road alignment or bridge site selection to avoid existing natural hazards and to minimize future hazard. This should be undertaken as part of the compulsory environmental impact assessment (EIA). In addition, following the construction of the road and bridge, hazard maps should be prepared to delineate areas of high hazard. These maps should be used to inform migrant households and to discourage the construction of settlements in high risk zones.

(v) Discourage settlement on riverbanks and floodplains

Emphasis should be given to discourage living on low-lying areas nearby the river and floodplains. No structural measures can protect riverbank settlements for long period. With this in mind, communities should be given alternative livelihoods opportunities in safer areas to encourage them to live away from the high risk zones. For this, government should implement the land use policy strictly.

(vi) Monitor flood level, landslides and establish effective early warning system (EWS)

Despite the high frequency of floods and landslides in the studied sites, instrumental monitoring of rivers and critical slopes is virtually non-existent, reflecting the reactive rather than proactive focus in (limited) resource allocation. Those installed in few places, are also not working (Fig. 198). Globally, the establishment of early warning and associated preparedness and response systems have helped to reduce the number of deaths from disasters over the last decade (Bhandari et al., 2020). Early warning systems promote the development and application of scientific knowledge, including improved information dissemination. Therefore, EWS, should be installed in flood and landslide prone areas across Nepal.

Conclusions

This chapter discussed different perceptions that Nepalese people have in their mind or the way they understand about disasters. Cette recherche a donc été menée pour examiner l'interaction des activités anthropiques avec ou contre les risques naturels, en partant de l'hypothèse que les activités anthropiques sont responsables de la transformation des aléas naturels en catastrophes.

Cependant, l'analyse de certains impacts positifs des activités humaines a également fait l'objet de ce travail de recherche. 

À qui profitera cette recherche ?

Les connaissances acquises grâce à ce doctorat seront certainement utiles pour :

(1) Les ingénieurs et planificateurs impliqués dans la conception de routes et de ponts routiers au Népal ;

(2) Les dirigeants locaux, les bureaucrates et les décideurs dans les bureaux du gouvernement au Népal, principalement ceux de la ville métropolitaine de Pokhara, du Département des routes (DoR), et du projet de la route « Corridor de la KG » ;

(3) Les parties prenantes et les communautés locales des vallées SK et KG ;

(4) Le bureau de Kadoorie, où je travaille, qui soutient le Népal en construisant des ponts routiers, de petites centrales hydroélectriques et des projets d'eau potable dans les régions collinaires et montagneuses fragiles du Népal ; Geomorphologically Active Environment versus a Dynamic, Rapidly Developing City. In:

INTRODUCTION (A) Rationale

The main rationale of this thesis is to examine in detail how anthropogenic activities in Nepal Himalaya are responsible for natural hazards to become disasters. With the increment on anthropogenic activities on recent years in Nepal, number of disaster cases and risk of disaster are also increasing (Fig. 1,2). Though natural hazards such as floods and landslides, are recurrent phenomenon on the earth since its inception, the number and scale of disaster are rising ever than before worldwide. According to MunichRe (2019), over the period from 1980 -2019, the number of disasters are increasing worldwide annually. A total number of 820 natural hazard cases across the world that had caused destruction, were registered with them in the year 2019 alone, more than two times than thirty years ago and more than 50 % than 10 years ago (Fig. 3).

In Nepal, a comparison of 337 visible landslide sites across 35 hill districts with the nearest road on Google Earth showed that 205 landslides (61 %) had occurred near roads [START_REF] Dixit | Political economy of 2020 landslides, road construction and disaster risk reduction in Nepal[END_REF], i.e., road construction (anthropogenic activity) seemed responsible to invite more natural events (for eg. landslides) resulting in more disasters. At least seventeen bridges were damaged, of which thirteen were completely destroyed by floods and landslides in 2019 in Nepal [START_REF] Gurung | Construction of road bridges without consideration of geo-hazards and river-flow dynamics -A case study from Ghatte Khola, Myagdi, Nepal. Géomorphologie: Relief, Processus[END_REF]. Infrastructures such as bridge, road which were damaged or washed away by natural events (flood, landslide) in Nepal are reported to have been built poorly without considering possible effect of natural hazard and fluvial dynamics [START_REF] Bell | A catastrophic multi-hazard event in 2020 in Kali Gandaki valley, Nepal Himalaya[END_REF][START_REF] Gurung | Construction of road bridges without consideration of geo-hazards and river-flow dynamics -A case study from Ghatte Khola, Myagdi, Nepal. Géomorphologie: Relief, Processus[END_REF]. Sadly reconstruction is done or taking place without reviewing what caused those disasters and making any change on the initial design and location. This shows that majority of Nepalese people including bureaucrats and engineers still consider such disasters as natural as if disaster happen naturally and people have no role to avoid/control them. They simply see nature responsible for the disaster. Contrary to this, even if some people think that it is the result of human error (i.e., poor understanding of natural hazards) or negligence, hence people involved are responsible for such disaster, there exists no such practice or law in Nepal to make them responsible or accountable. In consequence, people are repeating similar mistakes (knowingly or unknowingly) one after another and thereby increasing disasters annually.

To that end, many questions developed in my mind such as why some infrastructures are still safe during extreme natural hazard events (such as extreme flooding, landslides and earthquake) and why others get damaged by these hazards? Why some settlements are flooded and not others? Who is responsible and accountable for the loss by these natural events? What role are human playing to invite such disasters? Are these disasters avoidable or not? Who are more vulnerable to disasters? How can local people be made aware of future disaster?

Though an investigation team is often formed at the government level after any disaster event, the report never mentions bureaucrat, engineer, designer or builder were responsible for the disaster rather they simply blame to nature saying it was due to such and such natural hazard. That means no one is held responsible and accountable for the damage or loss due to the disaster. Hence it was felt a necessity to do a research on natural hazards and disasters in order to make Nepalese people understand about the difference between natural hazard and disaster and create awareness to the concerned stakeholders and wider Nepalese community about:

1. disasters and natural hazards are two different things;

2. disasters are mostly the outcome of human activities and natural hazards;

3. disasters in most cases can be averted or controlled but natural hazards cannot be averted. actions. The research takes an interdisciplinary approach to investigate role of anthropogenic activities for inviting disasters in Nepal Himalaya.

Natural hazard, Disaster and Risk

The literature often synonymously uses the terms 'disaster' and 'natural 

Natural hazards

According to UNISDR (2009), natural hazards are natural events on the earth which occur naturally as a function of physical processes. These are regular processes of the earth and cannot be stopped. Natural hazards have the potential to cause injury, loss of life, loss of property, loss of livelihoods and services, disruption of social and economic function, or environmental degradation. A natural hazard is an agent that has the potential to cause a disaster [START_REF] Cuny | Disasters and Development[END_REF]. Natural hazards in themselves do not constitute disasters. If there is no risk to human life and property, even though the area is extremely hazardous, there will be no disaster; e.g., a large-scale landslide in an uninhabited area poses no risk to human life and property although the area may be extremely hazardous. A global review of disaster reduction initiatives UNISDR ( 2004) has classified natural hazards in the following three categories:

Risk

Risk is the probability of occurrence of disaster (UNISDR, 2009). The term disaster risk therefore refers to the potential (not actual and realised) disaster losses, in lives, health status, livelihoods, assets and services, which could occur in a particular community or society over some specified future time period. Disaster risk is thus the product of the possible damage caused by a hazard due to the vulnerability within a community. 

(C) How anthropogenic activities help natural hazards become disasters?

Despite the fact that disasters are preventable, disasters have been recurrent

features and on the rising trend in Nepal Himalaya that generally result from the combination

(5) Extensive mechanical excavation and improper blasting

These generate secondary fractures within rock masses that may lead to slides and thus bring disasters.

C3. Deforestation

Anthropogenic activities such as construction of infrastructures and forest fire are causing significant loss of forest area in Nepal. The loss of forests is supposed to reduce the rate of evapotranspiration on slopes leading to higher groundwater levels, to reduce cohesion through the loss of root strength and to increase surface run off, which enhances the rate of erosion [START_REF] Crozier | Multiple occurrence regional landslide events in New Zealand: Hazard management issues[END_REF]. The effect of these changes lead to mass movements causing disasters [START_REF] Petley | The role of global and regional precipitation patterns in landslide generation[END_REF].

C4. Sand mining

Sand mining generally refers to the extraction of aggregates which encompasses sand, gravel, pebbles or cobbles from rivers and riverine components (channels, banks and floodplains). The removal of material from a river channel can alter river hydraulics due to changes in the depth (deepening of river), width or slope of a river, which in turn can alter ecosystem processes. Haphazard sand mining also destroys the aesthetics of rivers and streams, and makes the ecological system unstable. Sand mining has adverse impact on groundwater recharge [START_REF] Hemalatha | Effect of sand mining on groundwater depletion in Karnataka[END_REF][START_REF] Rao | Sand Mining: Groundwater depletion in papagani catchment[END_REF]. 

C5. Climate change

There is evidence to suggest that climate related disasters are becoming more frequent. For example, the frequency of disasters from tropical cyclones and floods has been increasing. Human activities are responsible for the threat of global climate change and rising sea levels as a result of global warming caused by increased greenhouse gases (GHGs) concentrations in the atmosphere (IPCC, 2007). Change on climate due to human activities such as changing of rainfall distributions and intensities has also led to disasters [START_REF] Jha | Natural and Anthropogenic Disasters: An Overview[END_REF].

For example, Jomsom, the district headquarter of Mustang had average annual rainfall of 133 mm from 1973 to 2000 while the average annual rainfall of Jomsom is 263 mm from 2000 to 2020 (DHM, GoN). This shows that rainfall pattern in Mustang that lies in the Trans Himalayan region, has increased over the last decade and its main cause is said to be an increase on temperature due to population growth, rapid urbanization and unsustainable development practices [START_REF] Karki | Climate Change and its Increasing Impacts in Nepal[END_REF]. This has led many landslides in Mustang district causing disasters.

Similarly on 16 June 2021, Manang, the district that lies in the Trans-Himalayan region, witnessed the highest rainfall ever recorded to date in that area. According 

CONCLUSIONS ON THE RESEARCH WORK

Research synthesis

This Ph.D. thesis has taken an interdisciplinary approach to investigate the role of anthropogenic activities for natural hazards to become disasters in the Nepal Himalaya.

Firstly, hydro-geomorphological mapping of eleven representative studied sites were prepared to examine how human built infrastructures and settlements are encroaching floodplains and blocking the natural path of river. It provided information to define and delimit past hydrogeomorphic events across studied sites including geological and geomorphological setting of studied sites. This provided a positivist evidence base to explore local understandings of, and responses to, natural hazards and risk.

Secondly, hydraulic analysis including HEC-RAS modelling was performed to check the high flood level across the bridge sections. This modelling was applied on different catchment sizes, i.e., larger river catchments (SK) and smaller tributary catchments (GK).

Thirdly, functional flooding space approach, i.e., freedom space of river, was adopted to check whether human built infrastructures and settlements have been built within the functional flooding space or not. As such, those structures which have been (and are being) built within the functional flooding space, are highly likely to be affected by floods and hence invite disasters in future.

Fourthly, land-use and land-cover change was analyzed using satellite images in ArcGIS to examine the changes on land use and land cover of studied sites over the years.

This gives information about increasing built-up areas (area covered by human settlements and infrastructures) and decreasing natural flow path of rivers over the years, hence show how human and their activities are increasing risk of disasters in the studied areas.

Finally, interaction and interviews were conducted with local people in the studied sites and engineers, policy makers, bureaucrats in line offices in order to gather information about their perception to natural hazards and disasters, past disasters, site information and many more. For example, why people occupy hazard prone areas; how people perceive risk and respond to hydro-torrential disasters, how well they are prepared for the disaster, etc. Indeed, a checklist was used for this purpose (Annex 4). The starting point for this research was increase on disaster cases on recent years in Nepal. As reported by [START_REF] Fort | The Pokhara valley: A product of a natural catastrophe[END_REF][START_REF] Fort | Extreme rainfall triggered landslides: Hydro-geomorphic impacts and induced risks in the Nepal Himalayas[END_REF], 2015) and [START_REF] Schwanghart | -Repeated catastrophic valley infill following medieval earthquakes in the Nepal Himalaya[END_REF], natural hazards are strongly controlled by monsoon intensity, yet the number of disasters has increased dramatically over the past few years, for which the role of climate change cannot be ignored.

A number of explanations have been postulated, including population growth, land use change and anthropogenic activities such as construction of infrastructure. Among these, the most likely impacts are thought to be related to rural road construction [START_REF] Petley | Trends in landslide occurrence in Nepal[END_REF]. My research is an additional one to previous studies, mainly focusing on anthropogenic activities from specific sites in SK and KG valley.

This research, therefore, was proposed to examine the interaction of anthropogenic activities against natural hazards with the hypothesis that anthropogenic As the whole world is suffering from the COVID-19 pandemic, my Ph.D.

research, both field work and thesis writing, was also affected by this. Like other countries, the COVID pandemic is still prevalent in Nepal, which is expected to worsen further with the lifting of lockdown at a time, when Nepal has still more than 15 % daily infected cases and about two third of its people have not been vaccinated yet. I had to face different difficulties, mainly for the travel due to the lockdown to go to the field for my study and vice versa. Most of the thesis writing was done amidst lockdown and loss of my few close relatives due to the COVID-19. On the other side, I was equally busy for my professional work in the office. All in all, I had to go and manage all these things through this Ph.D. journey and I believe that with the relentless help and guidance from my Supervisors, I have done this research study, to the best of my capacity, to have a good outcome.

Conclusions on the research work

From this research, it can be concluded that disasters begin with human and their actions, as the main cause and often end up with human and their properties, as the main victims. That means anthropogenic activities or human-induced activities are mainly responsible for natural hazards resulting in disasters. The occurrence and impact of disasters are increasing, a result both of the increase in the size and vulnerability of exposed population as well as an increase in the frequency and severity of hydro-meteorological hazards, which is likely to grow with the increase on unpredictable climate change processes and intensity of weather events. While natural hazards cannot be stopped from happening, they only get turned into disasters when affected communities and their properties are vulnerable and unprepared.

In studied sites, anthropogenic activities have been (and are being) carried out either within the functional flooding space or in natural hazard prone areas. With the rapid increment on development works in the studied sites without consideration of hydro-torrential hazards, disasters are likely to increase in future. Since it is human beings who decide where to live or build and how to build their infra-structures, hence human activities are liable to disasters. However, there are also positive aspects of anthropogenic activities. Anthropogenic activities bring development, create employment and new opportunities. River control structures help save other properties, even these structures fail in most cases. For example, gabion walls or embankments (river control measures) help reduce the force of floods and may protect other structures or properties behind these structures. Similarly, when weirs are built for the hydropower intake across the river, they help reduce erosion of rivers and dissipate flood / water energy so that it does not cause great destruction downstream.

In recent years, the frequency and intensity of extreme flood events is increasing. Floods and landslides are the causes of about 300 deaths each year in Nepal with property damage exceeding USD 10 million on average. With the impact of climate change, damage related to floods and landslides, is also likely to increase with increasing anthropogenic activities in the region. Hence, a reliable EWS for flood and landslide forecasting, is necessary to reduce risk of disasters but it should be noted that EWS, without early action (by the instrument and relevant persons), may not be useful and effective. All key elements of disaster risk reduction and management system should be effectively implemented to avert any possible disaster. However, priority should be given to preparedness.

Perspectives

Areas for future research

Recommendations for possible future research area and thematic topics to be investigated are highlighted below.

(1)

From hazard mapping to early warning

With increasing anthropogenic activities (road, bridge, hydropower, settlement) along both KG and SK valleys, landslide and flood hazard mapping with early warning systems (EWS) along valleys are required that help reduce disaster risk. As noted by [START_REF] Olson | Public policy analysis and hazards research: natural complements[END_REF] there is always a need for serious consideration of what sort of scientific information is most useful. With preparation of landslide and flood hazard maps along SK and KG valleys, a more rapid natural hazard assessment can be done at the local level to identify areas of imminent and potentially hazard prone areas. If local communities are aware of risks that they are living with, then it reduces risk of disaster. Having identified such areas, there is the potential to introduce early warning systems. There is no formal early warning system or evacuation plan at community level in response to disasters yet. Again, for such systems to be effective, community involvement is paramount as local people will be needed to manage the systems, trust and respond their results. Hence community based EWS should be implemented wherever possible.

(2)

Study of tributary catchments in KG valley

My research from the KG valley (Ch. 3 and 4) has demonstrated that how important it is to understand hydro-geomorphology and river flow dynamics of tributary catchments to lessen disasters, not mentioning the overall geomorphic context of these catchments. To that end, a further study about hydro-geomorphology of tributary catchments including installation of rain gauges at different locations along the tributary rivers, starting from close to the confluence of rivers to other places along tributary river covering its whole catchment area, will help predict the natural hazard and understand the causes of debris flow and landslide and this will ultimately help reduce possible disasters.

Who will be benefitted from this research?

The knowledge gained from this Ph.D. research, will certainly be useful for:

(1) Engineers, planners, and designers who are involved in the design of road and road bridges in Nepal;

( 

2.

How old is the village settlement? Why did people choose to settle here? How has the settlement changed /expanded over time (Ideas: migration into and out of the village /the impact of road construction, sand mining etc.)?

3.

How many households and how many people live in the village?

4.

How frequently (often) do landslides and floods occur in the village?

5.

During which months of the year do landslides or floods mainly occur? (Please circle)

Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec 

7.

Risk Perceptions (Aim: to investigate how physical risks are perceived and understood). 
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  Deputy Manager -Upper Tama Koshi hydroelectric project, for the fruitful interaction during the field work in KG River valley and their help for organizing a special meeting at the Ministry of Physical Infrastructure and Transport to present my findings among Minister and top officials from the DoR. I am also grateful to Simrik Air Pvt. Ltd. for the help to conduct airborne field work at Sabche Cirque, the headwaters of Seti River. Assistance from the technical team in the Soil Mechanics Lab at the Institute of Engineering, Paschimanchal campus, Pokhara during the laboratory investigations is also appreciated. I am also grateful to Rajendra Giri, Nawaraj Dhakal, Bhupendra Purja and Pravin Paudel for their assistance in the field work. d'être de cette thèse est d'examiner en détail comment les activités anthropiques au Népal et dans l'Himalaya sont responsables de la transformation des d'événements naturels de toute fréquence en catastrophes. Avec l'accroissement des activités anthropiques ces dernières années au Népal, le nombre de catastrophes et le risque qu'elles se reproduisent augmentent également (Fig. 1, 2). Bien que les risques naturels impliquant des inondations et glissements de terrain soient des phénomènes récurrents sur la Terre depuis sa création, le nombre et l'ampleur des catastrophes sont en augmentation plus que jamais dans le monde, ce que confirme MunichRe (2019), pour la période de 1980 à 2019 : pour la seule année 2019, 820 cas de risques naturels ayant causé des destructions ont été enregistrés à travers le monde, soit au moins deux fois plus qu'il y a trente ans et au moins plus de 50 % qu'il y a 10 ans (Fig. 3). Au Népal, la comparaison de 337 sites de glissements de terrain visibles dans 35 districts du Moyen Pays collinaire sur Google Earth a montré que 205 d'entre eux (61 %)

Fig. 1 :

 1 Fig. 1 : Nombre total de décès annuels dus aux glissements de terrain et aux inondations au Népal de 2005 à 2019. Source : Ministère de l'Intérieur, Autorité nationale de réduction et de gestion des risques de catastrophes, portail Bipad, www.bipad.gov.np.

Fig. 2 :

 2 Fig. 2 : Nombre total de glissements de terrain catastrophiques entre 2010 et 2020 au Népal. Les glissements de terrain sont qualifiés de désastreux car chacun d'entre eux a causé la destruction de vies, de biens ou des deux (source : Portail népalais de réduction des risques de catastrophe, Gouvernement du Népal, drrportal.gov.np).

Fig. 3 :

 3 Fig. 3 : Nombre d'événements annuels liés aux risques naturels de 1980 à 2019 dans le monde. Le nombre d'événements naturels augmente de manière significative au fil des ans (source : Munich RE, www.munichre.com).

  Selon l'UNISDR (2009), le Risque (R) = Aléa (A) x Exposition (E) x Vulnérabilité (V), équation dans laquelle : l'Aléa = menace potentielle pour les humains et leurs propriétés ; Exposition = éléments affectés par le danger ; Vulnérabilité = le degré de susceptibilité (être susceptible d'être influencé ou probablement influençable) et de résilience (capacité à faire face) de la communauté et de l'environnement aux aléas. La vulnérabilité est accrue par la pauvreté, la médiocrité des infrastructures, le manque de ressources naturelles. Pour réduire les risques de catastrophe, il est important de réduire le niveau de vulnérabilité et de maintenir l'exposition aussi loin que possible des dangers potentiels en déplaçant les personnes et les biens. Malgré le fait que les catastrophes soient évitables, elles ont été en Himalaya du Népal des caractéristiques récurrentes, avec une tendance à la hausse. Ces catastrophes résultent généralement de la combinaison de plusieurs aléas géologiques et hydrométéorologiques (tremblement de terre, chutes de pierres, coulées de débris, glissements de terrain, inondations), et affectent souvent les personnes vulnérables et les communautés humaines mal préparées. Ceci est malheureusement illustré par divers événements récents dans l'Himalaya central (inondations de Bagmati en 1993 ; défluviation du méga-cône de la Koshi en 2008 ; coulée de débris de la rivière Seti en 2012 ; inondations de Mahakali et Kedarnath en 2013 ; tremblement de terre de Gorkha en 2015 ; inondation du Terai en 2017 ; inondation de la rivière Madi en 2018 ; 2018 et 2020 Inondations de Kali Gandaki ; coulée de débris de Chamoli en 2021) qui ont causé un grand nombre de victimes et de dommages aux biens et au bétail.

Fig. 4 :

 4 Fig. 4 : Mécanismes à l'origine de l'émergence des catastrophes (source : UNISDR, 2004).

Fig. 5 :

 5 Fig. 5 : Extraction de sable dans la Seti Khola (SK) à Tallo Gosti. Le sable est collecté sur la rive droite de la SK, du côté de la route (© N. Gurung, 29 août 2020).

Fig. 6 :

 6 Fig. 6 : Les districts au Népal. La couleur jaune indique l'emplacement des districts de la zone d'étude (source : Circle of Blue, https://www.circleofblue.org/).

Fig. 7 :

 7 Fig. 7 : Structuration de la thèse de doctorat, présentations orales et posters présentés lors de différents colloques et réunions scientifiques.

Fig. 8 :

 8 Fig. 8 : Structuration de la thèse de doctorat et publications scientifiques.

Fig. 9 :

 9 Fig. 9: Location of Nepal (source: Circle of Blue, https://www.circleofblue.org).

Fig. 10 :

 10 Fig. 10: Physiographic regions of Nepal showing studied sites (red circles). 1: Terai (<200 m); 2: Siwalik (Churia) Range (200 -1000 m); 3: Middle hill (1000 -2000 m); 4: Upper hill (Lesser Himalaya) (2000 -4000 m); 5: Higher Himalaya (>4000 m). A: Kathmandu; B: Pokhara; C: Jomsom (modified from Talchabhadel et al., 2019).

Fig. 11 :

 11 Fig. 11: (a) Geological section and (b) Topography across the Himalayas at the longitude of Kathmandu, Nepal (modified from Lavé and Avouac, 2001). 1: Upper Siwaliks; 2: Middle Siwaliks; 3: Lower Siwaliks; 4: Paleozoic metasediments; 5: Indian upper crust; 6: Gneisses; 7: Leucogranite; 8: Tethysian series; 9: Indian plate (Lower crust). MHT -Main Himalayan Thrust; MFT-Main Frontal Thrust; MBT-Main Boundary Thrust; MCT -Main Central Thrust; STDS -South Tibetan Detachment System.

Fig. 12 :

 12 Fig. 12: Simplified Geological map of Nepal. 1: Terai Zone; 2: Sub-Himalayan Zone (Siwaliks); 3: Lesser Himalayan Zone; 4: Higher Himalayan Zone; 5: Tibetan-Tethys Zone, 6: Paleozoic Granite; 7: Tertiary Leucogranite (adapted from Dahal, 2006).

Fig. 13 :

 13 Fig. 13: South Tibetan Detachment System (STDS) separating Higher Himalayan Zone from Tibetan-Tethys Zone, Lete, Mustang. View taken from Nimek Danda (3900 m) looking NWwards, with Kalopani in the middle ground and Dhaulagiri in the back (© M.Fort, 1977).

Fig. 15 :

 15 Fig. 15: Map showing average precipitation in South Asia including Nepal and showing the north-west flow direction of monsoon, which is responsible to cause summer monsoon in South Asia (source: Diercke International Atlas, https://www.diercke.com).

  (a). In the summer, a high-pressure zone lies over the Indian Ocean while a low-pressure zone exists over the Asian continent. The air masses move from the high pressure over the ocean to the low pressure over the continent, bringing moistureladen vapour to South Asia. Conversely, during winter a low pressure develops over the Indian Ocean while a high pressure lies over the Tibetan plateau and so the cold air flows down the Himalaya and south to the ocean. These weather fronts between warm air and cold air generally produce relatively dense clouds and such cloud cover the low land area of southern Nepal for many days. The wet monsoon is responsible for almost 90 percent of south Asian water supply. In southern part of central Nepal, the topography is relatively lower than other parts of country but abrupt rise in elevation in the north such as Dhaulagiri, Annapurna and Manaslu mountains [Fig.18 (a); Fig.18 (b)]. This strong orographic effect explains why Pokhara area generally gets much rainfall than other parts of Nepal, high values of both mean annual rainfall (Fig.14) and extreme 24 hours rainfall (highest 280 mm from 7 pm 2 Sept to 7 pm 3 Sept 2021, DHM, GoN). The monsoon usually enters in Nepal during the first week of June and it brings abundant rain until the end of September. The monsoon remains longer and wetter in the eastern part of the country. Conversely in winter, westerlies generate more rainfall in the western part of Nepal and very few in the eastern part. These rainfalls can provide up to one fifth of the total annual rainfall. In the rest of the country, heavy rainfall in November and December is rare and sporadic with hailstorms.
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 16 Fig. 16: Climatic Zones of Nepal. 1: Cold, continental, arid; 2: Alpine, 3: Cold Temperature; 4: Warm Temperature; 5: Subtropical and Tropical; 6: Peak; 7: River; 8: Mountain range (adapted from Shresthaet al., 1984).

Fig. 17 :

 17 Fig. 17: (a) Mean Annual Temperature (MAT) (°C) in Nepal with location of meteorological stations and (b) Thermal classification of Nepal (1986 -2015). 1: Cold, continental, arid; 2: Alpine, 3: Cold Temperature; 4: Warm Temperature; 5: Subtropical and Tropical (adapted from Talchabhadel et al., 2019).

Fig. 18 :

 18 Fig. 18: (a) Relief map of Nepal, a lower altitude area is situated in the area between west of Kathmandu and Pokhara. The topographical profile of line AA', BB' and CC' is given in Fig. 19 below. (b) Topographical profile through the line MM' in Fig. 18 (a) of Nepal Himalaya with illustration of climatic Zones, main geology and physiography. Because of strong orographic effects of abruptly elevated mountains of North, central Nepal gets abundant monsoon rainfall. (modified after DHM, GoN, and Dahal and Hasegawa, 2008).

Fig. 19 :

 19 Fig. 19: Topographic profile of eastern (A-A'), central (B-B') and western (C-C') Nepal. The location of profile lines are given in Fig. 18 (a). Usually, eastern and central Nepal have highly elevated monsoon barrier within 100 km distance from Indo-Nepal border to the north, whereas western Nepal has elevated mountain range at 200 km distance from the border (adapted from Dahal and Hasegawa, 2008).

Fig. 20 :

 20 Fig. 20: Conceptual diagram presenting how more rainfall will create natural hazards in Mustang, a Trans-Himalayan region (rain shadow) in Nepal. Five areas are identified (glaciers and high mountains, slope scarps, glacio-fluvial terraces, steep cliffs and the valley bottom of the Kali Gandaki River). The vertical section is not to the scale (adapted from Fort, 2015).

Fig. 21 :

 21 Fig. 21: History of past earthquakes in Nepal showing rupture lengths and return times of great past earthquakes since AD 1223. Surface ruptures are noted as A (1255); B (possible AD 1344 or 1408 rupture trace, assuming that one of these events was a great earthquake rupturing the front all the way from East of Kathmandu to West of Pokhara; C (1505); and D(1934). The line drawn from Kathmandu to the south corresponds to the extent of blind Mw 7+ events similar to that in 2015. The question marks refer to high uncertainty. The probability of an earthquake occurring to the west from Pokhara, Nepal remains high due to the seismic gap since the area was last hit by a major earthquake in 1505 (adapted fromBollinger et al., 2016).

Fig. 22 :

 22 Fig. 22: Five centuries of Himalayan rupture zones (black) and current slip potential [meter scale (right)] since the last rupture in named segments (adapted from Bilham, 2019). The colors indicate the maximum magnitude of an earthquake that could occur in the present time should a segment fail in a single event or as partial slip. Two areas with violet shading could host Mw > 8.7 earthquakes. Six areas with brown shading could rupture in Mw 8.4 earthquakes. Five areas, shaded yellow, could presently slip in Mw ≥ 7.7 earthquakes similar to the recent Gorkha earthquake. The 2005 earthquake occurred to the west of a Mw = 8.0 forecast region, and the 2015 earthquake occurred at the junction between Mw = 7.4 and Mw = 7.9 forecast areas to the north of Kathmandu. A recurrence of the 1833 earthquake was not anticipated. The inset shows an earlier version of this plot made before the 2005 and 2015 earthquakes as adapted from Bilham and Wallace (2005).

Fig. 23 :

 23 Fig. 23: Different types of Landslides (source: USGS, http://landslides.usgs.gov).

Fig. 24 :

 24 Fig. 24: Tikhedhunga debris flow, Kaski, Nepal occurred on 6 August 2006 and killed 7 people and wiped out 5 houses. This site is on the way to famous tourist destination -Ghorepani. (a) Before (© N. Gurung, March 2002), and (b) After debris flow (© N. Gurung, August 2006).

Fig. 25 :

 25 Fig. 25: Monsoon flood in Kathe Khola, Baglung, Nepal, eroding left bank abutment of a R.C.C. bridge on 16 June 2021 (© Taranath Acharya).

Fig. 26 :

 26 Fig. 26: Flash flood in Seti River at Dulegaunda on 26 September 2019 (© Rishiram Sigdel, 2019).

Fig. 27 :

 27 Fig. 27: Upstream view of Jure Landslide dam lake formed in August 2014 at Jure, 40 km east of Kathmandu.A massive landslide on August 2, 2014 at Jure, Sindhupalchowk district (Nepal), had blocked the Sun Koshi River forming a landslide dam lake which was 300 -350 m wide and ~3 km long, and had destroyed a km section of the Araniko highway, submerged the 2.6 MW Sanima Hydropower and killed one hundred and fifty six people. Luckily the dam did not burst and its water was released gradually by blasting off the deposited dam that had restricted Sun Koshi River flow. Inset map shows the Jure landslide looking from downstream (© Manoj Khadka, Nepal Army).

Fig. 28 :

 28 Fig. 28: Tsho Rolpa glacial lake, Sindhupalchowk, Nepal (© Phurba Lama, 18 March 2019).

  upstream from the fan. 500 m long, maximum of 140 m wide and 12-14 m deep lake formed. Out of 22 houses, rockslide takes place in snow-capped steep mountains, it generates avalanches after mixing with ice and snow and thus creates debris flows that often cause devastation of downstream settlements and infrastructures. The ice and snow are melting by the energy of the rock fall creating the source of flood. This remobilizes the debris and ice on the valley floor deposited by previous events, pushes the stream water and create an excessive flood wave. Rockslide triggered debris flows are not a regular phenomenon in the mountains but they have potential to cause huge disasters.For example, a massive rock mass failure in Annapurna IV, the headwater of Seti River, triggered a debris flow in Seti River in Pokhara (Nepal) on 5th May 2012, killing 72 people and damaging properties worth millions of dollars(Bhandary et al., 2012;[START_REF] Gurung | Causes and effects of Seti River Flash Flood 2012[END_REF][START_REF] Dwivedi | Cause and mechanism of the Seti River flood, 5th May 2012, Western Nepal[END_REF] Fig. 29, 30). Seti River and its catchment are studied in detail including the 2012 Seti debris flow as one of the studied sites for this PhD thesis and are presented in chapter 2.

Fig. 29 :

 29 Fig. 29: The west face of Annapurna IV is believed to be the source of massive rock mass failure, to cause Seti debris flow in 2012 (© N. Gurung, 17 December 2020).

Fig. 30 :

 30 Fig. 30: Seti River debris flow on May 5, 2012 up on arriving in Khaarpaani Tatopani (natural hot-spring site) where 69 persons out of total 72 deaths had occurred. The debris flow was triggered by a massive rock mass failure from Annapurna IV on snow-ice floor in Sabche Cirque (head-water of Seti River; © Krishna Acharya, 5 May 2012).

Fig. 31 :

 31 Fig. 31: Satellite image of the Koshi River from Chatara to the Koshi barrage in 2010, showing the levee breaching section in 2008 that had caused widespread flooding in Nepal and India[START_REF] Iwasaki | Numerical study on the flow and the sedimentation during 2008 flood in the Koshi River in Nepal[END_REF]. Inset map shows an inundated village in Nepal-India border (Reuters).

  into a developing country by 2022 from the status of the least developed country. Nepal is following the path of modernization and development. The 2015 Gorkha earthquake affected significantly its socio-economic growth. When Nepal was slowing recovering from the 2015 earthquake effects, the worldwide pandemic of coronavirus (COVID-19) spread, which has caused human losses as well as severely affected the global economy and Nepal is no exception. Measures undertaken to prevent and control the transmission of this disease has disrupted the chain of production, supply and consumptions. Due to the COVID-19 pandemic, economic activities have been slowdown and was contracted by 3 percent in 2020. Nepal's per capita gross domestic product (GDP) was US Dollar 1,085 in the fiscal year 2019/20 (Economic Survey, 2019/20). Due to the political instability, Nepalese economy and development activities are remarkably affected. With the new Constitution of Nepal 2015, Nepal is expecting to change the socio economic development process with guaranteed right, economic decentralization, shifting resources to poorer geographic areas. Nepal has been traditionally a buffer Zone between the two giant neighbors, India and China. Nepal has continuously been endorsing a 'non-aligned' foreign policy. However, it has suffered a lot from the geo-political situation of being sandwiched between two big countries. It should indeed be advantageous for Nepal from these neighbors' booming economy, but Nepal has witnessed several direct and indirect meddling of these countries into its socio-political affairs.

  Nepal, it is prone to different types of floods. Floods often wreck different parts of Nepal during monsoon time (June -September). With the increment on anthropogenic activities such as unscientific land use (haphazard construction and settlements on river banks and floodplains), scale of flood disasters is also increasing year by year. It is not just the precipitation that has intensified flood risk, but also poor drainage, denudation of Hills, and road and embankment construction across the border in India that impound water in border area of Nepal. Further climate change is also causing more floods in recent years. The diverse geography of the Himalayas poses equally diverse problems, from those related to the subtropical areas of the Terai, which get flooded every monsoon, to the sub-alpine regions that have glacial lakes and landslide-prone fractured high ridges as seen in the Seti and Uttarakhand floods. If we address floods in the plains, we still have landslides in the hills and if we address landslides, we still have GLOFs in the high mountains. Sadly, we haven't been able to effectively tackle water-induced disasters in the middle mountains where landslides are not only common but recur annually. As we continue to increase anthropogenic activities, the construction of hydropower plants and roads are expanding in the mountains to meet the growing demand for power and connectivity. The lack of proper design or hydro-geological study as well as use of explosive demolitions in the construction projects have already been questioned by experts as well as communities because many studies have inferred that such practices have destabilized the fragile slopes leading to unusual landslides in unusual times and places, thus resulting in disasters.In summary, anthropogenic activities such as encroachment of river functional space, unplanned settlement along the river banks, haphazard construction practices (road, hydropower, bridge etc.), unscientific use of land are causing natural hazards ending up in disasters in Nepal Himalaya. Therefore, anthropogenic activities should be carried out with consideration of geomorphology of river, river flow dynamics and natural hazards in order to avoid disasters. Studied sites will be discussed in detail in Chapter 2 (Seti Khola), Chapter 3 (Ghatte Khola) and Chapter 4 (Kali Gandaki corridor road) mainly focusing on how anthropogenic activities are responsible for natural hazards end up in disasters.Further, these will be discussed on the aspect of risk understandings and perception within Nepalese community and their sustainable management in the last Chapter 5 and also discussion on outcome of research work will be presented in this Chapter 5. People seem to be simply ignoring these moving mountains at their own peril. Therefore, Nepal should adopt appropriate measures to educate population and to manage and avoid fluvial disasters, which is also discussed in detail in Chapter 5. IntroductionThis chapter provides an introduction to the first study case, i.e., Seti River valley that is examined in detail in this thesis. Seti River site was chosen as a study site because this is a major river in West Nepal that originates from the high mountain, i.e., Annapurna Range (Tethys Himalaya), flows across the Higher Himalaya and down to the Lesser Himalaya along the Pokhara Valley -the famous tourist destination and the second largest city in Nepal. The Seti River has witnessed various disastrous flood events in the past and with the increasing anthropogenic activities within the river functional flooding space, the Seti River valley is prone to more disasters in the days to come. This chapter describes the geological and geomorphological setting of the Seti River valley, including different natural hazards. After the published paper in the Journal of Nepal Geological Society (JNGS), other sites that were not included in the journal paper are also presented, and finally discusses about similar flood events from the Himalayas (Nepal and India). The study discusses the hydrotorrential hazards, mainly floods, along Seti River valley, their threat to infrastructures and settlements, analyses how hydro-torrential risks have been developed, especially after the 2012 Seti disastrous flood and how unscientific human activities have led or are leading hydro-torrential hazards change into disaster along the Seti River valley. For this, functional

Fig. 32 :

 32 Fig. 32: Seti River catchment showing studied places (white dots) that are vulnerable to hydrotorrential hazards. Pokhara city is depicted by the yellow orange color. 1: Sabche Cirque; 2: Jimirbaari; 3: Saadal, Ebang and Kapuche; 4: Bharabhuri Bagar; 5: Khaarpaani Tatopani; 6: Seti Mureghat; 7: Mardi Dovan; 8: Hemja Bensi; 9: Masina Bagar, Upallo Gosti and Tallo Gosti; 10: Kaseri Bazzar (Laltin Bazzar) and Shanti Tole; 11: Sukhawati Gumba and KI Singh Bridge; 12: Narayanthan; 13: Ramghat; 14: Ratopahiro (source: Google Earth, 14 January 2020).

Fig. 33 :

 33 Fig. 33: Geological map of Seti River Basin -north of Pokhara. Cross section along A-B line is shown in Fig. 2.3. 1: Laminated limestone; 2: Glaciers; 3: Moraines, talus, and debris flows; 4: Annapurna Formation (unconsolidated and poorly consolidated/weakly landslide deposits and lithified glacial and glacial lake deposits, consisting of calcareous silts, sands and gravels); 5: Dark grey calcschist; 6: Marble and schist; 7: Calc-gneiss; 8: Migmatites and augen orthogneiss; 9: Kyanite-bearing paragneisses; 10: Calc-schist and marble; 11: Pelitic schist and quartzite; 12: Seti River terraces;13: Phyllite and metasandstone; 14: Rockslide scarp of May 5, 2012; 15: Boundary of Seti watershed (modified from Kargel et al., 2013).

Fig. 34 :

 34 Fig. 34: Simplified geological cross section across the line A B in Fig. 2.2. MCT -Main Central Thrust, STDS -South Tibetan Detachment System.1: Phyllite and metasandstone; 2: Seti River terraces (alluvium, debris flows); 3: Pelitic-schist and quartzite; 4: Calc-schist and marble; 5: Kyanitebearing paragneisses; 6: Migmatites and augen orthogneiss; 7: Calc-gneiss; 8: Marble and Schist; 9:Dark grey calc-schist; 10: Annapurna Formation (unconsolidated and poorly consolidated/weakly lithified landslides deposits, and glacial -glacial lake deposits consisting of calcareous silts, sands and gravels); 11: Moraines, talus, and debris flows;12: Glaciers; 13: Laminated limestone (modified from[START_REF] Kargel | Causes and human impacts of the Seti River (Nepal) disaster of 2012[END_REF].

Fig. 35 .

 35 Fig. 35. Quaternary geological map of Pokhara valley (modified from Stolle et al., 2017). 1: Ghachok Formation; 2: Tallakot Formation; 3: Pokhara Formation (Sediment Pulse 1100 AD); 4: Pokhara Formation (Sediment Pulse 1255 AD); 5: Pokhara Formation (Sediment Pulse 1344 AD); 6: Begnas Formation; 7: Siswa Formation; 8: Recent floodplain deposit (Rupakot and Phewa Formation); 9: River; 10: Lake.

Fig. 36 :

 36 Fig. 36: Illustrated rock slope failure in the southwest flank of Annapurna IV including approximate fall height and distances travelled until the disintegrated rock mass with ice / snow debris entered the Seti gorge at the point of confluence. This rock mass failure is believed to be the trigger of the 2012 Seti flash flood (source: Google Earth, Imagery date: 2020.10.30).

  Fig. 37: Seti River at Karuwa, about 3 km north of Tatopani (natural hot-spring) after the 5 th May 2012 Seti debris flow. Inset shows the damages made by the flow (© N. Gurung, 7 May 2012).

Fig. 39 :

 39 Fig. 39: Hydro-geomorphological map of Bharabhuri Bagar (Fig. 32, dot 4) with outlining the river functional space. 1: Ordinary (present) water flow channel; 2: Floodplain, that is often flooded during monsoon season; 3: Boundary of the river functional flooding space; 4: Floodplain, which may be flooded during extreme flooding; 5: Lower terrace: loose silty gravels cut and fill into the Pokhara Formation; 6: Middle terrace cut and fill into the Pokhara Formation; 7: Top terrace/level of the Pokhara Formation; 8:. Landslide; 9: Edge fall and River bank collapse; 10: Terrace bank; 11: Power house site of upper Seti hydropower project (25 MW); 12: Intake site of lower Seti hydropower project (24 MW); 13: Bush; 14: Motor road; 15: Ground elevation in m; 16: Building. Note that the powerhouse of upper Seti hydro and intake of middle Seti hydro power projects are being built within the river functional flooding space, which were flooded during the 2012 Seti flood also.

Fig. 40 :

 40 Fig. 40: Hydro-geomorphological map of Ramghat depression with outline of the river functional space (Fig. 32, dot 13). 1: Ordinary (present) water flow channel; 2: Meandering of flow during monsoon; 3: Lower river bed (sand) that is often flooded during monsoon season; 4: Boundary for the river functional flooding space; 5: Medium river bed (sand) which is flooded once or twice a year during heavy precipitation; 6: Higher riverbed (sandy gravel) which is prone to inundation during extreme flooding; 7: Top terrace: loose gravels deposited by Pokhara Formation, overlying the Ghachok Formation on the right bank; 8: Top terrace underlained by conglomerates of the Ghachok Formation; 9: Edge fall and River bank collapse; 10: Terrace bank; 11: Ground elevation in m; 12: Tree; 13: Bush; 14: Foot path; 15: Motor road; 16: Motorable bridge; 17: Building.

Fig. 41 :

 41 Fig. 41: Bharabhuri Bagar, located about 2.5 km downstream the Kapuche and some 2 km upstream of the Khaarpaani (natural hot spring site; Fig. 32, dot 4). (a) Aerial view of Bharabhuri Bagar, looking from North to South (© N. Gurung, 4 December 2020), and (b) Close view of Bharabhuri Bagar (© N. Gurung, 5 July 2020). 1: Chhibang village, 2: Power house site of the underconstruction upper Seti hydro power project (25 MW), 3: Intake site of the under-construction middle Seti hydro power project (24 MW), 4: Bharabhuri village, 5: Desilting basin of the underconstruction middle Seti hydro power project. Note that sites of power house (2) and Intake (3) were flooded during the 2012 Seti flooding also.

Fig. 42 :

 42 Fig. 42: Seti River suspended bridge at Setimureghat, which was built in the floodplain within the river functional space (see Fig. 32, dot 6 for location). (a) Before May 5, 2012 Seti flood (© N. Gurung, 1 August 2004) and (b) After May 5, 2012 Seti flood. River reclaimed its functional space during May 5 th 2012 flood event, thus swept away all things that were built within its maximum flooding space including the Seti River suspended bridge. The suspended bridge was 5.5 m high above the normal Seti flow level (© N. Gurung, 7 May 2012).

Fig. 43 :

 43 Fig. 43: Sabche Cirque (Annapurna Greater Depression). Sabche Cirque can be divided into four subcatchments (C1-C4), C1 being the largest catchment linking Machhapuchhre and Annapurna III East faces. The flows from three sub-catchments (C1-C3) meet at I1 (the first inlet into the Seti gorge from the Sabche Cirque). After meeting flows at I1, the flow travels some distance downstream to meet another flow from the sub-catchment 4 at I2 (the 2 nd inlet into the Seti gorge from the Sabche Cirque). The flow from C1 -C3 passes through the marl bands before entering into the Seti Gorge. The rock is mostly limestone and dolomite and dipping parallel to the slope (source: Google Earth, 30 October 2020).

Fig. 44 :

 44 Fig. 44: View of Annapurna IV West face and the peak from where the rock slope had failed: it is believed to be the trigger of the May 5, 2012 Seti River debris flow. Such rock mass failures may happen again at any time (© N. Gurung, 17 December 2020).

Fig. 45 :

 45 Fig. 45: Deep and narrow gorge of the Seti River at the outlet of the Sabche Cirque, which blocks avalanches and rock falls from the steep slopes of Machhapuchhre and Annapurna frequently and causes flooding downstream (© N. Gurung, 4 December 2020).

Fig. 46 :

 46 Fig. 46: View of Jimirbaari site showing Annapurna IV on the background. 1. Inlet of the Seti gorge from the Sabche Cirque, 2. Intake site of upper Seti hydro project, 3. Jimirbaari settlement (© N. Gurung, 17 December 2020).

Fig. 48 :

 48 Fig. 48: View of Jimirbaari from the downstream showing the sharp U bend of Seti River flow. Arrows depict the direction of possible landslides. Also active landslides can be seen on the left bank of the Seti River. The red circle depicts the intake site of Upper Seti Hydro Power Project, a site prone to extreme flooding (© N. Gurung, 4 December 2020).

Fig. 49 :

 49 Fig. 49: Aerial view of Saadal, Ebang and Kapuche, looking from North to South. Saadal has 10 households (HH), Ebang 3 and Kapuche has 25 HHs. Saadal and Ebang lie on the left bank terrace of Seti River while Kapuche lies on the right bank but relatively on a higher terrace than Ebang (© N. Gurung, 4 December 2020).

Fig. 50 :

 50 Fig. 50: Ebang and Kapuche. The inset map shows bottleneck section of Seti River below Kapuche (1), due to which upstream damming often takes place during flooding event in Seti River. A temporary damming upstream the bottleneck had also taken place during May 5, 2012 Seti River flooding (© N. Gurung, 4 December 2020). Inset (© N. Gurung, 5 July 2020).

Fig. 51 :

 51 Fig. 51: View of Ebang taken from Kapuche (a) After the 2012 Seti flash flood (© J. Kargel, 2012); (b) 8 years after the 2012 Seti flash flood. People have almost forgotten the 2012 flood event and are re-occupying the floodplain area (© N. Gurung, 5 July 2020).

Fig. 52 :

 52 Fig. 52: Bottleneck at K.I. Singh bridge. The Seti River gorge at KI Singh bridge is 5 m wide and 35 m deep. Geologically it corresponds to the Ghachok Formation conglomerates and both banks along the Seti River display cemented silty and sandy gravel (main constituents: limestone, schist and gneiss). The top part is a soil cover up to 2 m thick. The Seti River has cut across the hard cemented silty gravel outcropping under KI Singh bridge, hence a bottleneck is formed here. (© N. Gurung, 25 July 2020).

Fig. 53 :

 53 Fig.53:The upstream section of the K.I. Singh bridge often gets dammed during monsoon due to the presence of bottleneck where the bridge is built. 1: KI Singh bridge; 2: Sukhawati Gumba (Gumba means Monastery in Nepali); 3: Gaighat crematorium. Since crematorium and part of Sukhawati Gumba building are built on loose alluvium deposit which lies on the floodplain within the functional flooding space of Seti River, these are likely to be affected by high floods. For now, these are being protected by gabion walls which require maintenance after every monsoon season and indeed they do not work during high floods (© N. Gurung, 25 July 2020).

Fig. 54 :

 54 Fig. 54: Edge fall at the exit of Seti River downstream the K.I. Singh bridge (Fig. 55, point 2). Such edge falls may block the Seti flow in the gorge and upstream (© N. Gurung, 30 April 2017).

Fig. 55 :

 55 Fig. 55: Narrow and deep gorge along Seti River between K.I. Singh bridge (1) and exit point of Seti downstream the K.I. Singh bridge (2) (© N. Gurung, 30 April 2017).

Fig. 56 :

 56 Fig. 56: Bottleneck sections along Seti River depicted by red circle. 1: KI Singh bridge; 2: Narayanthan; 3: Ramghat (source: Google Earth, imagery date, 14 January 2020).

  in the central part of Pokhara city (Fig. 32, dot 12 and Fig. 57, pt. 3,) after the exit point of Seti gorge at KI Singh bridge. Due to presence of bottleneck channel at Narayanthan, the Seti River gets dammed frequently upstream the Narayanthan section (Fig. 58) which might cause flooding downstream.

Fig. 57 :

 57 Fig. 57: Seti River gorge, which is about 1.5 km long between Narayanthan (3) and Ramghat (7), where edge falls (bank toppling) are possible. Further due to bottleneck section at Narayanthan (3), upstream inundation frequently takes place during high flooding. 1: K I singh bridge; 2: Manipal Teaching Hospital; 3: Narayanthan; 4: Mahendra Pul bridge; 5: Ranipauwa (Tulsighat) bridge; 6: Ramghat depression; 7: Ramghat outlet (bottleneck section) (source: Google Earth, imagery date, 12 January 2021).

Fig. 58 :

 58 Fig. 58: Upstream damming in front of Manipal Teaching Hospital (loc. Fig. 57, dot 2) on 19 July 2019 due to the bottleneck channel at Narayanthan. The river had risen about 7 m above the normal flow level (© N. Gurung, 19 July 2019).

Fig. 60 :

 60 Fig. 60: Ramghat during monsoon season: this situation normally occurs once or twice a year when Seti River catchment receives precipitation more than 200 mm within 24 hours. It would be a devastating disaster if this arises together with another flash flood in Seti or if Seti River is blocked by edge-falls downstream the Ramghat. 1. Inlet, 2. Outlet of Ramghat (© N. Gurung, 16 July 2019).

Fig. 61A :

 61A Fig. 61A: (a) The highest flood level ever recorded in Ramghat on 26 July 2016, which had inundated Ramghat crematorium roof truss fully (shown by red line). That means there was hardly left 4.5 m gap for flood level to reach the top of the Seti bank at Ramghat (© N. Gurung, 26 July 2016); and (b) Ramghat crematorium truss in winter season (© N. Gurung, 20 March 2019).

Fig. 61B :

 61B Fig. 61B: Comparison of water level at the outlet of Ramghat depression. The outlet is a bottleneck section, 5 m wide and 20 m deep. (a) During dry season (© N. Gurung, 2 January 2021), (b) During monsoon season and this situation normally develops when Seti River catchment receives precipitation more than 220 mm within 24 hours (© N. Gurung, 16 July 2019). 1. Crematorium shade on the left bank, which is 14 m high from the river bed level and 2. Another crematorium shade on the right bank. The maximum water level recorded was up to the roof top of crematorium (1) on 26 July 2016.

Fig. 62 :

 62 Fig. 62: Figures showing how settlements are developing on floodplain in Ramghat. (a) Ramghat in 2009, where there were not yet houses on the medium terrace to the east that lies within the functional flooding space on the left bank of Seti River (© N. Gurung, 3 June 2009) and (b) Ramghat in 2021, where we can see a considerable number of houses on the medium terrace to the east that lies within the functional flooding space of Seti River. Every monsoon when Ramghat depression is impounded (Fig. 60, 61B), this terrace also gets impounded requiring evacuation of inhabitants (© N. Gurung, 9 August 2021).

Fig. 63 :

 63 Fig. 63: Seti River gorge from the outlet / exit of Ramghat depression (1) to Ratopahiro (3), the southern part of Pokhara city that measures some 2 km length and where edge falls (bank toppling) are highly possible. The main reason for the edge falls or bank collapse are continuous toe erosion (scouring) of the river bank by Seti River flow and natural weathering of bank materials and due to consecutive decohesion. This process is aggravated by karstification process (enlargement of cracks by dissolution, development of caves that may collapse). The bank failure along Seti River gorge within Pokhara city is a serious threat itself as it may block the Seti flow in narrow gorges thereby may invite a massive destruction (disaster) in Pokhara. The width of Seti River varies from 10 m to 40 m in this stretch and it is as deep as 65 m. The river flows through Ghachok Formation from Ramghat to Ratopahiro and then through the geological bedrock, i.e., Kuncha Formation (where gritty phyllite and quartzite are interbedded in different ratios) along the left bank downstream of Ratopahiro. 1. Ramghat outlet; 2. Prithvi highway bridge (China bridge); 3. Ratopahiro; 4. Pokhara sports stadium; 5. Present airport; 6. Buspark, 7. Prithvichok (source: Google Earth, imagery date, 14 January 2020).

  63), then that might cause overflow of Seti towards the settlement which may then bring a huge disaster in Pokhara city. Huge blocks separated from the banks are either hanging or the banks have deep surface cracks on either bank of Seti River from Ramghat to Ratopahiro (Fig.64 -70). As such bank topples and failures in Ghachok Formation are common along Seti River (Fig.68 -73). These may lead to blockage of Seti River and pose a serious threat to settlements along the banks of Seti River. The collapse of a highway bridge over Seti, widely known as China pul (pul means bridge in Nepali), in 1991 (Fig.65) can be taken as an example of edge fall and bank toppling destruction in Ghachok Formation along Seti River in Pokhara valley[START_REF] Dhital | Geological engineering investigations at the collapsed Seti Bridge site, Pokhara[END_REF].

Fig. 64 :

 64 Fig. 64: Cracks (white dotted line) developed along the bank of Seti between Ramghat and Ratopahiro (© N. Gurung, 25 July 2020). Though covered by a thin veneer (about 3 to 5 m) of Pokhara gravels, the surface is influenced by the hardened Ghachok conglomerates outcropping just below.

Fig. 66 :

 66 Fig. 66: The white dotted lines depict cracks formed into the Ghachok conglomerates.The cracks are as wide as 1 m but the depth is not known. There are several cracks developed on the ground surface along Seti River banks. These are clear indication that the Seti River banks are not stable and may topple at any time.1. Prithvi highway bridge (China bridge) which was built after the former bridge was collapsed in 1991; 2. Slum settlements occupying the bank of Seti (© N. Gurung, 4 December 2020).

Fig. 67 :

 67 Fig. 67: Block falls and hanging blocks on the banks of Seti at Syaldule, Gharipatan (downstream of China / Prithvi highway bridge). The white dotted lines depict cracks formed. The cracks are as wide as 1 m but the depth is not known (© N. Gurung, 4 December 2020).

Fig. 68 :

 68 Fig. 68: Possible place for next block failures (bank toppling) along Seti River at Ratopahiro. White dotted lines depict cracks. The outcrop in the foreground shows clearly the thin, greyish layers of the Pokhara gravels Formation overtopping the yellowish, hardened conglomeratic Ghachok Formation. Note that the top of the Ghachok Formation was weathered and partly karstified (lapiez-type morphology), before being totally fossilized by the horizontal Pokhara gravels. Still, the cracks developed (and still developing) in the Ghachok Formation propagate upwards across the Pokhara gravels until these cracks appear on the soil surface (© N. Gurung, 4 December 2020).

Fig. 69 :

 69 Fig. 69: Comparison of landscape of Amintara, Pokhara. (a) Before the edge fall (© N. Gurung, 25 July 2020) and (b) After the edge fall (© N. Gurung, 2 January 2021).

Fig. 70 :

 70 Fig. 70: East view of edge fall and bank toppling in Gharipatan, east of domestic airport. Pokhara gravels are seen superposed on Ghachok conglomerates with thickness from 3 to 5 m (© N. Gurung, 2 July 2018).

Fig. 71 :

 71 Fig. 71: Edge fall and bank toppling in Gharipatan, east of domestic airport. (a) 15 years ago, (© N. Gurung 8 October 2006); (b) 3 years ago (© N. Gurung, 2 July 2018).

Fig. 72 :

 72 Fig. 72: Block failures (bank toppling) at Ratopahiro. If happening in a chunk, such failures may block the Seti flow. So far, these failures produced small blocks without blocking the Seti flow (© N. Gurung, 4 December 2020).

Fig. 73 :

 73 Fig.73: Bank failure (edge fall) at Amintara on 14 December 2020, which had left 5 houses uninhabitable that were built at the edge of the bank. See also Fig.2.44 (© N. Gurung, 2 January 2021).

  Over the past years, anthropogenic activities have increased significantly along the Seti valley. It is good to have development projects for local people and overall economic development of the country. But the key question is how and where these development works are taking place and whether they are sustainable or not. Unfortunately, many development and human activities are taking place in floodplains encroaching natural path of river flows, thus obstructing their flow. Therefore these activities are aggravating fluvial hazards further and increasing risk of disasters for the population. The example of Upallo Gosti and Shanti Tole which are also described in Gurung et al., 2021 are few good illustrations of what should be avoided (Fig. 74, 75).

Fig. 74 :

 74 Fig. 74: Upallo Gosti: Examples to show how anthropogenic activities (football ground, river training work, settlement) are encroaching over in the floodplain which is prone to high flooding. (a) West North view on 19 June 2012; (b) West North view on 11 July 2020; (c) East view on 19 June 2012 and (d) East view on 11 July 2020 (© N. Gurung).

Fig. 76 :

 76 Fig. 76: Bhurjung Khola landslide on 9 July 2020: it killed three people and destroyed two houses and two drinking water reservoir tanks of 150,000 Ltr and 20,000 Ltr respectively. Bhurjung Khola is a tributary of the Seti River and lies at 12 km to the north of Pokhara city (© N. Gurung, 26 July 2020).

Fig. 77 :

 77 Fig. 77: Debris flow at Gothadi, Sarangkot, Pokhara on 10 July 2020, which killed five persons and injured seven others when it hit a house built (white encircled) at the foothill. People were celebrating birthday party when the disaster occurred. Inset shows the other view of the debris flow (© N. Gurung, 12 July 2020).

Fig. 78 :

 78 Fig. 78: After the incessant rainfall for 2 days, numerous landslides were developed along the North face slope of Sarangkot on 17 August 2008, which had killed 3 people, damaged seven houses and Pokhara Baglung highway (© N. Gurung, 22 August 2008).

  the Pokhara valley is located right at the foot of the Greater Himalayas near the ramp of the basal detachment fault, earthquakes are most frequent. Actually, Pokhara valley lies in one of the most seismically vulnerable places in Nepal. Two big faults, MCT (Main Central Thrust) and South Tibetan Detachment System (STDS) pass north of Pokhara city and in the southern part of Sabche Cirque respectively. Studies by[START_REF] Pant | A step towards a historical seismicity of Nepal[END_REF], Lave et al., 2005[START_REF] Mugnier | Structural interpretation of the great earthquakes of the last millennium in the central Himalaya[END_REF] and Bollinger et al., 2014, 2016 have assessed the return periods of very large earthquakes (Mw > 8) on the basis of historical events (see Fig.21, Chapter 1).

Fig. 79 :

 79 Fig. 79: Types of Sinkholes in Pokhara valley. (a) Cover collapse sinkhole, (b) Cover subsidence sinkhole (source: USGS).

Fig. 80 :

 80 Fig. 80: Development of sinkholes in Pokhara city, which are recurrent phenomenon during monsoon season. (a) A running truck which had brought fill materials to fill up a sinkhole developed in the middle of the road at Newroad, in front of Pokhara Metropolitan office, had fallen into a new sinkhole that appeared suddenly next to the previous sinkhole on 22 August 2008 (© N. Gurung), and (b) A running School Bus had fallen into a sinkhole that appeared suddenly while the Bus was plying on the road at Archalbot, Pokhara on 27 July 2018 (© N. Gurung, 27 July 2018).

Fig. 81 :

 81 Fig. 81: Damage to a residential building in Lamachaur, Pokhara by a cover collapse sinkhole on 21 July 2012. (a) Building where damage was occurred. Red circle depicts sinkhole that was developed on the road nearby the building, which can be seen filled by gravels and (b) Room of the building where a cover collapse sinkhole was developed (© N. Gurung, 22 July 2012).

Fig. 82 :

 82 Fig. 82: Cover collapse sinkhole in New Road, Pokhara on 22 August 2008 (© N. Gurung).

Fig. 83 :

 83 Fig. 83: (a) Damage to the Batulechaur health post building (Ward 16, Pokhara) by cover collapse sinkhole on 30 July 2009. Red circle depicts the area where sinkhole was developed, which was filled by gravels later. (b) An example of cover subsidence sinkhole within the premises of Batulechaur health post building. Many such sinkholes were formed in the premises at that time (© N. Gurung).

Fig. 84 :

 84 Fig. 84: Damage to a commercial building in Lamachaur Chowk in Pokhara by cover subsidence sinkhole on 8 July 2017. (a) Building where damage was occurred. Rectangle depicts sinkhole that was developed on the road adjacent to the building extending into the building, (b) Sinkhole extending into the building, (c) internal damage in wall and (d) structural damage in a column (© N. Gurung, 9 July 2017).

Fig. 86 :

 86 Fig. 86: Sinkhole formation under a building at Nadipur, Pokhara on 2 September 2021. This has caused cracks on walls and beams of the building (© N. Gurung, 2 September 2021).

Fig. 87 :

 87 Fig. 87: A sinkhole formed in front of houses at Chhorepatan, Pokhara on 17 September 2021. This has caused damage to the veranda and cracks on walls inside houses of two buildings (© N. Gurung, 18 September 2021).

Fig. 88 :

 88 Fig. 88: Armala area (North West of Pokhara). The dotted red circle depicts the area where more than 120 sinkholes were developed in 2013 and 2014 (© N. Gurung, 29 October 2018).

Fig. 89 :

 89 Fig. 89: People observing a sinkhole developed in Thulabensi Phant, Armala (© N. Gurung, 11 January 2014).

Fig. 90 :

 90 Fig. 90: Below the alluvium cover of Thulabensi Phant, the white layer -the back-wash fine sediment -was washed away by piping (© N. Gurung, 11 January 2014).

Fig. 91 :

 91 Fig. 91: Cross section showing the alluvial sediments from upstream, covering the backwash fine sediments (white layer) deposited in relation to the Medieval Pokhara gravels aggradation. These fine, white sediments are coming out from Thulabensi Phant at the confluence with Kali River (© N. Gurung, 11 January 2014).

Fig. 92 :

 92 Fig. 92: Sand mining in the Seti Khola / River floodplain at Kaseri (Laltin) Bazzar (loc. Fig. 32, pt.10). Sand mining along Seti Khola upstream the Kaseri (Laltin) Bazzar has a negative impact since it creates a deficit in the sediment load, hence more river incision takes place (© N. Gurung, 29 August 2020).

Fig. 93 :

 93 Fig.93: Sand mining in the Seti Khola atRamghat (loc. Fig. 32, pt.13). Sand mining at Ramghat, however, has a positive action because this place is a trap for sediments, hence an aggravating factor for flood. Removing/mining the sands will help lower the water level, hence reduce the risk of flooding (© N.Gurung, 18 December 2007).

Fig. 94 :

 94 Fig. 94: 3D view of the origin of the rockslide and the debris flow of Chamoli debris flow on 7 February 2021 in North India, that was captured on a satellite image (CubeSat) at 10:30 IST (source: Shrestha et al., 2021).

Fig. 96 :

 96 Fig. 96: Ravaged Dhauliganga hydropower project by Chamoli debris flow event of 7 Feb 2021 (source: Reuters, Anushree Fadnavis).

Fig. 97 :

 97 Fig. 97: The floods on June 16 and 17 2013, tore Kedarnath (India) a sacred Hindu site high in the Himalayas. The flooding in Mandakini River wiped away at least six villages, buried dozens of others in mud, wrecked over 1,000 kilometers of highways, and dumped hundreds of buildings into the furious waters. A total of 3886 persons were listed as missing after the deluge of June 17, 2013 (source: Circle of Blue, https://www.circleofblue.org/).

Fig. 98 :

 98 Fig. 98: Topography of Indrawati and Melamchi watershed. Melamchi Bazar is located just downstream the confluence of Melamchi and Indrawati Rivers. Inset shows the location of Melamchi Bazar (red mark) (modified after Pandey et al., 2021).

Fig. 99 :

 99 Fig. 99: Melamchi Bazzar after the flood of 15 June 2021, where 3 persons were killed and 6 missing, 165 houses were inundated with full damage to 27 houses, 1 motorable bridge and 1 suspension bridge. 1: Melamchi River, 2: Indrawati River; 3: Indrawati River downstream the confluence (source: Pandey et al., 2021).

Fig. 100 :

 100 Fig. 100: Melamchi Bazzar, Sindhupalchowk, Nepal. (a) Before the flood of 15 June 2021. Dotted red lines show the expansion of the flood during 15 th June, and (b) After the flood of 15 th June 2021. As expected infrastructures built within the river's functional flooding space [shown by dotted redline in (a)], have been either flooded or washed away as the Melamchi River reclaimed its territory. This is yet another example to prove that any structures built within the functional flooding space of river, i.e., in floodplain are not safe, hence should be avoided. 1: A 6 th storey building built in the floodplain of Melamchi which was inundated up to its 2 nd storey, can be taken as a reference for the comparison (source: Photo Museum of Nepal).

Fig. 101 :

 101 Fig. 101: Head works of the Melamchi Water Supply Project. (a) Before the flood of 15 June 2021 and (b) After the flood. The flood has deposited debris of 10 m at head works (source: The Kathmandu Post).

Fig. 102 :

 102 Fig. 102: (a) Location of Manang in Nepal, and (b) Location of Chame and Tal village in Manang, depicted by black dotted circles (source: modified after Guide in Himalaya.com).

Fig. 103 :

 103 Fig. 103: Tal (Tal means lake in Nepali) village in Manang district which is developed on an alluvial fan (floodplain) of Marsyangdi River near the head of the old lake flats and debris fan of two left bank small tributaries to Marsyangdi River. As seen on figures, Tal village is developed on the floodplain within the functional flooding space of Marsyangdi River. The village which lies at 1700 m altitude was already affected by the debris flow from a left bank tributary that had buried 4 houses and killed 5 people in August 1996 (ACAP Newsletter, 1996). Sadly but not unexpected, the village was flooded on 15 June 2021 sweeping away 28 houses and damaging some other 20 houses when Marsyangdi River was swollen by the torrential rainfall and landslides dam lake outburst floods from its upstream. (a) Tal village before the flood (source: Guide in Himalaya), and (b) After the flood of 16 June 2021. White dotted line shows the expansion of flood on the left bank (© Bimal Sharma, Simrik Air).

Fig. 104 :

 104 Fig.104: Not only in Seti River valley, there is a high possibility of blockage of Rivers by landslides in other Rivers of Nepal also, thus forming Landslide Dam Lakes. On 14 September 2018, there was a big landslide on a right bank tributary to Badighat Khola at Turture in Dhorpatan Rural Municipality, Baglung which had caused blockage of Badighat River forming a km long and 60 m deep Landslide Dam Lake at Turture. Luckily the dam lake was breached naturally on 6 August 2019, almost after a year from its formation, causing damage to downstream settlements and road. Since downstream people were already warned of this possible event, they were well prepared, hence there was no human casualty from this outburst flood. (a): Turture Landslide Dam Lake (LDL); (b): Seven households were displaced after their houses were fully submerged in Turture LDL (© Shangam Gharti Magar, BFBS Radio).

Fig. 105 :

 105 Fig. 105: Formation of a landslide dam lake in Sanigad River on 21 August 2021, Bajhang, Far West Nepal. The lake was about 1 km long, 160 m wide and 30 m deep. Luckily the lake did not breach thus avoided the risk of landslide dam lake outburst flood (LLOF). The dam was safely discharged naturally. Seti River has also steep slopes prone to landslides at various places in the catchment and may block Seti flow forming landslide dam lakes in the event of large landslides which may cause LLOF downstream (© Nirmal KC).

  floods during the dry season like Seti flood in May 2012 (Nepal) and Chamoli flood in February 2021(India), we should be more vigilant and careful throughout the year. The bedrock in the upper Seti Basin is quite unstable due to the steep slopes and high relief. A large rock sliding along the bedding plane (plane failure) is quite common in the area. Freeze and thaw action of water is playing a significant role in the failure of slopes in high mountains, according to Knick point theory (García and Mahan, 2012). A large rock sliding along the gorge of the Seti River may cause frequent damming of the Seti River. Hanging glaciers are also present high on the walls of the Sabche Cirque. Collapsing ice could impart enough energy to the unconsolidated sediment of the Annapurna formation to generate large sediment of mass movement, i.e., ice avalanche could also possibly trigger another debris flow in Seti River. From past dry season flood events [Seti debris flow in 2012 (Nepal) and Chamoli debris flow in 2021 (India)] and extreme monsoon disaster events like Manang and Melamchi (15 June 2021, Nepal) and Uttarakhand (16 June 2013, India), we cannot ignore the effect of climate change in high mountains.

Fig. 106 :

 106 Fig. 106: Location map of Ghatte Khola (GK; shown by red rectangle). 1: Lacustrine deposit; 2: Glacier; 3: Landslide; 4: Village; 5: Debris fan; 6: Crown of landslide; 7: Summit (Peak); 8: Motor Road; 9: Motor bridge (under-construction);10: Motor bridge. Inset map -Location of Nepal (source: Adapted and modified from Fort et al., 2010).

Fig. 107 :

 107 Fig. 107: Ghatte Khola (GK) catchment and its confluence with KG River. The red circle depicts the area where a 40 m long road bridge has been re-built in 2020 after it was washed away at its unfinished stage by a hyper-concentrated flash flood in 2019 (© N. Gurung, 12 January 2019).

Fig. 108 :

 108 Fig. 108: Catchment of Ghatte Khola (GK). (a) Upper catchment, arrows showing landslide active areas, (b) View of GK from the upper catchment, the dotted line shows the moving mass (© N. Gurung, 12 November 2020).

  Lacey's regime width called the linear water way, W (in m), is calculated by: the maximum flow (in m 3 /s) after addition of flow as per Indian Road Congress, i.e.,IRC-78-2000 Clause No. 703.1.1 

3. 2 .

 2 Fort M., Arnaud-Fassetta G., Bell R., Sherchan B. (2020) -Construction of road bridges without consideration of geo-hazards and river-flow dynamics -A case study from Ghatte Khola, Myagdi, Nepal. Géomorphologie: Relief, Processus, Environnement 26 (3), p. 195 -215. DOI:10.4000/geomorphologie.14777 Technical Journal of Nepal Engineers' Association Gurung, N. (2019) -Natural disasters versus anthropogenic activities in Nepal Himalayas: Case study from Ghatte Khola, Myagdi. Technical Journal, 1 (1), 65-70. DOI:10.3126 / tj.v1i1.27593

  unfinished bridge was buried by the monsoon flood in August 2016 as was the case with GK in Myagdi. The reconstruction of the bridge started again at the same place in 2017 but it was again buried by another flash flood on 7 September 2017. The bridge was re-built for the third time and completed in June 2021, yet at the same place without any due consideration to the past and future river flow dynamics. The top of the completed bridge level is 1.1 m below the recorded maximum flood level of September 2017.

Fig. 109 :

 109 Fig. 109: Map showing location of Soti Khola, depicted by dotted black circle, where a 25 m long motorable bridge (Fig. 111) is built at a level lower by 1.1 m than the high flood level of past flood event on 7 September 2017. Inset map shows Gorkha district (yellow color) and the location of Soti Khola (source: Malla Sisters).

Fig. 110 :

 110 Fig. 110: The under construction Soti Khola bridge abutments were buried (red circle) during the flooding on 7 September 2017 (© N. Gurung, 11 October 2017).

Fig. 111 :

 111 Fig. 111: Comparison of two river bed cross sections at Soti Khola along the trail suspension bridge axis. (a) River bed in April 2017 and (b) River bed in July 2019. This shows that there was a significant rise of the river bed level in Soti Khola, due to the deposition of debris brought by the flash floods during the period from 2017 to 2019. Note that there was a flash flood on 7 September 2017 which had buried the then under-construction road bridge.

Fig. 112 :

 112 Fig. 112: Completed Soti Khola bridge, built lower than the maximum flood level of September 2017. The white dot lines on both banks depict the functional flooding space of river, which was claimed by the river during the flooding in September 2017. Though the top of the trail bridge was badly damaged by the flood in 2017, the trial bridge was spared. With the further restriction on flow by the construction of new road bridge abutments, the high level of the next flood will rise further, hence the Soti Khola road bridge is vulnerable to high floods (© N. Gurung, 11 August 2021).

Fig. 113 :

 113 Fig. 113: (a) Location map of Manang and Lamjung districts in Nepal, (b) Map showing location of Chame, the district headquarters of Manang, depicted by dotted black circle, where a motorable steel truss bridge (Fig. 114) was washed away by the flood in Marsyangdi River on 15 June 2021. Also shown Bhoteodar in Lamjung by dotted black circle, where another motorable steel truss bridge was damaged beyond its use (Fig. 116) by the same flood in Marsyangdi River (source: Guide in Himalaya).

Fig. 114 :

 114 Fig. 114: Marsyangdi River bridge at Chame before being swept away by the flood. The flash floodwaters overflowed through the steel truss bridge over Marsyangdi River at Chame Bazzar (Manang) on 15 June 2021. Note that some trees, swept away by the flooded river, were stuck. The flash flood was erupted by a landslide lake outburst flood in Chyattu Khola, a small right bank tributary to Marsyangdi River. The bridge was washed away by the flood on 7 July 2021 after being constantly hit by the flood (© Prakash Dhakal, 15 June 2021).

Fig. 115 :

 115 Fig. 115: Flooding of houses at Chame after Marsyangdi River was blocked by a debris flow from local two tributary streams to Marsyangdi, i.e., Chyattu Khola and Ghatte Khola (© Nar Bahadur Chand, 15 June 2021).

Fig. 116 :

 116 Fig. 116: Belghari steel truss bridge over Marsyangdi River at Bhoteodar, Lamjung on 15 June 2021. The flash floodwaters overflowed through the steel truss bridge, which has made the bridge redundant beyond its use (© Karim Khan, 15 June 2021).

Fig. 117 :

 117 Fig. 117: Google earth images of Chame Bazar, district headquarters of Manang. (a) Debris flows from two tributaries of Marsyangdi, i.e., from Chyattu Khola (1) and Ghatte Khola (2) blocked Marsyangdi for almost 3 hours on 15 June 2021 which not only caused devastation to infrastructures and settlements at the lower terrace of Chame, depicted by dotted red circle but also downstream settlements and infrastructures, (b) Chame Bazzar with more catchment view of two tributaries. 1: Chyattu Khola; 2: Ghatte Khola; 3: Marsyangdi River; 4: Most flood affected area in Chame, where a motorable bridge, a trail suspension bridge, a School and 10 houses were washed away by the flood (source: Google Earth, image date 10 October 2020).

  unplanned and unmanaged anthropogenic interventions on geomorphologically active and hydro-torrential hazardous areas, simply increase the scale of hazards and invite disasters.It is essential to understand the interactions between geological and geomorphological settings together with climatic variability. Engineers should consider risk of associated geo-hazards prior to any construction of roads and bridges. The current practice of road construction by destabilising hilly slopes without retaining walls and drainage system should be stopped. Where necessary, alongside a road, properly designed retaining walls with a proper drainage system should be built. Similarly, river hydrology and flow dynamics (including past events) should be considered in the design of motor bridges so that bridges do not wash away or be damaged by flash floods. There are other small tributaries similar to GK catchment along the KG corridor road, few of them were studied as part of my Ph.D. thesis, and finding are presented in detail in Chapter 4. Introduction After a detail study on Ghatte Khola (GK) catchment, a small right bank tributary to Kali Gandaki (KG) River (Chapter 3) in KG valley, the deepest gorge on earth (>5500 m), we want to study major natural hazards (mainly floods and landslides, driven by monsoonal precipitation) along the KG corridor road from Tatopani (Bhurung) to Lete Khola (Fig.118). These hazards are common, and here we try to assess how anthropogenic activities are aggravating them and turn them into disaster(s). The road section from Tatopani (Bhurung) to Lete Khola covers 25 km length of total 80 km long Beni -Jomsom road on Kali Gandaki corridor road and consists of geologically active areas. This KG corridor road section was chosen as the Chapter 4 of my thesis because it is one of few national pride projects in Nepal that connects Nepal with Tibet (China) to the North and India to the South. Though the KG road was opened in 2008, it is still not serviceable yet throughout the year, because it frequently gets blocked at many places including sites within the studied road stretch due to natural hazards mainly during monsoon season (June -September).

Fig. 118 :

 118 Fig. 118: Study area shown by red rectangle and main studied sites in red letter. 1: Lacustrine deposit; 2: Glacier; 3: Landslide; 4: Village; 5: Debris fan; 6: Crown of landslide; 7: Ridge or summit; 8: Motor Road; 9: Motor bridge (under construction);10: Motor bridge. Inset map -Location of Nepal (modified from Fort et al., 2010).

  Elsevier's Journal "Geomorphology" This article has discussed about major natural events occurred in 2018 in KG valley covering area from Muktinath valley (Mustang) in the north to Dana (Myagdi) in the south. Bell R., Fort M., Götz J.,Bernsteiner H., Andermann C., Etzlstorfer J., Posch E., Gurung N., Gurung S. (2021) -Major geomorphic events and natural hazards during monsoonal precipitation 2018 in the Kali Gandaki Valley, Nepal Himalaya. Geomorphology 372 (2021) 10745, 1-25. DOI: https://doi.org/10.1016/j.geomorph.2020.107451 3. Monsoon 2020 disastrous events: A few more studied sites in the Kali Gandaki valley and comparison of the evolution of some of these sites since 2018

Fig. 119 :

 119 Fig. 119: Inundation of Tatopani area after the KG River was blocked by a landslide at 1 km downstream the Tatopani in 1998. A, B and C: rapid development of the landslide dam lake, and backwater flooding of the Tatopani village; D: residual lake that subsisted nine months after the landslide dam lake outbreak; E: river bed morphology after complete draining of residual lake (photos A -E, © B. Gauchan and M. Fort, 2014); F: Tatopani area showing the level of inundation due to the landslide in September 1998. 1: Lower terrace of Tatopani village where KG road is built; 2: Upper terrace of Tatopani village; 3: Hot-spring pond (photo F, © N. Gurung, 13 November 2020).

Fig. 120 :

 120 Fig. 120: Tatopani (lower terrace). 1: Landslide in 1998, which had blocked Kali Gandaki River (KG) for 9 hours hence inundating the Tatopani village; 2: Tatopani (natural hot-spring) pond; 3: KG road. Inset: Natural hot-spring pond (© N. Gurung, 3 March 2019).

Fig. 121 :

 121 Fig. 121: Flood impacts to the Kali Gandaki (KG) road to the north of Tatopani village. (a) and (c) Before the August 2020 flood: KG road built on the floodplain of KG River and being protected against KG flow by retaining walls (22 October 2019 and 18 December 2019]; (b) and (d) After the flood: the KG road after the August 2020 flood that washed away entirely the retaining walls. Such loss / damage has been a recurrent phenomenon during KG flooding (2 August 2020) (All photos © N. Gurung).

Fig. 122 :

 122 Fig. 122: Guithe Bhir where rockslide often blocks the road with fatal cases from time to time. On 14 July 2020, a driver with his tripper was buried to death (© N. Gurung, 18 December 2019).

Fig. 123 :

 123 Fig. 123: Continuous toe erosion of Guithe rock slope by KG River. The rock slope is bedding parallel to the slope that is prone to fall (© N. Gurung, 1 st August 2020).

Fig. 124 :

 124 Fig.124:The colluvium mass to the north of Guithe Bhir was activated in July 2019 increasing geo-hazards risk to KG road further. This landslide seems to be active for many years to come (© N. Gurung, 13 November 2020).

Fig. 125 :

 125 Fig. 125: Disaster on KG road to the north of Guithe Bhir. (a) and (c) Gabion retaining wall being built along the road against the cut slope (© N. Gurung, 13 January 2019); (b) and (d) Burial of the retaining wall by the monsoon landslide (© N. Gurung, 31 August 2019). The active geology was not considered during the road design and construction. Further such gabion wall does not control this scale of landslide. This is another example how anthropogenic activities are aggravating disaster along KG road.

  Bhir, the toe of this slope is being eroded continuously by KG River hence maintaining and aggravating the mobility of the mass movement(Fig. 130, 131). Almost every monsoon season, the KG road section in Kham Bhitta is damaged by landslides causing closure of the KG road[Fig. 132, 135 (a)]. Every year, during the dry season, the Department of Roads, GoN, builds gabion retaining walls and drainage culverts at a high cost along the KG road to control Kham Bhitta landslide but these are not working at all and are either buried or damaged by new landslides (Fig.133, 134). So far, such gabion retaining walls have been a complete failure to control landslide in KB. Every year, such gabion retaining walls are built at huge cost but just to become failure or buried by landslides in the next monsoon season. Further, on the left bank and to the north of Duwari Khola, a colluvium slope is re-activated due to the destabilisation of the slope by KG road cut, which has put roadside houses of Dana at risk (Fig.136).

Fig

  Fig. 126: Kham Bhitta (KB) landslide area through, which KG corridor road is built (© N. Gurung, 12 January 2019).

Fig. 127 :

 127 Fig. 127: Overall view of Kham Bhitta (KB) along with Ghatte Khola (GK) and Rupse Khola (© M. Fort, 10 April 2009).

Fig. 128 :

 128 Fig. 128: Kham Bhitta (KB) planar landslide. 1: Kali Gandaki (KG) Road; 2: Colluvium deposit of approx. 3 to 12 m thick; 3: Surface crack; 4: KG road slope dipping more or less parallel to the phyllitic bedrock; 5: Alluvium deposit by KG River.

Fig. 129 :

 129 Fig. 129: Hydro-geomorphological map of Kham Bhitta (KB). 1: Ordinary (present) water flow channel; 2: Maximum flooding area; 3: Alluvial bar; 4: Bedrock (Phyllite), 5: River ford; 6: Active landslide; 7: Surface cracks on the ground; 8: Motor road; 9: Motor bridge; 10: Suspended bridge; 11: Electric pylon -Actually an earth road was built to carry up all the necessary material for the pylon and probably was an additional cause of KB slope destabilization.

Fig. 131 :

 131 Fig. 131: West view of Kham Bhitta (KB) from the east. 1: Kali Gandaki (KG) River; 2: KG Road; 3: Local road to Suwa village; 4: Exposed Phyllite bedrock on KB slope; 5: Electric pylon; 6: Surface crack line; 7: Crown of the landslide; 8: Duwari Khola (© N. Gurung, 5 July 2021).

Fig. 132 :

 132 Fig. 132: View of Kham Bhitta (KB) hillslope taken from the left bank of the Kali Gandaki (KG) River. Toe erosion by the KG, destabilization of the slope by road construction activity and seepage have helped trigger landslides in KB slope. (a) Photos taken on 1st August 2020, and (b) on 5 July 2021 (© N. Gurung). We can see that the talus has expanded in 2021, hiding the initial KG toe undercutting visible in 2020. Similarly, trees visible in 2020 (right side of KG bank) have been washed away in 2021 as expressed by the large undercutting of the lower slope. 1: KG River; 2: KG road; 3: Local road to Suwa village; 4: Colluvium deposit; 5: Phyllite bed rock; 6: Electric pylon.

Fig. 134 :

 134 Fig. 134: Failure of retaining wall at Kham Bhitta (KB). (a) During construction (© N. Gurung, 14 February 2018) and (b) After landslide during the monsoon of 2018 (© N. Gurung, 13 January 2019).

Fig. 135 :

 135 Fig. 135: Kali Gandaki (KG) road at Kham Bhitta (KB): it often gets blocked by landslides, which are triggered after the destabilization of the slope by roads (KG road and local road to Suwa village) and by toe erosion of the slope by KG River. (a) Blockage of the KG road at its southern part of Kham Bhitta due to the 2020 landslide, which had completely stopped the KG road for almost 3 months (July -September 2020; © N. Gurung, 1st August 2020); (b) The same road section after the maintenance (© N. Gurung, 5 July 2021).

Fig. 136 :

 136 Fig. 136: New landslide at Dana that was re-activated in August 2020 after the toe of the slope was cut further for the widening work of KG road. The re-activated landslide poses a great threat to nearby houses (a) Overall view, (b) Damage to retaining wall and electric pole by the landslide. (© N. Gurung, 2 nd August 2020).

  137 (b)]. The flood had destroyed parts of the KG road, an under-construction road bridge over Rupse Khola, three houses, a bus and an excavator(Fig. 140, 141). The flood also triggered further landslides in both banks of Rupse Khola. The under-construction road bridge was destroyed for the second time by the flood since it was started in 2018. According to locals, the major flood event lasted about two hours and it was measured to have reached that flood to a max. level of 35 m at the edge of the waterfall [Fig.137 (b)]. It was a major hyperconcentrated flood and it is believed to be a cloud burst event because there is no evidence of landslide dam lake formed in the catchment.Upstream of the waterfall, four landslides (each about 250 m wide, 200 m high) were triggered, hence increasing the sediment input to the flood (Fig.142 -145). Floods from this Rupse Khola caused a major flood in the KG, especially south of the Rupse Khola, which led to severe erosion and sedimentation in the channel, i.e., destruction of the KG road and reactivation of the KB landslide. Rainfall data of Lete and Tatopani stations show that yearly rainfall in 2020 totals of 1839.5 and 2140.20 mm, respectively, were the highest since 1970(Fig. 146, 147). Similarly, March and April were already very wet, followed by the highest monthly rainfall in July (2020) totals of 499.7 mm and 551.5 mm at Lete and Tatopani,

Fig. 137 :

 137 Fig. 137: Famous Rupse water fall on KG corridor road. (a) Before the flood of 20 July 2020 (© Aerotech Nepal, September 2018) and (b) After the flood of 20 July 2020 (© N. Gurung, 31 July 2020).

Fig. 138 :

 138 Fig. 138: Longitudinal profile of Rupse Khola between the water fall and confluence with KG River.

Fig. 140 :

 140 Fig. 140: Rupse waterfall (a) Before the 20 July 2020 flood (© N. Gurung, 23 October 2019) and (b) After the 20 July 2020 flood (© N. Gurung, 31 July 2020).

Fig. 141 :

 141 Fig. 141: Rupse waterfall with the under construction bridge. (a) Before the 20 July 2020 flood (© N. Gurung, 23 October 2019) and (b) After the 20 July 2020 flood (© N. Gurung, 31 July 2020).

Fig. 142 :

 142 Fig. 142: Rupse waterfall with landslides at upper part that resulted in formation of 20 July 2020 hyperconcentrated flood. L1: I st Landslide; L2: 2 nd Landslide; L3: 3 rd Landslide; L4: Forth Landslide (© N. Gurung, 10 November 2020).

Fig. 143 :

 143 Fig. 143: Satellite image of Rupse catchment. (a) Before 20 July 2020 hyper-concentrated flood (Source: Google Earth, Image date 6 November 2018); (b) After 20 July 2020 hyper-concentrated flood. L1: I st Landslide; L2: 2 nd Landslide; L3: 3 rd Landslide; L4: Forth Landslide (source: Google Earth, image date 24 October 2020).

Fig. 144 :

 144 Fig. 144: Landslides at upper part of Rupse waterfall. L1: I st Landslide; L2: 2 nd Landslide; L3: 3 rd Landslide. These landslides developed along the counter dip slope (© N. Gurung, 29 November 2020).

Fig. 145 :

 145 Fig. 145: Landslides at upper part of Rupse waterfall. L2: 2 nd Landslide; L3: 3 rd Landslide; L4: Fourth landslide. This fourth landslide developed parallel to the dip slope and probably reworked part of old landslide (colluvium) material (© N. Gurung, 29 November 2020).

Fig. 146 :

 146 Fig. 146: Annual rainfall recorded at Lete rainfall measurement station from 1970 -2020 (source: DHM, GoN).

Fig. 147 :

 147 Fig. 147: Annual rainfall recorded at Tatopani rainfall measurement station from 1970 -2020 (source: DHM, GoN).

Fig. 148 :

 148 Fig. 148: Monthly rainfall recorded at Lete rainfall measurement station from 2010 -2020 (source: DHM, GoN).

Fig. 149 :

 149 Fig. 149: Monthly rainfall recorded at Tatopani rainfall measurement station from 2010 -2020 (source: DHM, GoN).

Fig. 150 :

 150 Fig. 150: Alternative route to avoid Rupse Khola problem. It involves construction of 5 km road through Bhalebaas from Garpar and a 80 m long bridge over KG River, about 200 m upstream the confluence between Rupse Khola and KG River (© N. Gurung, 29 November 2020).

Fig. 151 :

 151 Fig. 151: Right-bank talus at Rupse Khola across, which Kali Gandaki (KG) road is built. A large plane failure landslide at this section has been active since many years ago (~25 years ago as narrated by locals) and this has been aggravated further after the construction of the KG road in 2007. At this place, the foliation of the bedrock gneiss (aluminous with mica layers) dips 30 0 towards northwest. Rock masses slide down along the foliation plane, and the resulting hill slope follows the same direction. On the foreground, tilted right bank bridge abutment is seen, which was damaged by the debris flow of 20 July 2020 while the bridge was under construction. Note that a few material has been removed between both photos. (a) 29 November 2020; (b) 5 July 2021 (© N. Gurung).

Fig. 152 :

 152 Fig. 152: West north view of Rupse Khola waterfall from the opposite, left bank of the KG. Numbers 1-1, 2-2, 3-3 refer to the location of cross sections (Fig. 153) (© N. Gurung, 13 November 2020).

Fig. 154 :

 154 Fig.154: Since the Kali Gandaki (KG) road passes through the colluvium deposits of approximate 10 to 20 m thick of mixed phyllitic quartzite and gneissic boulders over gneissic bedrock at Rupse Khola, the KG road is likely to be disturbed by the landslides until the colluvium mass above the road is completely down and the bed rock is exposed. On both banks of Rupse Khola, a highly weathered and fractured colluvium deposit of 10 to 20 m exists over gneissic bedrock, which has been destabilized by the Kali Gandaki road (© N. Gurung, 5 July 2021).

Fig. 155 :

 155 Fig. 155: Present crossing of Rupse Khola, which was built after the under construction road bridge was washed away by the debris flow of 20 July 2020. The gneissic boulders of different sizes seen upstream of the present crossing along the flow were derived from Rupse Khola upstream, while the mix of phyllitic quartzite and gneissic boulders on the right bank were from the colluvium deposit of right bank slope (© N. Gurung, 5 July 2021).

  Bhir = escarpment in English) is located at about 1 km distant to the north from Rupse Khola on the way to Ghasa along the right bank of KG River (Fig. 118, 156). Pahiro Thaplo (Pahiro means landslide in Nepali) is located just opposite to Kavre Bhir on the left bank of KG River (Fig. 156). Kavre Bhir is often affected by landslide / rockslide during monsoon season.

Fig. 156 :

 156 Fig. 156: Kavre Bhir, which poses risk to road users and KG road due to the colluvium mass and fractured rock blocks (© N. Gurung, 12 November 2020).

Fig. 157 :

 157 Fig. 157: Most problematic area in Kavre Bhir (shown by white dotted line; © N. Gurung, 23 October 2019). The inset shows washed out section of the KG road by the rockslide and talus slope failure on 20 July 2020 (© N. Gurung, 31 July 2020).

Fig. 158 :

 158 Fig. 158: Rockslide at Kavre Bhir on 21 August 2020. Such are recurrent events in Kavre Bhir. (a) During rock fall and (b) Just after the rockslide (© Indrasingh Sherchan, 21 August 2020).

Fig. 159 :

 159 Fig. 159: View of Pahiro Thaplo, which is an old landslide mass, which is believed to have dammed Kali Gandaki River in ancient time (© N. Gurung, 23 October 2019). As such, lacustrine deposit can still be seen just upstream of Pahiro Thaplo. There is an abrupt drop in the elevation of KG River after KG River entering into Pahiro Thaplo (Fig. 160).

Fig. 161 :

 161 Fig. 161: Consequence of the Kali Gandaki (KG) road built through talus (colluvium) at the KG gorge at its narrowest (downstream view) at Kavre Bhir. On the foreground, the KG River starts its epigenetic entrenchment across the gneissic bedrock, whereas remnants of the Pahiro Thaplo landslide debris are still plastered against the bedrock directly threatening the KG road that cut across them. (a) Before the failure: a large, steep debris talus is already undercut by the road (© N. Gurung, 1 st August 2020), (b) After the failure, both talus have been affected (© N. Gurung, 5 July 2021) and (c) Close view of the talus failure on 4 July 2021 nearby the bridge that crosses the epigenetic gorge, before going north up to Pahiro Thaplo-Tal Bagar (© N. Gurung, 5 July 2021). White dot line depicts the extent of both talus. The downstream talus was failed on 4 July 2021 and had blocked KG road till 7 July 2021. KG road passes through several such taluses and the road often gets blocked by their failure during monsoon season.

  -149), possibly favoured by climate change context. Comparison of two satellite images (Fig. 170) show the development / enlargement of landslides at the upper and lower catchment sections of Thaplyang Khola. Since the first disturbance in 2014, it was observed that slope collapses

  Fig. 162: Progressive landslides at Thaplyang Khola site viewed westwards from the left bank of the Kali Gandaki (KG). If landslides had developed from colluvium deposits on both banks, the eastern slope of the left bank (circled) would have been the most affected. Actually, in contrast to the right bank (left side of the photo) where landslide material represents a thin cover over bedrock, the entire left bank slope is cut into an old landslide material. Since landslides are seen increasing year by year, hence threatening both motor bridge and KG road. (a) Thaplyang Khola on 29 December 2019 when a 40 m long road bridge was under-construction; (b) Thaplyang Khola on 31 July 2020 after the unfinished road bridge was washed away by the debris flow of 20 July 2020; (c) Large collapse on Thaplyang Khola, which had occurred on 24 August 2020 (© N. Gurung, 3 January 2021).

Fig. 163 :

 163 Fig. 163: Overall view of Thaplyang Khola. Numbers 1 to 5 depict the alignment along, which longitudinal profile of Thaplyang Khola was measured (see Fig. 164) and red lines show where cross sections were measured (see Fig. 165) (© N. Gurung, 10 November 2020).

Fig. 164 :

 164 Fig. 164: Longitudinal profile of Thaplyang Khola along line from 1 to 5 as depicted in Fig. 163. The river gradient above point 1 in Fig. 163, is higher than this, more than 35 0 .

Fig. 165 :

 165 Fig. 165: (a) Cross section of Thaplyang Khola at section just above the KG road (above pt. 3 in Fig. 163); (b) Cross section of Thaplyang Khola along the motor bridge, i.e., along pt. 4 in Fig. 163.

Fig. 166 :

 166 Fig. 166: Hydro-geomorphological map of Thaplyang Khola with outlining the river functional flooding space of Thaplyang Khola and Kali Gandaki (KG) River. The washed away bridge over Thaplyang Khola is seen built within the river functional flooding space, hence the disaster was inevitable. 1: Ordinary (present) water flow channel; 2: River bed (monsoon and flood levels); 3: Alluvial bar; 4: Boundary for the river functional flooding space; 5: Active landslide; 6: Diverted debris flow during 20 July 2020 event. Debris flow frequently gets diverted at this location; 7: Gneissic bedrock exposed; 8: Trees and bush; 9: Location of Motorable bridge that was washed away by the flood of 20 July 2020; 10: KG road; 11: Building.

Fig. 167 :

 167 Fig. 167: A 40 m long road bridge over Thaplyang Khola was built in such a low level that its top level would be even lower than the level of the existing road, i.e., any debris flow or high flood would easily overtop the bridge. As such, the bridge was washed away for the second time by the debris flow in July 2020, as it was already destroyed by a first debris flow in 2019. (a) Before the debris flow event (© N. Gurung, 2 July 2020); (b) After the 20 July 2020 debris flow event (© N. Gurung, 31 July 2020).

Fig. 168 :

 168 Fig. 168: Upstream of Thaplyang Khola from where part of the debris flow was diverted towards the left bank. According to locals, such diversion is common at this section, as observed during the past debris flow events. Arrows indicate the direction of the main flow of Thaplyang Khola. The debris was spread on an area of 190 m x 75 m (L x B) with an approx. depth of 2 to 4 m; it consists in boulders of as big as 5 m in diameter. Had all debris flow of 20 July 2020 passed directly through Thaplyang Khola without diversion, it could have caused more destruction downstream the Thaplyang Khola than it did. (a) Before the 20 July 2020 event (© N. Gurung, 23 October 2019) and (b) After the 20 July 2020 debris flow event (© N. Gurung, 5 July 2021).

Fig. 169 :

 169 Fig. 169: Part of the debris flow of 20 July 2020 event was diverted towards the left bank at the upstream of Thaplyang Khola. The diversion was possible since the section of the river at the diversion point is narrower and the left bank has some flat area lower than the right bank. The inset photo (looking downstream) shows the narrow section where right bank has continuous slope. An obstruction by a boulder at this narrow section can divert the flow of Thaplyang Khola over its left bank; according to locals, such a diversion has been a recurrent process during other past flood events.

Fig. 170 :

 170 Fig. 170: Satellite image of Rupse catchment along with Thaplyang Khola and Kahiku Khola. (a) Before 20 July 2020 flood (31 March 2020) and (b) After 20 July 2020 flood event (11 November 2020) (source: Sentinel 2, Sat image). Pease see the landslides development in (b). These landslides were the main factors to develop flooding on 20 July 2020[START_REF] Bell | A catastrophic multi-hazard event in 2020 in Kali Gandaki valley, Nepal Himalaya[END_REF].

Fig. 172 :

 172 Fig. 172: Looking downstream Thaplyang Khola and its confluence with Kali Gandaki River from Thaplyang Danda -the left bank of the middle catchment. Dotted line shows the KG road whereas the red circle indicates the location of the washed away road bridge (© N. Gurung, 5 July 2021).

Fig. 173 :

 173 Fig. 173: Overall view of Kahiku Khola site. (a) South view looking from North (b) West view (© N. Gurung, 29 November 2020).

Fig. 174 :

 174 Fig. 174: Damages made by 20 July 2020 flood event at Kahiku Khola. (a) Upstream view; (b) Downstream view and damage to KG road (© N. Gurung, 1 st August 2020).

Fig. 175 :

 175 Fig. 175: Damages made by 20 July 2020 flood event at Kahiku Khola. ((a) KG road damaged by landslide. Pl. note the steep undercutting of the slope, (b) Damage to the under-construction bridge (© N. Gurung, 1 st August 2020).

Fig. 176 :

 176 Fig. 176: Due to steep undercutting of the slope at right bank of at Kahiku Khola, dry landslides also take place occasionally. On 2 March 2020, a passenger Bus to Jomsom was hit by a dry landslide. Except some damages to the bus, all passengers remained safe. Sadly on the same day, two persons died and one excavator was buried by another slope failure when they were clearing the landslide mass to re-open traffic on KG Road. (a) Right bank of Kahiku Khola where KG road passes after almost vertical cut slope , © N. Gurung, 1st August 2020 (b) The passenger bus that was luckily stranded at the road corner and (c) East south view of the same stranded bus (© Myagdinews.com, 2 March 2020).

Fig. 177 :

 177 Fig. 177: Proposed solution against natural geo-hazard at Kahiku Khola (© N. Gurung, 29 November 2020).

Fig. 178 :

 178 Fig. 178: KG road damaged by landslides between Kahiku Khola and Lete Khola in July 2020 (© N. Gurung, 29 November 2020).

Fig. 179 :

 179 Fig. 179: The roadside house is threatened by landslides between Kahiku Khola and Lete Khola. Steep slope cut and heavy precipitation seem to be two main factors to invite landslides (© N. Gurung, 29 November 2020).

Fig. 180 :

 180 Fig. 180: North view Chhoya Deurali landslide along the left bank of KG River, which is a main source of sediment deposit to KG (© N. Gurung, 29 November 2020).

Fig. 181 :

 181 Fig. 181: South view of Chhoya Deurali landslide along the left bank of KG River, which is a main source of sediment deposit to KG (© N. Gurung, 29 November 2020).

Fig. 182 :

 182 Fig. 182: Road damaged due to monsoon landslides along KG road between Kahiku Khola and Lete Khola in July 2020. (a) Roadside landslides due to the undercutting of the slope; (b) Electric poles and KG road being washed away by road side landslides (© N. Gurung, 2 August 2020).

Fig. 183 :

 183 Fig. 183: A big boulder (3 m x 2 m x 2.5 m, Lx B x H) brought by a road landslide nearby the house. The house was just missed by the boulder (© N. Gurung, 2 August 2020).

Fig. 184 :

 184 Fig.184: The Upper Bhote Koshi valley, Sindhupalchowk District (adopted from Sindhupalchowk District topographical map, scale: 1:50,000).

Fig. 185 :

 185 Fig. 185: A swollen Bhote Koshi River pulling down several houses on its right bank at Liping Bazzar, Tatopani area of Sindhupalchowk district on 9 July 2016 (© Tapassi Dhamma).

Fig. 186 :

 186 Fig. 186: Phulping bridge over Bhote Koshi River at Larcha. (a): Collapsed 70 m long Phulping bridge over Bhote Koshi bridge after being hit by the rock fall from its left bank on 23 July 2017, and (b): Left bank of Bhote Koshi River from where rock fall occurred (© Bishal Khanal, 25 July 2017).

Fig

  Fig. 187: Houses built on debris fan (red circled) at Jambu. (a): Before the flood event of 9 July 2020 (© Google Earth, October 2019) and (b): After the flood event of 9 July 2020 (source: Google Earth, image date November 2020).

Fig. 188 :

 188 Fig. 188: (a) Debris flow at Jambu, Sindhupalchowk on 9 July 2020 (© Manish Shrestha, 9 July 2020), (b) and (c): Damages made by the debris flow (© Shila Patra, 10 July 2020). Seven houses were destroyed killing twenty people by the debris flow.

Fig. 189 :

 189 Fig. 189: Bhote Koshi ravaging river bank houses at Barabise Bazzar on 11 July 2020 Sindhupalchowk (Nepal) (© Pritam Gautam, Online Khabar).

Fig. 190 :

 190 Fig. 190: Collapse of two pre-stressed concrete spans of Thimura -Devghat Bridge over Trishuli River in Chitwan, Nepal on 6 April 2021 (© D. Gautam, 13 April, 2021).

Fig. 191 :

 191 Fig. 191: Loose sand was used to prepare base for the scaffolding (props) work that led collapse of scaffolding, thus bringing down the bridge on 6 April 2021 (© Kantipur News, 7 April 2021).

Fig. 192 :

 192 Fig. 192: A pre-monsoon flash flood over Badighat Khola on 15 April 2020 sweeping scaffolding work that led to the collapse of nearly completed Badighat bridge (© Madan Shrestha, 20 April 2020).

Fig. 193 :

 193 Fig. 193: The same bridge was also collapsed by similar pre-monsoon flash flood over Badighat Khola on 25 April 2019 (© Madan Shrestha, 26 April 2019).

Fig. 194 :

 194 Fig. 194: (a) "Disaster Preparedness and Response Plan" published by District Divine Disaster Relief Committee, Gorkha in 2017, and (b) Remarks made and signed by the then Chief District Officer (CDO), Gorkha on 26 April 2017 in the capacity of chairperson of District Divine Disaster Relief Committee, Gorkha. The red circled words written in Nepali mean "District Divine Disaster Relief Committee". This shows that even Nepalese Government and top bureaucrats still perceive disasters as natural and god's act (source: Gorkha District's webpage, https://daogorkha.moha.gov.np/).

Fig. 195 :

 195 Fig. 195: Flow chart for Disaster Risk Reduction and Management (DRRM).

Fig. 196 :

 196 Fig. 196: Structural measures adopted to protect riverbank settlements from floods along the banks of SK River. (a) Shanti Tole (loc, Fig.32, dot 10), white dotted line shows the gabion wall protection against floods, but as shown in inset, most gabion walls do fail during normal monsoon floods, hence needs regular repair and maintenance. (b) Shukhawati Gumba (Monastery) which is also protected by gabion walls (white dotted line) and most sections are already damaged or washed away by the normal monsoon flood. 1: Sukhawati Gumba; 2: Gaighat crematorium. Note that since these settlements are built in floodplains of Seti River encroaching the flow of Seti, these are highly vulnerable to high floods (© N. Gurung, 25 July 2020).

Fig. 197 :

 197 Fig. 197: Four components of a flood early warning system (source: adapted from[START_REF] Neussner | Manual: Local flood early warning systems -Experiences from the Philippines[END_REF] 

Fig. 199 :

 199 Fig. 199: A typical EWS for a rainfall induced landslide. (a) Schematic diagram of EWS for rainfall induced landslides (Scolobig et al., 2017); (b) A landslide EWS installed at Mehele landslide in Sundrawati village, Kalinchowk Rural Municipality, Dolakha, Nepal. A: Schematic diagram of automatic extensometer; B. Installed extensometer showing different parts; C. The landslide scarp showing installation site of EWS (Thapa et al., 2019).

Fig. 200 ,

 200 Fig. 200, 201. By all means, preparedness is a key element to reduce risk of disasters and avoid possible disasters.

Fig. 200 :

 200 Fig. 200: Fluvial risk management: The best way to be safe from flood, is to be away from floodwaters, i.e., not to live in floodplains and within the functional flooding space (modified after National Institute of Disaster Management (NIDM), India].

Fig. 201 :

 201 Fig. 201: Demarcation of river functional flooding area. (a) Plan view of a river with estimated floods of different return periods. I: Flood once in 100 years; II: Flood once in 25 years; III: Frequent flood; and (b) Cross section view of a river with estimated floods of different return periods. Note that no structures built within the functional flooding space, i.e., within the space required for extreme flood, are safe, hence should be avoided [modified after National Institute of Disaster Management (NIDM), India].

  rebuild of infrastructures following sustainable and resilient reconstruction plans (also called disaster reconstruction or rehabilitation if it consists of the restoration of basic services and facilities). For sustainable rehabilitation, income generating programmes should also be implemented for which a feasibility study should be conducted to find out the local trends and availability of local resources.

Fig. 202 :

 202 Fig. 202: Displaced people by the Gorkha earthquake 2015 from Tiru village, are still living in temporary shelters built on the floodplain along left bank of Trishuli River at Khalte, Uttar Gaya Rural Municipality, Rasuwa. The rehabilitation and re-construction work has not started yet for these 145 households, even after more than six years now from the Gorkha earthquake. This temporary place, Khalte itself being on the floodplain, is prone to flooding (© N. Gurung, 15 March 2021).

  Summary of research findings from this Ph.D. research work is presented below, which answers the research questions set out in the Introduction part of this thesis.As discussed in Ch. 2, 3 and 4, from the hydro-geomorphological mapping of the eleven representative sites (SK valley: Bharabhuri Bagar, Khaarpani Tatopani, Mardi Dovan, Masina Bagar, Upallo and Tallo Gosti, Kaseri Bazzar and Shanti Tole, Ramghat; KG valley: Kham Bhitta, GK, Rupse Khola, Thaplyang Khola) and the map of maximal functional flooding area (SK valley: Khaarpani -Tatopani, Masina Bagar and Upallo Gosti), it is evident that most anthropogenic activities (construction of road, bridge, hydropower, drinking water and settlement) have taken place (and are being taken) on floodplains within the functional flooding space of river or in landslide prone areas. That means these infrastructures and settlements are vulnerable to high floods and landslides, and thus hydro-torrential hazard may damage or wipe out structures / settlements resulting in disasters.

2 and 3 ,

 3 many road bridges recently built in SK valley and KG River valley were found to be vulnerable to extreme floods. From the HEC-RAS analysis, a 58-m long motorable bridge built over the SK at Khaarpaani Tatopani, 60-m long motorable bridge built over the SK at Mardi Dovan and 40-m long GK bridge built over GK in KG valley were found to have insufficient free-board for the extreme flood of 100-year's return period. As such, GK bridge in KG valley was washed away by the debris flow on 25 May 2019 during its under-construction stage, which was re-built and completed in 2020. It would have been quite safe if span of GK bridge had been increased by 10 m and free-board raised by 2 m. For SK bridge at Khaarpaani Tatopani, it would have been wise design if it would have been built out of the functional flooding space by increasing its length and raising its free-board by 1.5 m to the existing one. Note that the 2012 high-flood level was measured above the newly built 58-m long motorable bridge at Khaarpaani Tatopani. In case of SK bridge at Mardi Dovan, it would have been much safer if the present bridge alignment had been changed to a new site because the present bridge site, in addition to its vulnerable to high floods, is also highly prone to landslides from the right bank slope. The new location was observed to be 20 m downstream the present bridge location. The site however, needs raising of its free-board by 2 m to the present one and building a robust engineered retaining wall on the right bank between the abutment and bank slope, so that any unexpected debris flow from the right bank slope is diverted from the bridge. (iii) By the construction in hazard prone areas Construction of roads and bridges in hydro-geomorphologically active areas are also inviting disasters. The vertical undercutting of the slope without the proper slope protection and stabilization measures, often called non-engineered roads, are causing landslides, which destroy roads ending up in disasters. As discussed in Ch. 2 and 4, road along Kahiku -Lete Khola, Kahiku Bhir, Kavre Bhir, Rupse Khola, Kham Bhitta, Guithe Bhir, Tatopani (Bhurung) along KG corridor road in KG valley and Khaarpaani Tatopani, Mardi Dovan along SK valley are some examples, where vertical undercutting of the colluvium deposit slope and talus, are causing landslides / rockslides, which are damaging and even washing away road sections resulting in disaster (many days of blockage). Rockslide at Guithe Bhir and landslide at the northern part adjacent to Guithe Bhir seem to be active as long as the destabilization of the slope through the KG road widening process continues. Similarly, as discussed in Ch. 4, Rupse Khola, Thaplyang Khola and Kahiku Khola bridges were washed away during their under-construction stage by the debris flow of 20 July 2020, because these bridges were built in flood prone areas.

5. 3 .

 3 How have land use and land cover (LULC) changed in the SK valley over the years, especially after the 2012 flood? As presented in JNGS paper in Ch. 2, LULC maps of the SK catchment including Pokhara valley has changed significantly from 1996 to 2020. The built-up area (which includes house, road, bridge, and other infrastructures) has increased by 245% over the period from 1996 to 2013 (17 years), by 47% from 2013 to 2020 (7 years), and by 405% from 1996 to 2020 (24 years). This confirms to a rapid urbanization in Pokhara and SK valley, mainly due to the construction of housing and infrastructures. On the other hand, water body, barren land, sandy area and open field are reduced. This shows a high encroachment by many newly built dwellings and infrastructures over the floodplains along the SK valley where flood risk is very high. Given the present rapid construction activities in SK valley, this trend is highly likely to increase in the days to come, thereby encroaching more river path along SK, which may invite disaster during high floods in SK.

  and this may cause downstream flooding during high floods in Seti River. Ramghat depression looks the most risky place. If Seti is blocked downstream the Ramghat by recurrent bank topples, it may give rise to a giant debris flood up to the level of Pokhara city, thereby flood can overflow towards the settlement. surrounded by hills such as Bhalam Danda, Gharmi Danda to the north, Kahu Danda to the north east, Methlang Danda, Gyaarjaati, and Sarangkot to the west, Nirmalpokharai, Kristi, Mattikhan and Pumdi Bhumdi hills to the south. As discussed in Ch. 2 (section 5.1), landslides do occur frequently in hills surrounding Pokhara. With the growing population and construction of more houses on foothills around Pokhara, landslides pose a great risk to these settlements developed on foothills. Some examples are given in Fig. 203, 204.

Fig. 203 :

 203 Fig. 203: Development of settlements at Dharapani that lies on the foothill of Methlang. Methlang hill lies to the west of Pokhara city and to the south of Sarangkot. (a) Debris flows of 2 July 2020 which had killed 5 people and damaged 2 houses, as shown in the inset (© N. Gurung, 5 July 2020), and (b) View of Dharapani area taken from Methlang hill looking down to the east. Many houses are being built on foothills of Pokhara valley, which are prone to debris flows and may cause disasters (© N. Gurung, 5 July 2020).

Fig. 204 :

 204 Fig. 204: Damage to houses on the foothill by a debris flow originated from the east slope of Maatepaani Gumba on 2 September 2021 at Chisapani, Bhadra Kali, Pokhara. According to DHM, there was a total rainfall of 221.4 mm within 24 hours from 6 pm, 1 September to 6 pm, 2 September. (a) View of debris flow and damaged houses (white encirclement) at the foothill; (b) Debris deposited behind the damaged houses; and (c) Debris deposited at the top of a house. Note that the debris had entered into rooms of 3 houses making these houses completely uninhabitable (© N. Gurung, 2 September 2021).

  preparedness, (ii) rescue and relief, and (iii) rehabilitation and reconstruction, main focus should be given on preparedness because it helps reduce or avoid disasters. A due consideration should be given about past disasters and possible hazards during the design and construction of infrastructures and settlements. River flow dynamics and hydrogeomorphology of catchment should be studied and considered before the planning of any structure. The concept of river's functional flooding space or freedom space, should be implemented in Nepal wherever possible. Land use plan should be strictly implemented across the country. Local communities often being the first responders to any disasters, they should be well trained and equipped. Natural hazards pose serious threats to human beings and their

( 2 )

 2 Etude des bassins versants des affluents dans la vallée de la KGMes recherches dans la vallée de la KG (Ch. 3 et 4) ont démontré l'importance de comprendre l'hydrogéomorphologie et la dynamique des écoulements fluviaux des bassins versants affluents pour réduire les catastrophes, sans parler du contexte géomorphologique global de ces bassins. À cette fin, une étude plus approfondie sur l'hydrogéomorphologie des bassins versants affluents, y compris l'installation de pluviomètres à différents endroits le long des rivières affluentes, en partant du confluent des rivières jusqu'à d'autres endroits le long de la rivière affluente couvrant l'ensemble de son bassin versant, aidera à prévoir l'aléa naturel et à comprendre les causes des coulées de débris et des glissements de terrain, ce qui contribuera en fin de compte à réduire les catastrophes possibles.

( 5 )

 5 Des représentants des médias locaux pour une diffusion plus large des connaissances à travers le pays. De plus, en tant qu'ingénieur géotechnicien senior au Népal et également en tant que conseiller auprès de l'Association des ingénieurs du Népal, province de Gandaki, je peux/distribuerai ces connaissances à de jeunes ingénieurs diplômés (en moyenne, 2000 ingénieurs sont diplômés chaque année du Népal uniquement) à travers les réunions et des ateliers de l'Association des ingénieurs du Népal. De plus, comme je me rends souvent dans les régions collinaires et montagneuses du Népal pour mon travail professionnel, je sensibiliserai les communautés aux catastrophes avec lesquelles elles vivent et les aiderai dans la mesure du possible à éviter d'éventuelles catastrophes. Bhandari D., Neupane S., Hayes P., Regmi B., Marker P. (2020) -Disaster risk reduction and management in Nepal: Delineation of roles and responsibilities. May, 2020, Published by Oxford Policy Management Limited, UK. Bhandary N.P., Dahal R. K., Okamura M. (2012) -Preliminary understanding of the Seti River Debris-flood in Pokhara, Nepal on May 5 th , 2012. ISSMGE Bulletin, 6: 4, 83-93., Accessible on: http://www.ranjan.net.np/journal_papers/setiIssmg.pdf. Bilham R. (2019) -Himalayan earthquakes: a review of historical seismicity and early 21 st century slip potential. Geological Society, London, Special Publications, 483, 423-482. First published online February 5, 2019, https://doi.org/10.1144/SP483.16. Bilham R., Larson K., Freymueller J. (1997) -GPS measurements of present-day convergence across the Nepal Himalaya. Nature, 386. 61-64. 10.1038/386061a0. Bilham R., Wallace K. (2005) -Future Mw>8 earthquakes in the Himalaya: implications from the 26 Dec 2004 Mw=9.0 earthquake on India's eastern plate margin. Geological survey of India, special publication, 85, 1-14. Estimating the return times of great Himalayan earthquakes in eastern Nepal: Evidence from the Patu and Bardibas strands of the Main Frontal Thrust. Journal of Geophysical Research: Solid Earth, v. 119 (9), 7123-7163. Bollinger L., Sapkota S.N., Tapponnier P., Klinger Y. (2016) -Slip deficit in central Nepal: omen for a repeat of the 1344 AD earthquake? Earth, Planets and Space, 68, 12. DOI 10.1186/s40623-016-0389-1. Brenning A., Schwinn M., Ruiz-Páez A.P., Muenchow J. (2015) -Landslide susceptibility near highways is increased by 1 order of magnitude in the Andes of southern Ecuador, Loja province. Natural Hazards and Earth System Sciences, 15 (2015), pp. 45-57, 10.5194/nhess-Decoupling of erosion and climate in the Himalaya. Nature,426, 6967, 652-655. 
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  Natural hazards versus climate change and their potential impacts in the dry, northern Himalayas: focus on the upper Kali Gandaki (Mustang District, Nepal). Environ Earth Sci 73, 801-814. http://doi.org/10.1007/s12665-014-3087-y. Fort M., Adhikari B.R., Rimal B. (2018) -Pokhara (Central Nepal): A Dramatic, Yet

Fig. 1 :

 1 Fig. 1: Total annual deaths by Landslides and Floods in Nepal from 2005 -2019. Source: Ministry of Home Affairs, National Disaster Risk Reduction and Management Authority (NDRRMA), Bipad portal, www.bipad.gov.np.

Fig. 2 :

 2 Fig. 2: Total nos. of disastrous landslides from 2010 -2020 in Nepal. The landslides are called disastrous since each landslide had caused destruction of either lives or property or both. Source: Government of Nepal, Nepal Disaster Risk Reduction Portal (NDRRP), drrportal.gov.np.

Fig. 3 :

 3 Fig. 3: Nos. of annual natural hazards events from 1980 -2019 in world. The graph shows that the nos. of natural events are significantly increasing over the years (Source: Munich RE, www.munichre.com).

  disaster' and the terms 'hazard' and 'disaster' are also used interchangeably. Not very many years ago, most people assumed that disasters associated with earthquakes, hurricanes, floods and other natural hazards were themselves natural disasters. But the definition of these terms has been universally accepted according to the published terminology of the United Nations International Strategy for Disaster Reduction in 2009 (UNISDR, 2009).

  According toUNISDR (2009), Risk (R) = Hazard (H) x Exposure (E) x Vulnerability (V), Hazard = potential threat to humans and their properties; Exposure = elements affected by hazard; Vulnerability = the degree of susceptibility (being likely or liable to be influenced) and resilience (capacity to cope with) of the community and environment to hazards. Vulnerability is increased by poverty, poor infrastructure, lack of natural resource. To reduce disaster risk, it is important to reduce the level of vulnerability and to keep exposure as far away from hazards as possible by relocating people and property.

Fig. 4 :

 4 Fig. 4: Mechanisms behind the emergence of Disaster (soure: UNISDR, 2004).

Fig. 5 :

 5 Fig. 5: Sand mining in the Seti Khola (SK) at Tallo Gosti. Sand is seen collected on the right bank of SK to the side of highway (© N. Gurung, 29 August 2020).

to

  Department of Hydrology and Meteorology, Government of Nepal, it was recorded 82.2 mm rainfall within 24 hours period at Humde (Manang) which was even more than the maximum total monthly rainfall of previous years (the previous maximum total monthly rainfall recorded was 79 mm in July 2017). This caused severe flooding in Chame and Tal villages of Manang washing away 59 houses, 1 Motor bridge, 1 community hall and 5 suspended bridges [Government of Nepal, National Disaster Risk Reduction Portal (drrportal.gov.np)]. The rapidly retreating glaciers (average retreat of more than 30 m/year), rapid rise in temperature (>0.06 O C), erratic rainfalls and increase in drought are some of the effects due to increasing anthropogenic activities that Nepal is facing during the last few years (Karki et al., 2010). The construction activities such as road, bridges, houses might have contributed to warm the environment of Mustang and Himalayan region, causing increase of precipitation. The whole 2 months, i.e., February -March 2021, remained hazy and gloomy throughout Nepal. The visibility was so poor that all domestic flights across the country remained closed for whole 2 weeks from 21 February to 06 March 2021. According to the department of Hydrology and Meteorology (Nepal Government) the main reason was said to be the air pollution caused by anthropogenic activities. This was the first ever experienced weather change within the past 40 years in Nepal.

Fig. 7 :

 7 Fig. 7: Framework of the Ph.D. thesis with oral and poster presentations made at different symposia and scientific meetings.

Fig. 8 :

 8 Fig. 8: Framework of the Ph.D. thesis with scientific publications.

  activities are responsible for natural hazards turn into disasters. However, analysis of positive impacts of human activities was also the scope of this research work. With some field work already done in 2012 after the 2012 Seti flood, the field study was conducted over the period from November 2018 until July 2021. A fieldwork was also carried out in French Alps in France over the period from 21 May to 5 June 2019 with my thesis Supervisors to do crossfertilization of ideas between Nepal and France. My fieldwork in Nepal was also assisted by my Supervisors in October and December 2019.



  Installation of more rain gauges at different places and elevations along SK and KG valleys to monitor rainfall and to alert communities when landslide triggering thresholds are reached;  Installation and monitoring of river flood level at different locations along SK and KG River valleys as means of EWS. Local communities should be warned to take precaution as the flood level reaches to its caution level.

  ....................................... ii......................................... iii.........................................

7. 1 .7. 2 .

 12 The monsoon rains are about to begin. What causes these annual rains to occur? (Ideas: nature / God). What are the impacts of the monsoon rains on the village community? (Ideas: the monsoon rains may be viewed positively -the rains maintain the fertility of the farmland or negatively -they cause floods/landslides etc.)
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 12 Calculation of volume of landslides at Rupse, Thaplyang and Kham Bhitta ... RÉSUMÉ Avec l'intensification des activités humaines dans les Himalayas du Népal, le nombre de catastrophes ayant conduit à des pertes humaines, matérielles et environnementales augmente, tout comme le risque. Les catastrophes sont encore généralement perçues par la plupart des Népalais comme dérivant d'aléas naturels, mais ne devraient pas être considérées comme le résultat inévitable de l'impact d'un danger naturel. Les risques (inondation, glissement de terrain, tremblement de terre) étant des aléas naturels, on ne peut pas empêcher qu'ils se produisent, mais grâce à une planification et une gestion appropriées, les catastrophes peuvent être évitées dans la plupart des cas. Cette thèse vise principalement à présenter comment les activités anthropiques sont responsables de la transformation des événements naturels en catastrophes. , les risques fluviaux peuvent, dans la plupart des cas, être évités et ne pas aboutir à des catastrophes. Cette approche économique et écologique de la gestion des risques fluviaux n'a pas encore été mise en oeuvre au Népal. Au contraire, l'occupation des zones inondables et l'empiètement sur les berges des rivières ont tendance à augmenter au fil du temps. Les résultats suggèrent que les occupants des zones exposées aux risques naturels ont une bonne compréhension des géo-et hydro-risques. Cependant, ces risques sont contextualisés par rapport à d'autres préoccupations sociales, principalement l'économie qui semble l'emporter sur le risque. Les conclusions de cette étude sont utiles et bénéfiques pour la gestion des risques liés aux aléas naturels au Népal. Ce travail offre de nouvelles perspectives sur la gestion des risques naturels. special thanks go to Dr. Rainer Bell, University of Bonn, Germany who accompanied me to do the joint research and helped much for this study. I gratefully acknowledge the financial support I have received, particularly from the University of Paris, PRODIG Laboratory UMR 8586, the Earth System Sciences Program (ESS) of the Austrian Academy of Science and SarDYN Project "Natural dynamics, infrastructure construction and

	Dans la vallée de la Seti, l'urbanisation a augmenté de 405 % entre 1996 et
	2020 et de 47 % entre 2013 et 2020. Les effets du changement climatique ne peuvent être
	ignorés, car ils aggravent la transformation des événements naturels en catastrophes. Au lieu
	de déplacer les populations des zones vulnérables des berges vers des endroits plus sûrs, le

En choisissant deux vallées fluviales (Kali Gandaki, Seti) comme études de cas, cette recherche expose spécifiquement les problèmes généraux des principaux risques naturels dans l'Himalaya népalais occidental. La méthodologie comprend la cartographie hydrogéomorphologique, l'analyse hydraulique (HEC-RAS), le recours à l'espace de mobilité fonctionnel des rivières, l'analyse des changements d'utilisation et d'occupation des sols, à travers l'interprétation des cartes satellites et les entretiens avec la population locale. La plupart des catastrophes passées dans les sites étudiés ont eu lieu à cause d'activités humaines non scientifiques. Les gens ont vécu ou construit des infrastructures dans l'espace fonctionnel de la rivière, et sont donc responsables des désastres (décès, structures emportées par les crues). De nombreux travaux de reconstruction sont effectués sans examiner les causes des catastrophes. La construction de routes et de ponts, l'urbanisation non planifiée, la construction de barrages et d'installations hydroélectriques, la colonisation des rives, l'extraction de sable, l'excavation mécanique et le dynamitage ont augmenté les risques de catastrophes dans les vallées de la Kali Gandaki et de la Seti. gouvernement et les autorités locales semblent plutôt avoir encouragé les gens à vivre dans les plaines inondables en leur fournissant l'accès à l'eau potable, à l'électricité et aux routes. De nombreuses habitations et infrastructures le long des rivières ont été identifiées comme vulnérables aux risques hydro-torrentiels. En respectant simplement l'espace de bon Résumé xix fonctionnement des rivièresEn outre, ce travail est précieux pour les praticiens des catastrophes qui cherchent à mettre en oeuvre des programmes et des politiques de réduction des risques de catastrophe plus efficaces au Népal. Keywords: rivière Seti, Kali Gandaki, activités humaines, aléa naturel, catastrophe, risque fluvial you both. A very tourism economy in the context of a developing country: Nepal (Central Himalaya)" granted by the LABEX DYNAMITE and the touRES (Resilience of tourism systems to natural hazards in the Himalayas). In addition, thank you my office "Kadoorie Agricultural Aid Association (KAAA)" for the great support and particularly Col. (Retd) Andrew M Mills OBE, Director KAAA, for allowing me to do PhD on top of my being busy with regular office work. Many people from many different institutions have helped me with ideas that have shaped this thesis to improve further including Prof. Philippe Cadène, University of Paris, who helped me during the field work in KG River, Dr. Smadja Joëlle from CNRS and Dr. Vincent Viel from University of Paris who provided valuable suggestions during the Annual Maintenance Form of Individual Monitoring Committee (Formulaire d'entretien annuel Comité de Suivi Individuel). I am grateful to Mr. Keshab Kumar Sharma, Director General -Department of Roads (DoR), Mr. Kiran Subedi -Chief of Kali Gandaki corridor road project, and Mr. Bimal

Activités anthropiques, aléa naturel, catastrophe et risque 1. Activités anthropiques

  

	1.	les catastrophes et les aléas naturels sont deux choses différentes.
	2.	les catastrophes résultent le plus souvent de la combinaison d'activités
		humaines et d'aléas naturels.
	3.	les catastrophes pourraient dans la plupart des cas être évitées ou contrôlées,
		mais les risques naturels ne peuvent pas être évités.
	(B) Définitions clés : 2. Aléas naturels, catastrophes et risques
		La littérature utilise souvent de manière synonyme les termes « catastrophe »
	et « catastrophe naturelle » ; les termes « danger » et « catastrophe » sont également utilisés
	de manière interchangeable. Il n'y a pas très longtemps, la plupart des gens pensaient que les
	catastrophes associées aux tremblements de terre, aux ouragans, aux inondations et à d'autres
	risques naturels étaient elles-mêmes des catastrophes naturelles. Mais la définition de ces
	termes a été universellement acceptée selon la terminologie publiée de la Stratégie

Conséquence, les gens répètent toujours les mêmes erreurs (sciemment ou non) les unes après les autres et augmentent ainsi le nombre de catastrophes chaque année.

C'est pourquoi de nombreuses questions sont venues à mon esprit telles que : pourquoi certaines infrastructures resistent toujours bien et restent intactes lors d'événements naturels extrêmes (inondations, glissements de terrain ou tremblements de terre) alors que d'autres sont endommagées par ces mêmes aléas ? Pourquoi certaines agglomérations sont inondées et d'autres pas ? Qui est responsable et redevable de la perte causée par ces événements naturels ? Quel rôle l'homme joue-t-il pour entraîner de telles catastrophes ? Ces catastrophes sont-elles évitables ou non ? Qui sont les plus vulnérables aux catastrophes ?

Comment sensibiliser les populations locales aux futures catastrophes ? Bien qu'une équipe d'enquêteurs soit souvent constituée au niveau gouvernemental après une catastrophe, le rapport ne mentionne jamais que les bureaucrates, ingénieurs, concepteurs ou constructeurs peuvent être responsables de la catastrophe : ils blâment simplement la Nature en disant que la catastrophe est due à tel ou tel aléa naturel.

Cela signifie que personne n'est tenu responsable des dommages ou des pertes liés à la catastrophe.

Par conséquent, j'ai pensé nécessaire de faire une recherche sur les risques naturels et les catastrophes afin de faire comprendre aux Népalais la différence entre les risques naturels (au sens d'un produit entre l'aléa et la vulnérabilité, elle-même facteur des enjeux er de la résilience) et les catastrophes, et de sensibiliser les parties prenantes concernées et la communauté népalaise au sens large, notamment que : Gill et Malamud (

2016

) définissent l'activité anthropique comme une action ou une infrastructure créée par l'homme, qui au départ n'est pas malveillante, mais qui peut avoir un impact négatif sur la société en déclenchant ou en aggravant d'autres risques naturels. Les exemples incluent l'exploitation des eaux souterraines, la déforestation, la construction de routes, l'exploitation de carrières et de mines à ciel ouvert, l'urbanisation, la construction souterraine (tunnelling), etc., actions qui pourraient déclencher des glissements de terrain ou, des inondations et qui pourraient entraîner des catastrophes. Par conséquent, cette recherche vise à identifier les causes profondes des catastrophes (dommages et pertes de vies et de biens) en menant des études de cas portant principalement sur les actions humaines. Cette recherche adopte donc une approche interdisciplinaire, pour étudier le rôle des activités anthropiques dans le déclenchement des catastrophes dans l'Himalaya du Népal. internationale des Nations Unies pour la prévention des catastrophes en 2009 (UNISDR, 2009).

Des infrastructures mal conçues ou mal construites telles que des digues

  Celles-ci s'écroulent lors d'une inondation, lors d'un tremblement de terre, finissent donc par provoquer des catastrophes.

	(4)	
	(5)	Excavation mécanique étendue et dynamitage inapproprié
		Ceux-ci engendrent des fractures secondaires au sein des massifs rocheux, qui
	peuvent conduire à des glissements et indirectement à des catastrophes.
	C3.	La déforestation
		Les activités anthropiques telles que la construction d'infrastructures et les
	incendies de forêt entraînent une perte importante de superficie forestière au Népal. Si la
	(3)	Construction de ponts
		Lorsque les ponts sont construits bas sans tenir compte du niveau maximal de
	débit de crue qui peut monter dans la rivière, ou lorsque des culées sont construites dans des
	sites géologiquement actifs ou dans des zones sujettes aux chutes de pierres ou aux

) Construction de barrages et remblais Les barrages favorisent le piégeage des sédiments dans leur partie amont, tandis que les remblais réduisent la capacité de remplissage des canaux, augmentant ainsi l'apport de sédiments dans les rivières. Certains types de contrôle des crues, tels que la construction de digues, entraînent en outre l'aggradation des chenaux fluviaux en limitant le débit et en augmentant la quantité de sédiments dans le chenal. Cela augmente le risque d'inondation car si le chenal d'une rivière est obstrué, les eaux se dirigeront selon un nouveau tracé, souvent là où le remblai est le plus bas. glissements de terrain, celles-ci sont finalement endommagées ou balayées par des crues, pouvant provoquer des catastrophes. déforestation est censée réduire le taux d'évapotranspiration sur les versants et conduire à des niveaux d'eau souterraine plus élevés, cela réduit aussi la cohésion des sols par la perte de résistance racinaire, augmente donc le ruissellement superficiel, et donc également le taux d'érosion

  Plus généralement, les activités de construction telles que les routes, les ponts, les maisons et la circulation routière pourraient avoir contribué à réchauffer l'environnement du Mustang et de la région de l'Himalaya, provoquant une augmentation des précipitations.

L'ensemble des 2 mois de février à mars 2021 est resté brumeux et sombre dans tout le Népal. La visibilité était si mauvaise que tous les vols intérieurs à travers le pays sont restés fermés pendant 2 semaines entières du 21 février au 6 mars 2021. Selon le département d'hydrologie et de météorologie (gouvernement népalais), la principale raison serait la pollution de l'air causée par activités anthropiques. Il s'agit du premier changement climatique jamais connu au cours des 40 dernières années au Népal. Emanuel (2005) et Webster (2005) rapportent que des eaux océaniques plus chaudes dans les zones tropicales pourraient entraîner une saison des ouragans plus longue et plus intense. Alors que l'impact du changement climatique sur la durée et l'intensité de la mousson reste ambigu

  Himalaya népalais. En sélectionnant deux vallées fluviales, à savoir la vallée de la rivière Kali Gandaki et la vallée de la rivière Seti de l'Himalaya du Népal comme études de cas, cette recherche vise spécifiquement à :

	D.	Objectifs de la recherche
		L'objectif principal de la recherche est d'évaluer le rôle des activités
	anthropiques dans l'incitation aux catastrophes et de voir comment elles aggravent le potentiel
	d'une augmentation des risques naturels dans l'
	Pour résumer :
		Les catastrophes sont largement attribuées aux activités humaines car après
	tout, ce sont les gens qui décident où vivre ou construire et comment construire ces
	infrastructures. Si les établissements et les infrastructures ne sont pas construits dans les

ont signalé que les modèles climatiques les plus récents indiquent une augmentation de 11 % des précipitations annuelles en Asie du Sud d'ici 2010, principalement en raison de l'augmentation des précipitations pendant la période de mousson. Ceci est contraire à une étude entreprise par Zhou et al. (2008) examinant les changements dans les précipitations de mousson au cours du dernier demi-siècle. Leurs résultats suggèrent que la mousson s'est en fait affaiblie plutôt qu'intensifiée depuis 1950. plaines inondables et les piémonts et s'ils sont construits avec suffisamment de résistance contre des risques naturels possibles, alors les aléas naturels ne donneront pas lieu à des catastrophes. Le fait est que dans la plupart des cas, on peut agir afin que les risques naturels ne deviennent pas des catastrophes. La déclaration de Toni Hagen faite en 1999 semble toujours aussi valable et vraie : « La plupart des catastrophes commencent avec des êtres humains comme cause principale et finissent avec des êtres humains comme principales victimes ».

Table 1 :

 1 Regional geomorphology of Nepal Himalaya.

  Rain gauge stations) superimposed over spatial variation of MAP (mm) in Nepal. Central Nepal receives the highest precipitation and Lumle, which is 12 km west of Pokhara, is the highest rainfall place in Nepal whereas Manang, Mustang, and Dolpa are lowest rainfall places (adapted from Talchabhadel et al., 2019).

	Fig. 14: Mean Annual Precipitation (MAP) from 1986 -2015 with location of meteorological
	stations (
	It ranges from seasonably humid subtropical (south flank of
	the Higher Himalayan peaks) to semiarid alpine (north of the Higher Himalayan peaks). In
	Nepal, monsoon is the major source of rainfall in summer and approximately 80% of the total
	annual rainfall occurs from June to September. Limited precipitation occurs in winter season
	(November to February). The south slopes have a higher rate of insolation (sun exposure) and
	usually have higher evaporation rates. As a result, south facing slopes always have less
	vegetation in comparison to north facing slopes. Mean Annual Precipitation (MAP) in Nepal
	computed over the period from 1986 to 2015 is given in Fig. 14. Based on annual precipitation,
	Nepal can be divided into five climatic zones: (i) Arid (annual rainfall 0 mm -250 mm), (ii)
	Semi-arid (annual rainfall 250 mm -500 mm), (iii) Semi-humid (annual rainfall 500 mm -
	1000 mm), (iv) Humid (annual rainfall 1000 mm -2000 mm), and (v) Very wet (annual
	rainfall more than 2000 mm). The average precipitation in South Asia including Nepal, India
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 2 Classification of earthquakes (source: NSET).

Table 3 :

 3 History of major earthquakes in Nepal, AD 1255 -2021 (source: Wikipedia).

	Date (AD)	Nepali Time	Magnitude (Mw)	Epicenter	Death
	7/7/1255		7.8	Kathmandu	2,200
	1260		7.1	Sagarmatha	100
	1344		7.9	Mechi	100
	8/1408		8.2	Near Nepal-Tibet Border	2,500
	6/6/1505		8.9	Karnali Zone	6,000
	1/1681		8	Northern Koshi Zone	4,500
	7/1767		7.9	Northern Bagmati Zone	4,000
	26/8/1833		7.9	Kathmandu, Bihar	6,500
	7/7/1869		6.5	Kathmandu	750
	28/8/1916	06:39	7.7	Nepal, Tibet	3,500
	15/1/1934	08:43	8.4	Nepal, Bihar	10,700 -12,000
	27/6/1966	10:41	6.3	Doti	80
	29/7/1980	14:58	6.5	Pithoragarh	200
	20/8/1988	23:09	6.8	Kathmandu, Bihar	1,091
	18/9/2011	18:29	6.9	Sikkim	111
	25/4/2015	11:56	7.8	Gorkha	8,857
	12/5/2015	12:38	7.3	Dolakha	

Table 4 :

 4 Landslide classification system by[START_REF] Varnes | Slope movement types and process[END_REF].

Table 5 :

 5 Types of floods.

Table 6 :

 6 Major floods in Nepal.

	Date and location	Type	Description	Source
	1926,	Monsoon	Over 50% of crops destroyed	
	Bagmati catchment	flood	within agricultural lands.	

  The Annapurna mountain range, headwater of Seti River, consists of Paleozoic and

	Mesozoic sedimentary rocks containing much limestone. Sabche Cirque, the natural
	depression between Machhapuchhre and Annapurna IV, consists of unconsolidated materials
	which are younger and include the Quaternary age Annapurna Formation (calcareous silts,
	sands, and gravels) and recent deposits of glaciers, moraines, debris flows, and alluvial

gravels. The midland metasedimentary rocks of Precambrian age form the basement in the Pokhara valley. Over the rock basement, Pokhara valley is filled by a large volume of layered karstic deposits (gravel, silt and clay) of Quaternary age, brought from the Annapurna mountain range probably by a series of catastrophic debris flows ranging from few meters to several hundred meters thick

Table 7 :

 7 Historical floods in Pokhara and Seti River.

Table 8 :

 8 Discharge calculation of GK by Rational method.

	Coeff. c	Year	Rainfall Intensity Rainfall Intensity Catchment Area i (in inch/h) i (in mm/h) A (in Acres)	Peak Runoff Q = c x i x A (in ft 3 /s) Q (in m 3 /s) Peak Runoff
	0.3		3.60	91.44	2,074.80	2,240.78	62.74
	0.3		4.78	121.41	2,074.80	2,975.26	83.31
	0.3		3.50	88.90	2,074.80	2,178.54	61.00
	0.3		4.92	124.97	2,074.80	3,062.40	85.75
	0.3		5.26	133.60	2,074.80	3,274.03	91.67
	0.3		4.99	126.75	2,074.80	3,105.98	86.97
	0.3		5.37	136.40	2,074.80	3,342.50	93.59
	0.3		5.74	145.80	2,074.80	3,572.81	100.04
	0.3		3.45	87.63	2,074.80	2,147.42	60.13
	0.3		3.90	99.06	2,074.80	2,427.52	67.97
	0.3		5.38	136.65	2,074.80	3,348.73	93.76
	0.3		5.30	134.62	2,074.80	3,298.93	92.37
	0.3		4.95	125.73	2,074.80	3,081.08	86.27
	0.3		5.14	130.56	2,074.80	3,199.34	89.58
	0.3		5.28	134.11	2,074.80	3,286.48	92.02
	0.3		5.58	141.73	2,074.80	3,473.22	97.25
	0.3		5.48	139.19	2,074.80	3,410.97	95.51
	0.3		3.65	92.71	2,074.80	2,271.91	63.61
	0.3		5.54	140.72	2,074.80	3,448.32	96.55
	0.3		5.39	136.91	2,074.80	3,354.95	93.94
	0.3		4.98	126.49	2,074.80	3,099.75	86.79
	0.3		3.62	91.95	2,074.80	2,253.23	63.09
	0.3		3.47	88.14	2,074.80	2,159.87	60.48
	0.3		5.56	141.22	2,074.80	3,460.77	96.90
	0.3		3.44	87.38	2,074.80	2,141.19	59.95
	0.3		5.76	146.30	2,074.80	3,585.25	100.39
	0.3		5.62	142.75	2,074.80	3,498.11	97.95
	0.3		3.80	96.52	2,074.80	2,365.27	66.23
	0.3		5.52	140.21	2,074.80	3,435.87	96.20
	0.3		5.60	142.24	2,074.80	3,485.66	97.60
	0.3		5.80	147.32	2,074.80	3,610.15	101.08
	0.3		5.68	144.27	2,074.80	3,535.46	98.99
	0.3		5.49	139.45	2,074.80	3,417.20	95.68
	0.3		5.78	146.81	2,074.80	3,597.70	100.74
	0.3		5.46	138.68	2,074.80	3,398.52	95.16
	0.3		4.20	106.68	2,074.80	2,614.25	73.20
	0.3		4.50	114.30	2,074.80	2,800.98	78.43
	0.3		5.70	144.78	2,074.80	3,547.91	99.34
	0.3		5.53	140.46	2,074.80	3,442.09	96.38
	0.3		5.10	129.54	2,074.80	3,174.44	88.88
	0.3		5.43	137.92	2,074.80	3,379.85	94.64
	0.3		5.64	143.26	2,074.80	3,510.56	98.30
	0.3		5.45	138.43	2,074.80	3,392.30	94.98
	0.3		5.24	133.10	2,074.80	3,261.59	91.32
	0.3		5.72	145.29	2,074.80	3,560.36	99.69
	0.3		4.72	119.89	2,074.80	2,937.92	82.26
	0.3		5.40	137.16	2,074.80	3,361.18	94.11
	0.3		5.36	136.14	2,074.80	3,336.28	93.42
	0.3		5.12	130.05	2,074.80	3,186.89	89.23
	0.3		5.32	135.13	2,074.80	3,311.38	92.72

Table 9 :

 9 Discharge calculation of GK by Water and Energy Commission Secretariat (WECS) method.

	Catchment area	2-year return period flood (in m 3 /s)	100-year return period flood (in m 3 /s)
	(< 3000 m		
	elevation)		
	(in km 2 )	Q2 = 2.29 x A 0.86	Q100 = 20.7 x A 0.72
	8.4	14.28	95.82

Table 10 :

 10 Computation of scouring depth at GK bridge section.

	Scour Depth Calculation As per IRC-78-2000					
	Flood Discharge Q	100.74 m 3 /s				
	HFL	122.52 m				
	Linear water way W	38 m				
						IRC-5-1998-
	Silt factor fs	1.7	dm	10 mm	Appendix 2
	Specific Discharge Db	24.01 m3/s/m				Db=Q/W
	MEAN SCOUR dsm	1.1 m				
	Scour Depth					
	For Abutment					
	Scour Depth	2.30 m	factor	1.27	Abutment	Clause -703.3.1.1 II a
	Scour Depth Level	115.60 m				
	Difference	2.30 m				
	Minimum Bed Level	117.90 m				
	Adopted Scour Depth	2.5 m	Below minimum bed level		
	For Pier				Pier = No
	Scour Depth	0 m	factor	0	Pier	Clause -703.3.1.1 I
	Scour Depth Level	0 m				
	Adopted Scour Depth	0 m				
	Waterway provided L	38 m				
	Effective Water way Le	38.5 m				
	No. of Pier	0				
	Width of Pier	0				
	Clearance between span	38 m				
	Bridge Span	40 m				
	No. of Span	1				

Table 11 :

 11 Blockages of KG road (Beni -Jomsom) in the year 2020 due to hydro-torrential hazards.

	Ser Date	Description
	1	1 -3 January, 2020	Road closed due to dry landslide at Guithe.
	2	2 -5 March, 2020	Road closed due to dry landslide at Ghasa.
	3	13 -15 March, 2020	Road closed due to landslide at Baiseri, Guithe and Kavre Bhir
	4	21 -23 June, 2020	Road closed due to landslides at Ghasa (source: Myagdinews.com).
	5	24 -27 June, 2020	Road closed due to landslides at Duwari Khola and Rupse, Dana (source: The Rising Nepal, 24 June 2020)
	6	29 June, 2020	Road closed due to landslides at Thampata Dana (source: GoN, MoH, NDRRMA, Daily Disaster Bulletin, 29 June 2020).
			Road closed due to landslides at Annapurna Rural Municipality, W 2, 3
	7	6 -7 July, 2020	(Mahabhir, Bhurung Tatopani, Duwari Khola, Guithe; (source:
			NDRRMA, Daily Disaster Bulletin, 7 July 2020)
			Road closed due to landslides at Chetandanda, Thasang Rural
	8	8 July, 2020	Municipality, W 4, Mustang (source: NDRRMA, Daily Disaster Bulletin,
			8 July 2020)
	9	10 July -25 August, 2020	Road closed due to the damage to Galeswor bailey bridge by a flash flood on 9 July 2020.

Table 12 :

 12 Calculation of volume of landslide at Rupse, Thaplyang and Kham Bhitta.

  It includes information collection, organization formation such as developing disaster preparedness plans for what to do, where to go, or who to call for help in a disaster,

	exercising plans through drills, tabletop exercises, and full-scale exercises, assessment of the
	vulnerability of critical facilities, allowing more free space for rivers, i.e., not building any
	structures within the freedom space of river, strict land-use regulations, flood forecasting,
	development of effective early warning system by proper weather forecasting and installing
	more radar (weather) and rain gauge stations, public awareness program, emergency plans,
	and resource management (application of many different types of scientific, technical, and
	other skilled abilities).

5.10. What is the situation of local and government's responses to natural hazard and risk?

  NDRRMA is taking leadership and coordinating with other agencies to operationalize risk reduction, preparedness, response and reconstruction as mandated by the DRRM Act 2017 and 2019. However, under the federal context, it is still critical to restructure and devolve disaster risk reduction and management functions to the provincial and local governments. is still unclear how roles and responsibilities are shared between the federal, provincial and local governments and how required resources and preparedness can be made available up to local government, who are often the first responders to any disaster. Whether be it in the case of May 2012 Seti flood disaster or in the case of 2015 Gurkha Earthquake in Nepal, local people's response to disaster was appreciable just aftermath of the disaster. Sadly since local people were not trained in search and rescue and of course, were ill-equipped, their many efforts to save lives of people were in vain (Nepal Disaster Report, 2019).Nepal's so far practices reveal that the three phases of disaster response, i.e., (i) preparedness, (ii) rescue and relief, and (iii) rehabilitation and reconstruction, have not been effectively implemented yet in Nepal. From the past experiences, Nepal's response to disaster seems to be limited mostly to post disaster activities, i.e., rescue and relief efforts, while its efforts are still largely lacking on preparedness and rehabilitation / reconstruction.

	Nepal's present "Disaster Risk Reduction and National policy" (DRRNP) and
	Disaster Risk Reduction and National Strategic Action Plan (NSAP) 2018 -2030, are guided
	by its Constitution (AD 2015) and the Disaster Risk Reduction and Management Act (AD
	2017). After the establishment of National Disaster Risk Reduction and Management Though local communities are always the first responders to any disasters but with limited
	Authority (NDRRMA) under the Ministry of Home Affairs (MoHA) following the knowledge and lack of proper tools, their response has not been much effective as it should
	amendment on the DRRM Act AD 2017 (B.S. 2074) in March 2019, NDRRMA is leading be. With the establishment of NDRRMA, it is hoped that government's response to disaster
	response efforts to disasters across the country. The Disaster Risk Reduction (DRR) policies from local to national level is expected to improve in reducing the disaster risk and building
	and practices are fostered through NDRRMA initiatives at global, national and sub national resilience.
	levels. Surya Gurung, a local from Mirsa village that is located close to Khaarpaani 5.11.
	Tatopani (SK valley) shared his experience saying that "they could have saved minimum lives
	of 3 people from Khaarpaani Tatopani who were buried under the debris flow, had they been

Nepal has three tiers of government, i.e., local, provincial and federal.

NDRRMA should be able to facilitate and maintain overall coordination, collaboration and partnerships amongst the different agencies within the three tiers of government. The spirit of the Constitution (2015) suggests that local governments shall do as much as they can on their own, and where they cannot, provincial and federal governments shall provide back-up or lead disaster risk reduction and management. Despite these provisions, it equipped with tools such as rope, ladder, life jacket, excavation tools, hammer, pick axe, shovel, gumboot and helmet. The victims' heads were above the debris flow and were desperately crying for help but we could not go to rescue them on the absence of equipment and proper dress. Slowly they submerged into debris and got killed."

Is there any possibility of recurrence of a flood similar to the scale of 2012 or greater in Seti Khola (SK)? As

  

discussed in JNGS paper in Ch. 2, Seti River's headwater, i.e., Sabche Cirque is full of ice and snow and its outlet being too narrow and deep, it is unusually prone to dangerous blockages following rock falls and avalanches. There is possibility of rock mass failures from Annapurnas (III and IV) as was the case in Annapurna IV in 2012 and the processes which had triggered rockslide in 2012, in relation to warming of permafrost (as a consequence of Climate Change), are believed to be still active. Furthermore, since the SK valley receives the highest rainfall in Nepal and flows through the bottleneck channels and

  des catastrophes -notamment des catastrophes passées -, des informations sur les sites choisis et sur bien d'autres. Par exemple, nous leur avons demandé pourquoi les gens occupent des zones à risque ; comment les gens perçoivent le risque et réagissent aux catastrophes hydro-torrentielles ; dans quelle mesure ils sont préparés à la catastrophe, etc. En effet, une liste de contrôle a été utilisée à cette fin (Annexe 4). Le point de départ de cette recherche a été l'augmentation des cas de catastrophe ces dernières années au Népal. Tel que rapporté par[START_REF] Fort | The Pokhara valley: A product of a natural catastrophe[END_REF],[START_REF] Fort | Extreme rainfall triggered landslides: Hydro-geomorphic impacts and induced risks in the Nepal Himalayas[END_REF]Fort ( , 2015) ) et[START_REF] Schwanghart | -Repeated catastrophic valley infill following medieval earthquakes in the Nepal Himalaya[END_REF], les risques naturels sont fortement contrôlés par l'intensité de la mousson, mais le nombre de catastrophes a considérablement augmenté au cours des dernières années, pour lesquelles le rôle du changement climatique (notamment celui du réchauffement) ne peut être ignoré.Un certain nombre d'explications ont été avancées, notamment la croissance démographique, le changement d'affectation des terres et les activités anthropiques telles que la construction d'infrastructures. Parmi celles-ci, les impacts les plus probables seraient liés à la construction de routes rurales[START_REF] Petley | Trends in landslide occurrence in Nepal[END_REF]. Ma recherche s'ajoute aux études précédentes, se concentrant principalement sur les activités anthropiques de sites spécifiques dans les vallées de la SK et de la Kali Gandaki (KG).

		CONCLUSIONS
	1.	Synthèse de la recherche
		Au cours de ce doctorat, nous avons adopté une approche interdisciplinaire du
	risque pour étudier le rôle des activités anthropiques qui transforment des aléas naturels en
	catastrophes dans l'Himalaya népalais.
		Premièrement, nous avons réalisé la cartographie hydro-géomorphologique de
	onze sites représentatifs (études de cas) afin d'examiner comment les infrastructures et les
	établissements humains construits empiètent sur les plaines inondables et bloquent le tracé
	naturel de la rivière. Ces cartes ont fourni des informations pour définir et délimiter les
	événements hydro-géomorphologiques passés, avec leur contexte géologique et
	géomorphologique. Cela a fourni une base concrète et positive pour explorer la
	compréhension qu'ont les populations locales des dangers et risques naturels.
		Troisièmement, l'approche par l'espace d'inondation fonctionnel, c'est-à-dire
	l'espace de liberté de la rivière, a été adoptée pour vérifier si les infrastructures et les
	établissements humains construits l'ont été dans cet l'espace d'inondation fonctionnel ou non.
	En tant que telles, les structures qui ont été (et sont) construites dans l'espace d'inondation
	fonctionnel sont particulièrement susceptibles d'être affectées par des inondations et donc
	d'engendrer des catastrophes dans l'avenir.
		Quatrièmement, à l'aide d'images satellite dans ArcGIS, nous avons
	cartographié l'utilisation des sols et le degré de couverture des terres au niveau de sites
	sélectionnés, afin d'examiner leur évolution et les changements subis au fil des ans. Nous
	avons obtenu des informations sur l'augmentation des zones bâties (zone couverte par les
	établissements humains et les infrastructures) et sur la diminution du débit naturel des rivières
	au fil des ans, montrant ainsi comment l'homme et ses activités augmentent le risque de
	catastrophes dans les zones étudiées.

Then it discussed the main findings from this PhD research work which were set out as main objectives of this study. It further discussed possible solutions to problems and risks posed by different natural hazards in the studied areas.

And finally it discussed about mitigation and prevention to reduce risk of and avoid disasters.

Deuxièmement, une analyse hydraulique comprenant une modélisation HEC-RAS a été réalisée pour vérifier le niveau de crue élevé à travers les sections des ponts étudiés.

Cette modélisation a été appliquée sur des bassins hydrographiques de différente taille, incluant de grands bassins hydrographiques (Seti Khola ; SK) et des bassins hydrographiques plus petits (Ghatte Khola ; GK).

Enfin, des interactions et des entretiens ont été menés avec la population locale des sites étudiés, avec aussi des ingénieurs, des décideurs politiques, des bureaucrates dans les services opérationnels afin de recueillir des informations sur leur perception des risques naturels et

De la cartographie des aléas à l'alerte précoce Avec

  Suite aux quelques travaux de terrain déjà réalisés en 2012 après la crue de la Seti khola 2012, l'étude de terrain a été menée sur la période de novembre 2018 à juillet 2021.Une mission de terrain a également été réalisée dans les Alpes françaises (du 21 mai au 5 juin 2019) avec mes encadrants de thèse pour faire des échanges d'idées entre le Népal et la France. et vice versa. La majeure partie de la rédaction de la thèse a été effectuée au milieu du confinement et de la perte de quelques proches en raison de la COVID-19. D'un autre côté, j'étais également très occupé par mon travail professionnel au bureau. Dans l'ensemble, j'ai dû gérer ces différentes activités et difficultés tout en faisant progresser ce doctorat. Je crois qu'avec l'aide et les conseils incessants de mes superviseurs, j'ai essayé de mener cette étude de recherche, au mieux de mes capacités, pour obtenir le meilleur résultat possible. Au terme de cette recherche, on peut conclure comme Toni Hagen que les catastrophes sont initiées par l'homme et ses activités, en tant que cause principale, et se terminent souvent par l'homme et ses biens, qui en deviennent les principales victimes. Cela signifie que les activités anthropiques ou induites par l'homme sont principalement responsables de la transformation des aléas naturels en catastrophes. L'occurrence et l'impact Puisque ce sont les êtres humains qui décident où vivre, où construire et comment construire leurs infrastructures, les activités humaines sont donc souvent responsables des catastrophes. Cependant, il faut aussi reconnaître que les activités anthropiques peuvent avoir aussi des aspects positifs : elles apportent du développement, créent des emplois et de nouvelles opportunités. Les structures de contrôle des rivières aident parfois à sauver des biens, même si ces structures échouent dans la plupart des cas. Par exemple, les murs de gabions ou les remblais (mesures de contrôle des rivières) aident à réduire la force des inondations et peuvent protéger d'autres structures ou propriétés derrière ces structures. De même, lorsque des déversoirs sont construits pour la prise d'hydroélectricité à travers la rivière, ils aident à réduire l'érosion des rivières et à dissiper l'énergie des crues/eaux afin qu'elles ne causent pas de grandes destructions en aval. Ces dernières années, la fréquence et l'intensité des crues extrêmes ont augmenté. Les inondations et les glissements de terrain sont à l'origine d'environ 300 décès chaque année au Népal, avec des dégâts matériels dépassant les 10 millions de dollars en moyenne. Avec l'impact du changement climatique, les dommages liés aux inondations et aux glissements de terrain sont également susceptibles de croître avec l'augmentation des activités anthropiques dans la région. Par conséquent, un SAP (Système d'Alerte Précoce) fiable pour la prévision des inondations et des glissements de terrain est nécessaire pour réduire les risques de catastrophes, mais il convient de noter que sans action précoce (par l'instrument et les personnes concernées), le SAP peut ne pas être utile et efficace. Tous les éléments clés du système de réduction et de gestion des risques de catastrophe doivent donc être mis en oeuvre efficacement afin d'éviter toute catastrophe possible. Cependant, la priorité doit être donnée à la préparation. Comme l'ont noté Olson et Nilson (1982), il est toujours nécessaire d'examiner sérieusement quel type d'information scientifique est le plus utile. Avec la préparation de cartes des risques de glissements de terrain et d'inondations le long des vallées de la SK et de la KG, une évaluation plus rapide des aléas naturels peut être effectuée au niveau local pour identifier les zones potentiellement et imminement sujettes à un risque. Si les communautés locales sont conscientes des risques avec lesquels elles vivent, cela réduit le risque de catastrophe. Après avoir identifié les zones à risques, il est possible d'introduire des systèmes d'alerte précoce (SAP), mais il n'existe malheureusement pas encore de SAP formel ou de plan d'évacuation au niveau communautaire en réponse aux catastrophes possibles dans les secteurs étudiés. Notons que les SAP comprennent :  L'installation de davantage de pluviomètres à placer à différents endroits et altitudes le long des vallées de la SK et de la KG pour surveiller les précipitations et alerter les communautés lorsque les seuils de déclenchement des glissements de terrain sont atteints ;  L'installation et la surveillance du niveau de crue des rivières à différents endroits le long des vallées de la SK et de la KG en tant que SAP. Les communautés locales doivent être averties pour qu'elles puissent prendre les précautions nécessaires lorsque le niveau d'inondation atteint son niveau de prudence.Encore une fois, pour que de tels systèmes soient efficaces, l'implication de la communauté est primordiale car la population locale sera nécessaire pour gérer les systèmes, faire confiance et réagir à leurs résultats. Par conséquent, des SAP communautaires devraient être mis en oeuvre dans la mesure du possible.

	2.	Conclusions sur les travaux de recherche
	3.	Point de vue
	3.1.	Domaines de recherche future
		Des recommandations pour un éventuel domaine de recherche futur et des
		sujets thématiques à étudier sont mises en évidence ci-dessous.
	(1)	
	Mon travail de terrain au Népal a également été suivi par mes encadrants en octobre et
	décembre 2019.
		Alors que le monde entier souffre de la pandémie de COVID-19, l'avancement
	de mes recherches pour ce doctorat, tant sur le terrain que pour la rédaction de la thèse, en a
	également été affecté. Comme dans d'autres pays, la pandémie de COVID est toujours active
	au Népal, et devrait encore s'aggraver avec la levée du confinement à un moment où le Népal

compte encore plus de 15 % de cas infectés par jour, et qu'environ les deux tiers de sa population n'ont pas encore été vaccinés. J'ai dû faire face à différentes difficultés, principalement pour les déplacements dus au confinement pour me rendre sur le terrain pour mes études des catastrophes sont en augmentation, résultat à la fois de l'accroissement (1) du nombre et de la vulnérabilité de la population exposée, ainsi que (2) de la fréquence et de la gravité des risques hydro-météorologiques, susceptibles eux aussi d'augmenter avec des conditions climatiques de plus en plus imprévisibles, notamment dues aux changements et à une plus forte intensité des événements météorologiques. Bien que l'on ne puisse empêcher les aléas naturels de se produire, ces aléas ne se transforment en catastrophes que lorsque les communautés affectées et leurs biens sont vulnérables, et non préparées à ces risques.

Dans les sites étudiés, des activités anthropiques ont été (et sont) menées soit dans l'espace inondable fonctionnel, soit dans des zones naturellement à risques. Avec l'augmentation rapide de travaux d'aménagement dans les sites étudiés qui ne prennent pas en compte les aléas hydro-torrentiels, les catastrophes sont susceptibles d'augmenter à l'avenir. l'augmentation des activités anthropiques (route, pont, hydroélectricité, peuplement) le long des vallées de la KG et de la SK, une cartographie des risques de glissement de terrain et d'inondation avec des systèmes d'alerte précoce (SAP ou EWS -Early Warning System) le long des vallées est nécessaire pour aider à réduire les risques de catastrophe.

  2) Local leaders, bureaucrats and policy makers in government offices in Nepal, mainly Pokhara Metropolitan city, Department of Roads (DoR), KG corridor Settlement............................................... ii. Rural Municipality /Municipality/Metropolitan / Ward .................................

		CHECKLIST
	1.	Site information
	i.	
		road project;

20 July -29 September 2020Road closed due to landslides at Rupse, Thaplyang Khola, Kavre Bhir and Kahiku Khola.
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Disaster

Disaster is the consequence of a natural event (or hazard) when a natural hazard affects vulnerable people, community or their properties. When natural hazards affect human beings and infrastructures, then natural hazards covert into disasters. In another word, disaster happens when a natural hazard strikes vulnerable people or their properties. The UNISDR (2009), defines disaster as: "A serious disruption of the functioning of a community or a society involving widespread human, material, or environmental losses and impacts which exceeds the ability of the affected community to cope using only its own resources". It further says that hazards are natural but disasters are not.

There exists no such thing as a disaster that is actually natural. Impact of disaster, however, varies from place to place depending on people and societies' vulnerability and exposure and, as such natural hazards affect these people and societies differently (e.g.

earthquakes of equal energy may cause devastation in one country, but not in another).

Hazards cannot be stopped or prevented but disasters can be prevented to a great extent, though not completely. (Cruzan, 2002;Zalasiewicz et al., 2010;[START_REF] Goudie | The Human impact on the Natural Environment: Past, Present, and Future[END_REF][START_REF] Lewis | Defining the Anthropocene[END_REF]. Anthropogenic activities may influence the occurrence, frequency or intensity of natural hazards, thereby may increase disasters (Gill and Malamud, 2017). With the increase on development activities in Nepal, the cases of disasters are also increasing annually.

Human activities have contributed to turn natural hazards into disasters in several ways, some are explained below.

C1. Population growth and unplanned urbanization

Rapid increase in population that has driven unplanned urbanisation and industrialization near rivers, particularly human settlement and infrastructure development in floodplains, obstruct floodways, thereby may cause greater damage and loss of lives during high floods. The unplanned settlement along river banks and foothills has created highly vulnerable areas to flood and slope failure where population growth and rural-urban migration are leading the development of urban slums on increasingly marginal land at the periphery of urban centers [START_REF] Alexander | Vulnerability to landslides[END_REF]. Ninety percent of this type of growth is occurring in developing countries like Nepal, many of which are subject to extreme natural events [START_REF] Kuddus | Urbanization: a problem for the rich and the poor?[END_REF]. Population growth is therefore leading to the unsafe and marginal settlement along riverbanks (i.e., the functional flooding area; [START_REF] Malavoi | Determination of the free space of rivers (Détermination de l'espace de liberté des cours d'eau). Guide Technique[END_REF]Arnaud-Fassetta et al., 2009) and along foothills that are inviting disasters by exposing more individuals to risk, often prone to high floods and landslides [START_REF] Petley | Trends in landslide occurrence in Nepal[END_REF].

C2. Infrastructure development (1) Road construction

The construction of roads in geologically active areas is considered to increase the probability of landslides and mass movements as a result of undercutting and loading from spoil disposal (Sidle et al. 2006;[START_REF] Gurung | Construction of road bridges without consideration of geo-hazards and river-flow dynamics -A case study from Ghatte Khola, Myagdi, Nepal. Géomorphologie: Relief, Processus[END_REF]. Roads which are built in landslide prone areas without the proper slope treatment or protection measures, often called non-engineered roads, are causing landslides and resulting in disasters in the end. This supports the view of [START_REF] Keefer | Landslides caused by earthquakes[END_REF], [START_REF] Owen | Mass movement hazard in the Garhwal Himalaya: the effects of the 20 th October 1991 Garhwal earthquake and the July-August monsoon season[END_REF], [START_REF] Barnard | Natural and human-induced landsliding in the Garhwal Himalaya of northern India[END_REF] and [START_REF] Keefer | Investigating landslides caused by earthquakes -A historical review[END_REF] who all suggest that human modification of the landscape in the name of infrastructure development such as road construction, is one of the most influential factors in inviting landslides in tectonically active regions which often turn into disasters.

Road construction, which may involve one or more of these anthropogenic activities, is reported to increase landslide susceptibility close to roads both during and after construction [START_REF] Montgomery | Road surface drainage, channel initiation, and slope instability[END_REF][START_REF] Devkota | Landslide susceptibility mapping using certainty factor, index of entropy and logistic regression models in GIS and their comparison at Mugling-Narayanghat road section in Nepal Himalaya[END_REF]Brenning et al., 2015). Excavated materials stored on the downslope side of a newly constructed road may also cause debris flows. For example, the unloading of slopes, through poorly engineered road cuttings, may trigger a landslide [START_REF] Alexander | On the causes of landslides: Human activities, perception, and natural processes[END_REF][START_REF] Sidle | Landslides: Processes, Prediction, and Land Use[END_REF], which could then trigger further natural hazards, such as flooding due to the formation of a landslide dam (e.g., [START_REF] Costa | The formation and failure of natural dams[END_REF][START_REF] Korup | Recent research on landslide dams: A literature review with special attention to New Zealand[END_REF].

Similarly, poor road drainage results in water seepage that promotes bedrock failures and deep seated landslides). Studies by [START_REF] Glade | Landslide occurrence as a response to land use change: a review of evidence from New Zealand[END_REF][START_REF] Owen | Landslides triggered by the 8 October 2005 Kashmir earthquake[END_REF]and Brenning et al., 2015 have reported that an earthquake or heavy rain are triggering many landslides worldwide but such landslides have been found mostly in cut slopes made by road construction and vegetation removal (anthropogenic activities).

(2)

Construction of dams and embankments

Dams favor sediment trapping in their upstream part, whereas embankments reduce the bank full capacity of channels, thereby increase sediment input into rivers. Some approaches to flood control, such as building embankments, further leads to aggradation of river channels by restricting flow and increasing the amount of sediment in the channel. This heightens flood risk as a river channel is bound to avulse towards a new path by breaching the embankment.

(3)

Construction of bridges

When bridges are built low without consideration of maximum level of flood discharge that can rise in the river, or when abutments are built in geologically active sites or in rock-fall or landslide prone areas, these are ultimately damaged or swept away by natural hazards ending up in disasters.

(4) Poorly designed or built infrastructures such as poorly designed levee

These fail in a flood, in earthquake, thus end up in disasters.

Studies by [START_REF] Emanuel | Increasing destructiveness of tropical cyclones over the past 30 years[END_REF] and [START_REF] Webster | Changes in Tropical Cyclone Number, Duration, and Intensity in a Warming Environment[END_REF], report that warmer ocean waters in the tropical areas could result in a longer and more intense hurricane season. Whilst the impact of climate change on monsoon duration and intensity remains ambiguous [START_REF] Solomon | The physical science basis contributions of working group I to the fourth assessment report of the intergovernmental panel on climate change[END_REF][START_REF] Christensen | Regional climate projections[END_REF] has reported that the most recent climate models indicate an 11% increase in annual precipitation in South Asia by 2010, primarily as a result of increased rainfall during the monsoon period. This is in contrary to a study undertaken by [START_REF] Zhou | -In global land monsoon area and total rainfall accumulation over the last half century[END_REF] examining changes in monsoon precipitation over the recent half century.

Their findings suggest that the monsoon has in fact weakened rather than intensified since 1950.

To sum up,

Disaster is largely ascribed to human activities because after all, it is people who decide where to live or build and how to build those infrastructures. If settlements and infrastructures are not built in floodplains and foothills and if they are built with resilient enough against possible natural hazards, then natural hazards never end up in disasters. The fact is that in most cases, natural hazards can be stopped from becoming disasters. Toni Hagen's statement made in 1999 still seems so valid and to be true that "most disasters begin with human beings as the main cause and end up with human beings as the main victim".

D. Research objectives

The primary objective of the research is to assess the role of anthropogenic activities in inviting disasters and how they are aggravating increase risk of natural hazards in the Nepal Himalaya. Selecting two river valleys, i.e., Kali Gandaki River valley and Seti River valley from Nepal Himalaya as case studies, specifically this research aims to:

(1) outline the overall issues of natural hazards in Nepal Himalaya.

(2) examine the natural hazards that characterize the mountains of Western Nepal in a context of growing population and rapid development of infrastructures.

(3) prove that disasters are not natural and can be prevented to most extent, though not completely.

(4) explore the role of anthropogenic activities which help natural hazards turn into disasters.

(5) explore the role of geological and geomorphological setting and their spatial variation for disasters and their importance to be considered to avoid disasters in Nepal Himalaya.

(6) prepare land use and land cover maps in order to see the anthropogenic activities in the studied areas.

(7) advocate for promulgation of a policy which makes people accountable and responsible for a disaster, so that people would learn from their mistakes to avoid disasters.

(8) outline mitigation measures of disasters and sustainable management of natural hazards in Nepal Himalaya. It includes the extent and types of vulnerability in combination with the technical issue of how society deals (or does not deal)

with the hazard in terms of mitigation and preparedness. It will also present the best way forward to avert disasters in Nepal.

E. Research questions

This PhD research seeks to address the following research questions:

(1) How anthropogenic activities are responsible convert natural hazards into disasters? We will consider either their positive or negative role, in a context of rapidly growing population and infrastructure development.

(2) How has fluvial risk been developed along the Kali Gandaki and Seti River valley?

(3) Are the new motorable bridges built in Kali Gandaki and Seti River safe to high floods?

(4) How have land use and land cover changed in the Seti valley over the years, especially after the 2012 flood?

(5) Why do people occupy natural hazards areas? 

F. Research methodology

Following methods were adopted to conduct this research.

(1) Field visits to study sites (Seti River valley and Kali Gandaki River valley);

(2) Vulnerability analysis of different infrastructures (road, bridge, hydro-power, water supply) and human settlements with respect to geo-hazards and hydrogeomorphological hazards on the basis of ( 1) site selection ( 2) hydrogeomorphological mapping and analysis of historical sources, (3) hydrological analysis, (4) river cross sections, ( 5) one dimensional hydraulic modelling of road bridges in HEC-RAS, (6) hydraulic data, and ( 7) sedimentology of channel deposits;

(3) Hydro-geomorphological mapping with delineation of river functional space (or freedom space of river) analysis for the systemic approach of fluvial risk development;

(4) Interpretation of satellite images (Landsat, Google earth) and historic photos taken at different periods to prepare temporal map of change;

(5) Preparation and analysis of the land use and land cover (LULC) maps in ArcGIS in a context of growing population and rapid urbanisation.

(6) Interviews with local people to know historical natural hazard events and landscape. Also conduct interview and interactions with bureaucrats, engineers of different non /governmental offices.

G. Research area

The research was undertaken at the following sites along Seti River valley in Kaski district and along Kali Gandaki River Valley in Myagdi and Mustang districts of western Nepal (Fig. 6).

G1. Seti River valley

The Seti River valley is an intermountain basin similar to the Kathmandu valley characteristically developed in the midland of the Himalaya. The Seti River valley lies in Kaski district and is believed to have formed by the deposits from a repeated debris flow and associated Glacial Lake Outburst Flood (GLOF) originating from the high mountain areas in the north. Seti River valley is subject to unpredictable flash floods and many natural hazards. Following sites along Seti River were assessed in detail:

(1) Sabche Cirque (Annapurna Greater Depression);

(2) Jimirbaari;

(3) Saadal and Karuwa;

(4) Bharabhuri;

(5) Khaarpaani (Tatopani);

(6) Mardi Dovan;

(7) Masina Bagar, Upallo Gosti and Tallo Gosti;

(8) Kaseri Bazzar (Laltin Bazzar) and Shanti Tole;

(9) KI Singh Bridge;

(10) Narayanthan;

(11) Ramghat;

(12) Ratopahiro. 

G2. Kali Gandaki River valley

The Kali Gandaki River is an ancient river flowing southwest which has the deepest valley on the earth having more than 8,000 m high peaks on both sides exhibiting the relief of 6,000 m and very steep slopes. This research area covers the Kali Gandaki River flowing in Myagdi and Mustang districts. Major road bridges are being built and the famous Kali Gandaki corridor road which is being widened under China's Belt and Road Initiative (BRI) that links Nepal with Tibet (China) to the north and India to the south, passes through this valley. Like Seti River valley, the Kali Gandaki River valley is also prone to various types of mass movements and natural hazards. Throughout the valley from north to south, the river has developed several terraces and wide floodplains composed of lacustrine and glaciolacustrine sediments. Following specific sites were studied in Kali Gandaki River valley:

(1) Tatopani (Bhurung);

(2) Guithe Bhir;

(3) Kham Bhitta and Duwari Khola;

(4) Ghatte Khola;

(5) Rupse Khola;

(6) Kavre Bhir and Pahiro Thaplo;

(7) Thaplyang Khola;

(8) Kahiku Khola;

(9) Chhoya Deurali.

These sites were chosen for the study mainly for following reasons.

(1) Both Seti River valley and Kali Gandaki River valley have witnessed numerous disastrous natural hazards (flood, landslide, debris flow) in the recent past and these are recurring from time to time.

(2) Selected sites where detail study were carried out, have been identified prone to different natural hazards.

All in all, these studied sites represent common problems of hydrogeomorphologically active hilly and mountainous region of Nepal Himalaya. Further, anthropogenic activities such as construction of road, bridge, hydropower, dam, river side settlement, sand mining are on an increasing trend every year in both Seti and Kali Gandaki River valleys.

H. Structure of the thesis

The thesis is structured as follows (Fig. 7,8).

Chapter 1 provides a natural background of Nepal covering regional geomorphology, seismology, geology and climate. Discussing further about main natural hazards in Nepal, it has explained socio-economic and geo-political context of Nepal and how anthropogenic activties have been interacting with natural hazards to convert them into disasters.

Chapter 2 deals with the first case study from Seti River valley based on the article published in the Journal of Nepal Geological Society, where the main focus is to explain how anthropogenic activities are playing role convert natural hazards into disasters.

The chapter also deals with, and is completed by contemporary sites which were not included in the article. The conclusions summarizes the new inputs of this thesis with recommendations for possible future research area and thematic topics to be investigated.

At the end of this thesis, it consists of the reference list and annexes.

(3) Stakeholders and local communities of both SK and KG valleys;

(4) Kadoorie office, where I am working, which supports Nepal by constructing trail bridge, small hydro power and drinking water projects in fragile hilly and mountainous regions across Nepal.

(