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                     Abstract 
 Natural hazards increasingly threaten lives, settlements, and environments globally, with their frequency rising due to cli-

mate change driven by global warming and deforestation. High-altitude regions like the Himalayas face heightened risks of 

fl oods, droughts, and glacial lake outbursts. Observational records show reduction in rainy days but more intense precipitation 

events, alongside accelerated glacial retreat, driving rivers to dangerous levels. Tree-ring-based studies were conducted in 

the western Himalaya to comprehend the severity of past natural hazards and facilitate policy-making and community aware-

ness. These studies utilized records of fl oods, snow avalanches, and glacial fl uctuations. However, river fl ow reconstructions 

proved inadequate in identifying fl ash fl ood activities. Understanding natural hazards occurrence, frequency, and magnitude 

is crucial for eff ective hazard assessment and management. Tree rings, forming annually in trees, serve as invaluable records 

of historical environmental conditions. A high-resolution database from tree-ring analysis helps to understand historical 

events and suggests strategies to mitigate natural hazards. Analyzing tree-rings provides insights into the dynamics and 

recurrence of natural hazards. The review paper emphasizes the critical role of dendrogeomorphology and dendrochronol-

ogy in reconstructing historical natural hazards and advancing scientifi c understanding, which can advise more eff ective risk 

mitigation and sustainable development strategies. 
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      Introduction 

 Tree-ring is an annual growth layer in the wood or xylem. In 

gymnosperms, this ring consists of an inner layer of larger, 

thin-walled earlywood cells and an outer layer of smaller, 

thick-walled latewood cells (Larson  1962 ). Dendrochro-

nological techniques have been more widely applied in 

temperate regions than in the tropical areas where distinct 

tree rings are formed (Glock  1955 ). Tree growth is infl u-

enced by physical factors, such as soil type, and annual vari-

ations in climatic parameters like temperature and rainfall 

(Fritts  1976 ; Schweingruber  1996 ). Trees naturally respond 

to these conditions, and when they are suffi  ciently sensitive, 

their growth rings can record past environmental conditions 

(Speer  2010 ). By analyzing these rings, scientists can iden-

tify specifi c years when trees reacted to signifi cant events 

such as insect infestations, volcanic eruptions, extreme cold, 

fl oods, and droughts (Schweingruber  1996 ). These growth 

patterns provide insights into tree adaptation over time and 

off er valuable information about historical climatic condi-

tions (Fritts  1976 ). However, accurate interpretation requires 

understanding of the unusual changes or anomalies in tree 

rings. Intra-annual density fl uctuations (IADFs) are distinc-

tive layers of cells within a tree ring, characterized by unique 

shapes, sizes, and wall thickness (Kaennel and Schweingru-

ber  1955 ). These formations are often referred to as false 

rings (Schulman  1938 ), multiple rings (Kozlowski  1971 ), 
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or intra-annual growth bands (IADFs, Fritts  1976 ). IADFs 

typically form within annual rings in response to short-term 

climatic changes during the growing season. They are some-

times linked to disruptions or reductions in photosynthesis 

caused by environmental stresses, such as extreme drought, 

frost, or defoliation due to fi re or pathogen attacks (De 

Micco et al.  2007 ; Schweingruber 2007). Precipitation and 

temperature are the most frequently studied factors in IADF 

formation, as they are crucial for understanding the ecologi-

cal signifi cance of these fl uctuations (De Micco et al.  2016 ). 

A recent study by Maurya et al. ( 2023 ) on IADFs in the 

Himalayan cedar tree-ring chronology from Kullu, Himachal 

Pradesh, western Himalaya, identifi ed several occurrences 

of earlywood IADFs (IADF e ) and latewood IADFs (IADF l ). 
The years 1901, 1902, 1903, 1914, 1915, 1919, 1920, 1923, 

1925, 1943, 1958, and 1959 were associated with short-term 

dry phases, while the years 1937, 1955, 1956, and 1988 cor-

responded to pluvial (wet) phases during the growing period. 

 Tree-ring analysis of climate variables in India has been 

practiced since the 1980s to understand long-term variability 

in climate records from diff erent geographical regions (Pant 

et al.  1998 ). Recent advancements have expanded this fi eld 

to include high-resolution reconstructions of temperature, 

precipitation, and drought patterns, utilizing a wider array 

of species and modern statistical techniques (Misra et al. 

 2021 ; Rastogi et al.  2023 ; Singh et al.  2021 ,  2022 ; Yadava 

et al.  2021 ). Natural hazard is a suddenly occurring phenom-

enon, which negatively impacts the growth of human society 

and lives. The natural hazards can be categorized into fi ve 

sub-groups; climatological (extreme temperature, drought, 

and wildfi res), hydrological (fl oods and fl ash fl oods), geo-

physical (earthquakes, volcanic activity, landslides, rock 

falls, avalanches, subsidence, and other mass movements), 

meteorological (tropical, extra-tropical, and local storms), 

and biological hazards (epidemics, insect infestation and 

animal stampede) (Rodriguez et al.  2009 ). Among them, 

the hydro-geomorphic processes, including droughts, fl oods, 

fl ash fl oods, snow avalanches, debris fl ows, landslides, gla-

cier lake outburst fl oods (GLOF), and rock falls have devas-

tating impacts in the Himalayan region due to its tectonically 

controlled fragile orography. 

 The Himalayan Mountain system is unique in the world 

due to its young and dynamic geology. Rugged and dissected 

Himalayan topography due to folded, faulted, and thrusted 

rock sequences make it more vulnerable to natural hazards 

(Pathak  2016 ). The active plate movement of the Indian sub-

continent and the large-scale climate variability on a spatio-

temporal scale leads to an increase in natural hazard activ-

ity along the Himalayan Mountain belts. Climate variables 

such as precipitation and temperature are important factors 

that trigger natural hazards over the Himalaya and infl uence 

socio-economic lives (Thapliyal et al.  2024 ). Available stud-

ies indicate linkages of natural hazards with extreme climate 

events and such activities may be enhanced in the future due 

to rapid changes in the global climate (Bhattacharyya et al. 

 2017 ). The varied mountain ranges and complex atmospheric 

processes in the Himalayas create distinct climatic regimes 

infl uenced by the dominance of the Indian Summer Monsoon 

(ISM) and Western Disturbances (WD). During the active 

phase of ISM, high precipitation caused fl oods on several 

occasions in the Indian subcontinent, whereas WD became 

responsible for heavy snowfall and snow avalanches in the 

western Himalayan region. Similarly, increasing global tem-

perature seriously impacts glacier boundaries, resulting in 

signifi cant loss of glaciers in the Himalaya (Bolch et al.  2012 ; 

Kulkarni and Karyakarte  2014 ). The excessive precipitation 

and/or rapid melting of glaciers accelerate the water fl ow rate 

in the river channels and create havoc in the western Hima-

laya. Some examples of recent fl oods are; Leh-Ladakh (2010), 

Himachal Pradesh (2012), Kedarnath (2013), Jammu–Kash-

mir (2014 and 2017), and Rishiganga fl ood (2021) etc. The 

immense loss of infrastructure, agricultural land, forest, natu-

ral resources, along with thousands of lives, occurred in the 

Himalayan region due to such hazardous events (Chauhan and 

Sharma 2012; Mueller et al.  2019 ; Malik and Hashmi.  2021 ;   

Rao et al.  2014 ). Figure  1  demonstrating the signifi cant impact 

of natural hazards on natural resources and socioeconomic 

conditions. Under the current global warming scenarios, the 

risk of such hazardous events is expected to increase soon, 

posing grave danger to life and property. Therefore, to miti-

gate the impact of such events, long-term information on the 

occurrence and severity of such hazardous events is essential 

(IPCC  2023 ). However, limited observational data hinder our 

understanding of the long-term occurrence of such events, 

but high-resolution, annually resolved tree-ring data can help 

to understand the climatic events and extend these records 

beyond the period of instrumental observations. Tree-rings 

capture high-resolution annual scale environmental changes 

and proved its utility as a potential proxy for investigating such 

events. However, no such attempt was made earlier to collect 

such randomly dispersed information to provide a database of 

natural hazards. Therefore, in the present attempt, we tried to 

summarize the tree-ring-based studies which include natural 

hazards over the western Himalaya. We illustrated results from 

climate reconstructions and dendro-geomorphological inves-

tigations of natural hazards with signifi cance on hydrologi-

cal (fl oods, droughts, and debris fl ows) and mass-movement 

processes (snow avalanche and landslide). Most of the studies 

conducted over the western Himalaya primarily focused on 

climate reconstruction (Misra  2010 ; Misra et al.  2021 ; Singh 

et al.  2009 ,  2017 ,  2021 ,  2022 ; Yadav  2007 ,  2011 ,  2013 , 2015; 

Yadava et al.  2016 ,  2021 ) and only patchy/scanty informa-

tion is so far available on dendro-geomorphic studies focus-

ing on the natural hazards (Ballesteros-Cánovas et al.  2017 ; 

Bhattacharyya et al.  2017 ). Therefore, we aimed to inte-

grate climate reconstruction with natural hazard factors and 
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dendro-geomorphic studies (Fig.  2 ) to understand the connec-

tions between fl oods, glacial movements, and snow avalanches 

in the occurrence of natural hazards in the western Himalaya.                  

    Materials and methods 

 The review of scientifi c articles focused on the natural 

hazards based on tree-ring studies from western Hima-

laya was conducted using Internet search engines such as 

Web of Science, Science Direct, Semantic Scholar, CORE 

and Scopus. Several keywords, including tree-ring, natu-

ral hazards, droughts, fl oods, glacier lake outburst fl oods, 

landslide, avalanche, and precipitation, were used in the 

literature search. For this study, we collected and assessed 

scientifi c articles published in national and international 

journals. Only publications linking tree rings to natural 

hazards and climate reconstruction were included, while 

those focused-on tree-ring chronologies or grey literature 

(such as theses, conference proceedings, and technical 

reports) were excluded. 

  Fig. 1       Figures are represent-

ing diff erent kinds of natural 

hazards and their impacts over 

western Himalaya  A  fl ood in 

Kedarnath, Uttarakhand during 

2013,  B  fl ash fl ood in Uttara-

khand during 2021,  C  Jammu 

and Kashmir fl ood during 

2014,  D  excessive precipitation 

caused landslide in Himachal 

Pradesh,  E  fl ash fl ood caused 

massive landslide and debris 

fl ow in Himachal Pradesh, 

 F  rock failures resulted in a 

huge landslide over Kinnaur, 

Himachal Pradesh,  G  snow-

storm at Keylong, Lahaul–Spiti, 

Himachal Pradesh and  H  snow 

avalanche caused damages of 

houses at Jammu and Kashmir.      

  Source  from Google   
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   The western Himalaya: an overview 

 The Himalaya means “adobe of snow” itself denotes the 

signifi cance and impact of the glaciers and is known as the 

“Third Pole” of the planet (Immerzeel et al.  2010 ). The 

geographical area of the Indian Western Himalayas (IWH) 

covers 1.69% of the country's total land area and 10.54% 

of the entire Himalayan landmass. This region is home to 

a signifi cant population, with approximately 29.49 million 

people residing there (Census of India  2011 ). The region 

encompasses three physiographic provenances namely 

Jammu–Kashmir Himalaya, Himachal Himalaya, and Utt-

arakhand Himalaya. Jammu and Kashmir is a northwest-

ern Indian state, that cover an area of 222,236  km 2 , and 

its high elevation regions are mostly covered by snow and 

glacier above 3600 m asl (Romshoo et al.  2020 ). Similarly, 

Himachal Pradesh covers a geographical area of 55,673 

 km 2  (Ramachandra et al.  2012 ). The mountain ranges of 

the state have been extensively deconstructed, interspersed 

with deep gorges and valleys. The climate in the region is 

diverse, ranging from sub-tropical conditions in the lower 

hills to cold, alpine conditions in the cold desert regions of 

Spiti and Kinnaur, with elevation ranges from 350 to 6975 m 

asl. On the other hand, Uttarakhand with its scenic beauty 

extends in an area of 53,484  km 2  (Kumar  2010 ). Figure  3  

represents the western Himalaya along with the locations 

of tree-ring-based studies considered for the present study.         

    Climate setting of the western Himalaya 

 The climate of the western Himalaya varies from cold-alpine 

to sub-tropical and is mainly controlled by its complex oro-

graphic setting (Dimri et al.  2015 ). Due to the altitudinal dif-

ferences of mountains and valleys, large-scale spatial vari-

ability exists in climate within a very short distance (Yadav 

 2011 ). In the high-altitude northern-most Himalaya, the 

climate is generally alpine type, where precipitation occurs 

in the form of snow. The middle altitude region is a tem-

perate zone where the climate is generally mild with cold 

winters and short summers. In this zone, precipitation occurs 

in both forms; snow as well as rain. However, in the lower 

altitude regions towards the south, the climate is generally 

sub-tropical type. In this zone, winters are moderate, sum-

mers are relatively hot, and maximum precipitation occurs 

during monsoon periods. 

  Fig. 2       The parameter taken for the review of natural hazards over the 

western Himalaya are described through the fl ow chart  

  Fig. 3       The map is showing the 

locations of climatic/natural 

hazards records from western 

Himalaya used in the present 

review work. In the map index 

high and low values indicate 

elevation levels  
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 The two sources are mainly responsible for the precipita-

tion over the Indian Himalaya, ISM and WD. The ISM is 

active in the Indian subcontinent from June to September 

and mostly aff ects the low-lying areas of Himalaya. The high 

mountain peaks towards the north create a barrier for ISM 

and do not allow the monsoon winds to cross them (Dimri 

et al.  2015 ,  2021 ). Therefore, in the high-altitude mountain-

ous region, a monsoon shadow zone develops where pre-

cipitation mainly occurs in the winter and spring seasons 

from October to May due to the mid-latitude westerlies. 

The westerlies originate from the Mediterranean Sea and 

Atlantic Ocean and brought precipitation towards the high-

altitude Himalayan regions along their way through Paki-

stan and Afghanistan. All three states (Jammu and Kashmir, 

Himachal Pradesh, and Uttarakhand) receive precipitation 

through westerlies or WD in its active phase. However, the 

foothills of the Himalaya and low-lying areas of Jammu and 

Kashmir, Himachal Pradesh, and Uttarakhand also receive 

precipitation during monsoon season. Whereas, high-alti-

tude western Himalayan regions get negligible amount of 

precipitation during the summer monsoon, except Uttara-

khand, where monsoon precipitation is the dominant source 

(Das et al.  2002 ). 

    Tree-ring: a proxy to analyse past environment 

 Trees can survive for hundreds or even thousands of years in 

diversifi ed geographic and climatic conditions. During their 

life, they experience dry, cold, hot, and wet years, sometimes 

getting injured through early forest fi res and other natu-

ral phenomena under varied climatic and human-induced 

changes. The tree wood grows in diff erent stages at diff erent 

times of the year and represents precise information about 

the climate of each year of a tree’s life (Fritts  1976 ). For 

example, the light-coloured ring represents the wood that 

grows in the spring and early summer, while the darker rings 

denote wood that grows in the late summer and fall season 

(Fig.  4 ). Tree’s 1-year growth is defi ned by the combination 

of one light colour and one dark colour band (Camarero et al. 

 1998 ; Fritts 1967; Rigling et al.  2002 ; Stoff el et al.  2005 ). 

Trees are highly sensitive to the environment in which they 

grow and can disclose the local climatic conditions, such as 

precipitation and temperature, which signifi cantly infl uence 

their growth. In wet and warmer year tree rings are usually 

wider, and the narrow rings are met in dry and cold years. 

Similarly, when tree faces stressful conditions, viz., drought 

or heavy snowfall events, the tree hardly forms annual rings 

in such conditions. By measuring the ring-width of trees 

from a site, ring-width sequences could be developed up 

to the age of trees of that region. The measured tree-ring 

sequences can infer an accurate year of their formation if 

cross-dated precisely. The cross-dated pattern of trees from 

a specifi c site can be used further to develop the ring-width 

chronology of the region. These annually resolved tree-ring 

chronologies provide a source to analyze the past climate 

through climatic reconstruction.         

 Similarly, trees preserve evidence of past events, such as 

geomorphic process. Shroder ( 1978 ) gave a concept related 

to such events known as process-event-response, which is 

based on dendro-geomorphological investigation. The the-

ory suggested that any geomorphic agent is considered as a 

“process” while geography event is a manifestation of the 

eff ect of a geomorphic process on a tree upon disturbances. 

The tree reacted to such events and responded in the form 

of wounding, scars, and resin ducts on the heated portion of 

the plant. Because of this, tree physiology got disrupted and 

resulted in callus formation (Larson  1994 ; Sachs  1991 ). The 

dating technique of these features and the basics of dendro-

geomorphology have been described by Shroder ( 1978 ). 

According to Shroder ( 1978 ), when a tree is aff ected by 

any process that might be in the form of natural hazards, its 

impact on the tree discloses about its event and in response 

to that plant modifi es its anatomical structure and shows dif-

ferent structure such as tilting of the tree, reduced growth, 

etc. (Fig.  5 ). This happens because trees meristematic tissue 

got disrupted by such injuries, which is the main factor of 

plant growth. Although, trees also started to produce some 

chemicals in response to any foreign attack or such injuries 

on the plant known as secondary metabolites such as an 

alkaloid, resin etc. (Luchi et al.  2005 ; McKay et al.  2003 ; 

Ruel et al.  1998 ). After getting injured, the tree started to 

form callus, which is the undiff erentiated tissue and in result 

the tree shows eccentric growth (Fig.  5 ). The clear presence 

of eccentric growth due to tilting events makes it possible 

to date the disturbing incidence with precision. It is pos-

sible to observe compression wood (in the case of conifers 

trees) and tension wood (in the case of broad-leaved trees) 

on the trunk side. Trees may similarly respond to tilting by 

reducing their growth in addition to diff erent kind of reac-

tion wood (Bollschweiller  2007 ). Physical damage caused 

by debris during fl oods can create scars, which are healed 

  Fig. 4       A sketch of a wood stem to show the pattern of growth-ring 

sequences that develops in a tree  
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by the formation of wound tissue or callus growth (Stoff el 

et al.  2010 ). In extreme drought conditions, water stress may 

lead to some trees skipping ring formation altogether, result-

ing in missing rings in the growth record (Schweingruber 

 1996 ). Intense heat from wildfi res can leave scars on tree 

trunks, with subsequent rings often displaying patterns of 

healing or growth suppression (Baisan and Swetnam  1990 ). 

To understand the fi re history, Fulé et al. ( 2021 ) developed 

the  Pinus roxburghii  tree-ring chronology using fi re-scarred 

samples from both dead and living trees from Uttarakhand, 

spanning from 1900 to 2017. Fires were recorded regularly 

from the 1920s onwards, with an increasing number of 

fi re-scarred trees from the 1970s onward. A total of 31 fi re 

years occurred out of 43 years between 1975 and 2017. The 

trees in such a way refl ect their past condition and helps to 

know the climate variability and diff erent kind of events that 

occurred in the past.         

    The natural hazards studies over the western 
Himalaya 

 The western Himalayan region has been the subject of very 

few studies focusing on natural hazards such as fl oods, ava-

lanches, and glacial movements, and their adverse impacts 

on the local environment and communities (Ballesteros-

Cánovas et al.  2017 ; Bhattacharyya et al.  2017 ; Das and 

Mehar  2019 ; Gardner  2002 ; Negi et al.  2012 ; Smith and 

Bookhagen  2020 ). These studies have provided valuable 

insights into the region's vulnerability to fl oods and lake 

outbursts, which disrupt the landscape dynamics and create 

hardships for the local population. 

 To better understand the climatic factors contributing 

to these societal calamities, high-resolution tree-ring stud-

ies have been conducted in the western Himalaya region 

(Ballesteros-Cánovas et al.  2017 , 2020; Bhattacharyya et al. 

 2017 ; Fulé et al.  2021 ; Laxton and Smith  2008 ). These stud-

ies utilize annually resolved tree-ring data to reconstruct past 

climate conditions and investigate the relationship between 

climatic phenomena and natural hazards. By examining tree 

growth patterns, researchers have gained insights into his-

torical fl ood events, glacial movements, and avalanches, ena-

bling a more comprehensive understanding of the region's 

hazard-prone nature. A summary of these high-resolution 

tree-ring studies highlighting the specific climatic phe-

nomena and associated natural hazards investigated in the 

western Himalaya region (Table  1 ). These studies have sig-

nifi cantly contributed to our understanding of the region's 

susceptibility to various natural hazards and have implica-

tions for disaster preparedness, land-use planning, and com-

munity resilience in such events.  

   Floods 

 Floods are one of the most frequent and extensively occur-

ring hydrological disasters worldwide, resulting in signifi -

cant socio-economic losses, particularly in low-lying areas 

(Arnell and Gosling  2014 ; Hirabayashi et al.  2013 ). How-

ever, in high-altitude mountainous regions, fl oods can be 

caused by long-lasting rainfall and cloudbursts, leading to 

glacier lake outburst fl oods (GLOFs) or landslide lake out-

burst fl oods (LLOFs; Arnell and Gosling  2014 ; Hirabayashi 

et al.  2013 ). River discharge plays a vital role in fl ood occur-

rences, as fl oods are primarily caused by stream discharges 

  Fig. 5       A graphical represen-

tation of the trees and their 

growth-ring sequences in  A  
normal climatic stressed condi-

tions—when tree-rings can be 

used to develop the climatic 

records,  B ,  C  represents the sen-

sitive growth ring patterns and 

cell size in annual growth rings, 

respectively,  D  represents when 

trees grow in landslide-prone 

regions—such trees form the 

callus tissues and they can be 

used to date directly the natural 

hazards activity,  E  represents 

the injured tree-stem due to the 

physical damages through rock-

falls, and  F  shows the formation 

of callus tissues or deformed 

cell structure  
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that exceed the capacity of the normal stream channel. 

Excessive precipitation in high-altitude regions increases 

the level of river discharge, which can result in fl oods. For 

example, the Kedarnath fl ood in the Uttarakhand Himalayas 

in June 2013 was triggered by excessive precipitation and a 

subsequent lake outburst in Chorabari above the Kedarnath 

temple, leading to a devastating fl ood in the Kedarnath area 

and nearby low-lying regions (Arnell and Gosling  2014 ; 

Hirabayashi et al.  2013 ). 

 Tree-ring data has been utilized in fl ood frequency 

analysis (FFA) to improve the reliability of fl ood measure-

ments, particularly in areas with limited data. Tree rings, 

which grow along mountain streams, can provide valu-

able information about fl ood events due to their longev-

ity and the high number of fl ood-aff ected trees (Bodoque 

and Ballesteros-Cánovas  2020 ). A very few studies have 

documented the discharge history through tree rings in 

the western Himalaya, demonstrating the potential of 

tree-ring chronologies to reconstruct long-term river dis-

charge (Misra et al.  2015 ; Singh and Yadav  2013 ; Shah 

et al.  2013 ). For intense, using tree-ring chronologies of 

 Cedrus deodara  and  Pinus gerardiana , Singh and Yadav 

( 2013 ) reconstructed the Satluj River discharge back to  AD  

1295, identifying high discharge years such as 1953 and 

1954. During these consecutive years, excessive rainfall 

was reported in the Chamba district of Himachal Pradesh 

(Anonymous  2017 ). Across the entire state, precipitation 

levels were notably high in both years, with 1953 receiv-

ing nearly twice the precipitation of 1952 (Randhawa et al. 

 2015 ). 

  Table 1       Details of the studies; including study area, tree-species, reconstruction length and contributing authors, used to compile present review 

work  

  SN    Study area    Tree species    Period of chronol-

ogy/reconstruction  

  Study parameter    References  

  1    Chakrata, Uttarakhand     Cedrus deodara     1773–2016    Drought    Yadava et al. ( 2021 )  

  2    Gangotri Glacier, Central 

Himalaya  

   Betula utilis  and  Pinus wal-
lichiana   

  1646–2016 

 1863–2016 

 1643–2016  

  Glacier fl uctuation    Singh et al. ( 2020 )  

  3    Sainj and Beas Valley Kullu, 

Himachal Pradesh  

   Picea smithiana  and  Abies 
pindrow   

    Flood    Bhattacharyya et al. ( 2017 )  

  4    Kullu, Himachal Pradesh     Pinus wallichiana, Ulmus  and  
Populus   

    Flood    Ballesteros-Cánovas et al. 

( 2017 )  

  5    Kishtwar, Jammu and Kashmir     Cedrus deodara     1740–2014    Drought    Singh et al. ( 2017 )  

  6    Padder Valley, Kishtwar, 

Jammu and Kashmir  

   Cedrus deodara  and  Pinus 
gerardiana   

  1439–2014    Glacial fl uctuation    Yadav et al. ( 2017 )  

  7    Uttarkashi     Pinus roxburghii     1767–2013    Drought    Shekhar et al. ( 2017 )  

  8    Gangolihat and Jageshwar, 

Uttarakhand  

   Cedrus deodara     1720–2012    Drought    Yadav et al. ( 2015 )  

  9    Kinnaur, Himachal Pradesh     Cedrus deodara     1660–2004    River Flow    Misra et al. ( 2015 )  

  10    Jageshwar and Gangolihat, 

Uttarakhand  

   Cedrus deodara     1730–2012    Precipitation    Yadav et al. ( 2015 )  

  11    Lahaul (Himachal Pradesh)     Cedrus deodara     1460–2008    Snowfall    Yadav and Bhutiyani ( 2013 )  

  12    Kullu, Himachal Pradesh     Cedrus deodara     1834–1984    River Flow    Shah et al. ( 2013 )  

  13    Kinnaur, Himachal Pradesh     Pinus gerardiana  and  Cedrus 
deodara   

  1295–2005    River Flow    Singh and Yadav ( 2013 )  

  14    Lahaul, Himachal Pradesh     Cedrus deodara , and  Pinus 
wallichiana   

    Snow avalanche    Laxton and Smith ( 2008 )  

  15    Satluj River basin, Himachal 

Pradesh  

   Cedrus deodara     1980–2005    River discharge    Singh and Yadav ( 2012 )  

  16    Kashmir Valley     Pinus wallichiana     635  CE –Present    Flood    Ballesteros-Cánovas et al. 

(2020)  

  17    Pahalgam Srinagar     Picea smithiana , and  Abies 
pindrow   

  1820–1981    Drought    Ram ( 2012 )  

  18    Yoche Valley, Lahaul–Spiti, 

Himachal Pradesh  

   Betula utilis     1752–2014    Drought    Singh et al. ( 2022 )  

  19    Kumaun–Gharwal (Uttara-

khand) Himalaya (KGH)  

   Abies spectabilis ,  Cedrus deo-
dara  and  Picea smithiana   

  1508–2015    Drought    Shah et al. ( 2023 )  

  20    Kashmir     Abies pindrow     1643–2016    Drought    Chinthala et al. ( 2023 )  
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 Updating the work of Singh and Yadav ( 2013 ), Misra 

et al. ( 2015 ) strengthened the reconstruction back to  AD  1660 

by incorporating a network of tree-ring chronologies from 

seven moisture-stressed  C. deodara  sites in the Satluj River 

basin at Kinnaur. Their fi ndings revealed signifi cant variabil-

ity in river fl ow, with 1957 recording the highest discharge 

during the period from October to June. 

 Similarly, the Beas River fl ow was reconstructed using 

tree-ring width chronologies of Himalayan cedar from 

Kasol, Kullu Valley, showing the highest stream fl ow period 

in the year 1973 (Shah et al.  2013 ). In the same year, a dev-

astating fl ood occurred in Himachal Pradesh and the forma-

tion of a lake resulting from the blockage of the Satluj River 

due to the Nathpa rock fall led to signifi cant damage to the 

Sanj Powerhouse, with an estimated loss of approximately 

Rs. 45 million (Sah and Mazari  1998 ; Sah and Bist 1988; 

Paul et al.  2000 ). 

 Ballesteros-Cánovas et  al. ( 2017 ) employed dendro-

geomorphological techniques to reconstruct past fl oods in 

Kullu, Himachal Pradesh to complement tree-ring analysis. 

Their research identifi ed numerous fl ood events since the 

early twentieth century, including ungauged fl oods in 1977, 

1988, 1995, 1997, 2001, 2003, 2005, 2006, 2009, 2010, and 

2011. Floods caused the maximum damage in 1988 along 

with 2001, 2005. In a related study, Bhattacharyya et al. 

( 2017 ) focused on palaeofl oods and snow avalanches in the 

Sainj and Beas Valleys. They discovered evidence of cata-

strophic fl ood events in recent history, such as in 1980, 2003, 

2005, 2006, 2008, 2009, 2010, and 2012. 

 In 1977, the Chamba region experienced severe fl ooding 

due to excessive rainfall, recording 268.3 cm over the last 

50 years (1953–1994), which was 198% of the normal rain-

fall (Anonymous  2017 ). In 1988 a fl ash fl ood was occurred 

due to cloud burst in Soldang Khad. The devastating fl ood 

in Soldang village caused heavy loss of life and property, 

including the destruction of the Bhabanagar water works 

(Bhandari  1988 ). In September 1995, fl ash fl ood with land-

slide along Beas River in Kullu Valley causes 65 people 

killed and damage of many properties, road, and bridges a 

worth of US$ 182 million. In the Pabbar Valley, fl ash fl ood 

in the August 1997, killed 124 people, 456 cattle (Sah et al. 

 1996a ,  b ). Besides this, in same year a total loss of 672.9 

million was reported along Satluj River (Pandey et al.  2015 ). 

In the month of July 2001 cloudburst with fl ash fl ood trig-

gered, a heavy loss of infrastructures, human as well as cattle 

life was reported from Kullu, Mandi, Kangra, and Shimla 

district of Himachal Pradesh (Bhan et al.  2004 ). Follow-

ing the 2003 downpour, monsoonal rainfall badly impacted 

Gharsa Valley and the Solang region, and caused the loss 

of 51 people's lives. However, the 2005 fl ood was very dis-

astrous, over 150 people died, 200 head of cattle perished, 

and property worth over 1000 crore was destroyed by fl ash 

fl ood in the Satluj River (Chandel  2014 ). The successive 

years of 2009 and 2010 high rainfall damaged many proper-

ties and washed away several roads along with loss of lives 

from Dharampur, Mandi and Kharahal valleys (Revenue 

Department, Government of Himachal Pradesh 2015). A 

massive fl ood in 2011 damaged crops worth 417.390 crore, 

and a 0.608 million population was aff ected in Himachal 

Pradesh (Anonymous  2017 ). The 1977 Chamba fl ood, the 

1988 cloudburst in Solden Khad, and the fl oods in Kullu 

Valley (1995), Pabbar Valley (1997), and multiple regions, 

including Kullu, Mandi, Kangra, and Shimla (2001), align 

with fl ood records identifi ed in dendrogeomorphic studies 

by Ballesteros-Cánovas et al. ( 2017 ) and Bhattacharyya et al. 

( 2017 ). Similarly, the 2003 Solang fl ood and the 2005 Satluj 

River fl ood further support these fi ndings, demonstrating 

consistency with tree-ring-based fl ood reconstructions in the 

Kullu region. 

 The collective fi ndings of these studies highlight the 

recurrent nature of fl oods in the western Himalaya region 

and the importance of utilizing various methodologies 

and historical records to understand their occurrence and 

impacts. The interconnectedness of the studies helps to build 

a comprehensive picture of the fl ood history in the region 

and provides valuable insights for future research and miti-

gation eff orts. 

    Drought 

 Drought, a defi ciency of precipitation over an extended 

period, poses signifi cant challenges to societies and the 

environment (UNICEF  2015 –2016). Wilhite ( 2000 ) defi nes 

drought as a climatic phenomenon lasting several years and 

aff ecting more people than many other natural hazards. The 

National Commission on Agriculture (GOI  1976 ) catego-

rizes drought into meteorological, agricultural, and hydro-

logical types in India. Each year, a large part of India expe-

riences the detrimental eff ects of drought, necessitating a 

deeper understanding of its causes and mechanisms due to 

increasing temperatures and reduced precipitation. 

 The Monsoon Asia Drought Atlas (MADA) by Cook 

et al. ( 2010 ) provides the fi rst comprehensive drought 

record in the region. It explores the potential of tree-ring 

data networks for drought analysis in high Asia. Using 

tree-ring chronologies of  Abies pindrow  and  Picea smithi-
ana  from Pahalgam, Jammu and Kashmir, Ram ( 2012 ) 

reconstructs the Palmer Drought Severity Index (PDSI), 

revealing multiple dry periods. Yadav ( 2013 ) worked on 

this aspect by developing a seven-century drought record 

in Himachal Pradesh, identifying severe droughts during 

1677–1678 and 1815–1816, which persisted for longer 

durations. Yadav et al. ( 2015 ) investigated drought vari-

ability in the Kumaun Himalaya, identifying 1816 as the 

driest year in three centuries due to the eff ect of 1815 

Tambora eruption. The study links drought to Rabi crop 
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failure, aff ecting regional productivity. Severe food short-

ages during the droughts of 1890, 1892, 1896, and 1897 

led to Rabi crop failures in Kumaun. The consecutive 

droughts of 1896–1897 caused famine-like conditions, 

impacting 307,000  miles 2  (800,000  km 2 ) and 69.5 mil-

lion people in central and southern India (Oxford at the 

Clarendon Press  1907 ). 

 Singh et al. ( 2017 ) reconstructed drought records from 

Kishtwar, Jammu and Kashmir, revealing distinct dry phases 

since 1740, with the 1780s being the driest period. The 

relationship between the Standardized Precipitation Index 

(SPI8-May) and the Palmer Drought Severity Index (JJA-

PDSI) suggests that droughts in the north western Himala-

yan regions are infl uenced by precipitation during the winter 

and spring seasons. Also, from the western Nepal region 

Himalayan hemlock ( Tsuga dumosa ) tree-ring-based spring 

temperature reconstruction showed that the year 1740 was 

the warmer period (Aryal et al.  2020 ). 

 In another study, Yadav et al. ( 2017 ) reconstructed the 

April–May SPI (SPI2-May) from Kishtwar, revealing severe 

droughts during the fi fteenth to early seventeenth centuries. 

The 1970–1971 droughts, causing signifi cant stress on the 

socio-economy of the region, aff ected not only India but also 

neighbouring countries (Chandrasekara et al.  2021 ). Shekhar 

et al. ( 2017 ) investigated Uttarkashi, western Himalaya, and 

identifi ed 32 drought years, with 1772, 1802, 1813, 1815, 

1820, 1837, 1848, 1854, 1873, 1895, and 1972  CE  being 

extreme drought years. The reconstructed Standardized 

Precipitation Evapotranspiration Index (SPEI) aligns with 

major drought events in India and demonstrates a negative 

correlation between Chir pine growth and November–March 

SPEI. This indicates a link between winter droughts and 

November–March SPEI in the region. During the nineteenth 

century, India experienced a series of devastating droughts, 

resulting in widespread crop failures, food shortages, and 

famines. The impact of these droughts varied across diff erent 

regions of the country. However, the year 1873 is often high-

lighted as a particularly severe drought year. The drought of 

1873 had severe consequences for agricultural production 

and food availability, leading to widespread famine and loss 

of life in many parts of India. 

 Yadava et  al. ( 2021 ) expanded their research to the 

Chakrata region of the Garhwal Himalaya, where they 

reconstructed the SPEI4-May record and identifi ed severe 

droughts linked to famines and crop failures. They found 

that 1774 was the driest year (SPEI-3.11), along with several 

other notable dry periods. The consistency of reconstructed 

drought records with agricultural production failures under-

scores the signifi cant role of droughts in disrupting socio-

economic systems. Yadav ( 2007 ) also mentions that 1774 

was hot and dry year in three basins: Alaknanda, Bhagi-

rathi, Tons, Satluj and Chandrabhaga River basin of western 

Himalaya. 

 Singh et al. ( 2022 ) observes an increasing occurrence of 

droughts over the Himalayas since the latter part of the Lit-

tle Ice Age (LIA) through the reconstruction of SPI12-May 

records in Jammu and Kashmir. The study highlights 1626 

as the driest year and reveals a strong resemblance between 

SPI12-May precipitation and river fl ow records in the west-

ern Himalayas. From the Karakoram region the year 1626 

was the one of the driest years of the seventeenth century in 

which precipitation was below < 293 mm (Khan et al.  2019 ). 

 Shah et al. ( 2023 ) report a decline in precipitation across 

the Kumaun–Garhwal Himalaya (KGH), attributed to shifts 

in the Indian Summer Monsoon (ISM). Their 508-year tree-

ring reconstruction reveals a rising trend in drought severity, 

particularly in recent decades, as indicated by the weaken-

ing June–July–August (JJA) PDSI. The study identifi es six 

major drought years: 1877, 1883, 1905, 1907, 1918, and 

1941. Additionally, the prolonged dry spell of 1782–1784 

 CE  aligns with the Chalisa famine (1783–1784  CE ), which 

was associated with anomalous El Niño events. Similarly, 

Chinthala et al. ( 2023 ) developed a 373-year (1643–2016  CE ) 

scPDSI reconstruction from the Kashmir region, identifying 

two distinct moisture phases: a wetter period (1657–1816  CE ) 

with a mean scPDSI of + 0.58, followed by a drier period 

(1817–2016  CE ) with a mean scPDSI of − 0.11. Severe dry 

conditions (− 3 to − 4) were recorded in 1645, 1646, and 

1999  CE , emphasizing signifi cant periods of moisture stress. 

    Glacial lake outburst fl ood, snow avalanches, snowfall 
and glacial fl uctuations 

 Tree rings have been extensively used to study the relation-

ship between past climate and natural hazards such as glacial 

lake outburst fl oods (GLOFs), snow avalanches, snowfall, 

and glacial fl uctuations. The implications of tree ring analy-

sis in these areas have been highlighted in previous studies 

(Bhargava  1995 ; Clague and Evans  2000 ; Malone  2010 ). 

Earlier studies have shown that GLOFs have had severe 

impacts on both the Himalayan region and other parts of 

the world (Bhargava  1995 ; Clague and Evans  2000 ). The 

potential risks associated with GLOFs because of climate 

change have gained increased attention (Malone  2010 ). 

 The consequences of mass wasting events and avalanches 

have direct impacts on human habitation and the ecosystem 

throughout the Himalayan region (Brundl et al.  2004 ). In 

the cold-arid Lahaul Himalaya, Laxton and Smith ( 2008 ) 

observed four avalanche events between 1972 and 2006, 

with tree scars indicating avalanches in 1985, 1997, 2001, 

and 2004. Another study by Ballesteros-Cánovas et  al. 

( 2018 ) shed light on snow avalanches in the Hindu-Kush 

Himalaya. They reconstructed the largest avalanche history 

using tree rings, revealing 521 growth anomalies caused by 

snow avalanches since 1855. They observed variations in 

avalanche activity, with high activity between 1970 and 1977 
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and from 1989 to 2003. Tree-ring width chronologies have 

been utilized to analyze past glacial behaviour in the Hima-

layan regions. Bhattacharyya and Yadav ( 1996 ) found that 

low tree growth rates coincided with glacial advances during 

years of positive mass balance. Similarly, Singh et al. ( 2020 ) 

documented the recession of the Gangotri Glacier and pro-

jected accelerated recession in the twenty-fi rst century due to 

warming. In the Lahaul–Spiti region, tree-ring samples have 

also been used to develop records of Snow Water Equivalent 

(SWE). Yadav and Bhutiyani ( 2013 ) found that low SWE 

values indicated severe droughts in the 1780s and 1480s, 

while pluvial conditions were observed in 1948–1958 and 

1986–1996. Overall, these studies highlight the valuable 

insights provided by tree-ring analyses into the occurrence 

and impacts of natural hazards in the western Himalaya 

region. The fi ndings from Bhargava ( 1995 ), Clague and 

Evans ( 2000 ), Malone ( 2010 ), Brundl et al. ( 2004 ), Lax-

ton and Smith ( 2008 ), Ballesteros-Cánovas et al. ( 2018 ), 

Bhattacharyya and Yadav ( 1996 ), Singh et al. ( 2020 ), and 

Yadav and Bhutiyani ( 2013 ) collectively contribute to a bet-

ter understanding of past events could be used for future 

preparedness. 

      Future prospectives 

     •  Tree-ring studies focusing on natural hazards from the 

western Himalaya are limited, resulting in a critical gap 

in our understanding of natural hazard variability and 

extreme events within the region.  

   •  Tree-ring data off ers annual-resolution records of envi-

ronmental fl uctuations, providing valuable insights into 

historical climatic events and the occurrence of natural 

hazards.  

   •  The high-resolution tree-ring data to understand natural 

hazards is essential for advancing future preparedness 

and policymaking, contributing to eff ective climate adap-

tation strategies and risk mitigation eff orts in changing 

climate scenarios.    

    Conclusions 

 This paper highlights the urgent need to address the grow-

ing risks posed by natural hazards in the western Himalaya 

region. Tree-ring reconstructions serve as a vital tool for 

understanding past environmental conditions, enabling 

the establishment of long-term records of fl oods, land-

slides, and avalanches. By analyzing tree-ring patterns, 

researchers can explain the frequency and magnitude of 

these hazards across centuries. Based on dendrogeomor-

phic and dendrochronological records, several catastrophic 

fl ood events, and years of high river discharge in Kullu and 

Kinnaur regions of Himachal Pradesh have been identi-

fi ed. These include 1953, 1954, 1957, 1977, 1980, 1988, 

1995, 1997, 2001, 2003, 2005, 2006, 2008, 2009, 2010, 

2011, and 2012. From the Lahaul–Spiti region tree-ring 

based snow water equivalent (SWE) study recorded dec-

adal scale of dry during 1480s and 1780s; as well as wet 

period from 1948s–1958 and 1986–1996. Several severe 

drought years have been identifi ed: 1626, 1740, and the 

1780s in Kishtwar, Jammu and Kashmir; 1774, 1816 and 

1897 in Kumaun; and 1772, 1802, 1813, 1815 and 1972 in 

Uttarkashi. Besides this several snow avalanche years such 

as 1985, 1997, 2001 and 2004 in Lahaul–Spiti region and 

increased avalanche incident within the periods such as 

1970–1977 and 1989–2003 have been identifi ed in Hindu-

Kush Himalayan region. 

 The reconstructed records of fl oods, droughts, and snow 

avalanches highlight the variability of natural hazards in 

the western Himalayan region. These events underscore 

the importance of understanding past climate extremes to 

improve regional hazard preparedness and resilience in the 

face of future climatic and geomorphic challenges. To miti-

gate these impacts, comprehensive records of natural hazard 

occurrences and severity are essential. While observational 

data are limited, tree-ring data provide unique insights that 

extend beyond instrumental records, revealing links between 

river discharge, droughts, snowfall, and related disasters. 

However, challenges remain in fully reconstructing past 

fl ood events, necessitating advancements in methodologies. 

 This paper advocates for integrating tree-ring-based 

insights into disaster management and land-use planning 

to enhance resilience. By adopting proactive measures 

and leveraging interdisciplinary approaches, policymak-

ers can strengthen disaster preparedness, develop sustain-

able infrastructure, and protect vital resources. Addressing 

the increasing frequency and intensity of natural hazards 

under global warming scenarios is critical for ensuring the 

sustainable development of the western Himalaya region 

and safeguarding future generations. 

       Acknowledgements     Authors (SV, KGM, RSM and SM) would like to 

express their sincere gratitude to Prof. M G Thakkar, Director, Birbal 

Sahni Institute of Palaeosciences, Lucknow for the necessary facilities, 

encouragement, and permission to publish the work (BSIP/RDCC No. 

81/2024-25). We are thankful to both anonymous reviewers for their 

valuable comments and suggestions. The authors are highly indebted 

to the various researchers who have passionately done lots of work 

on tree-rings over the western Himalaya. SV is sincerely thankful to 

the CSIR–UGC for providing Fellowship (CSIR-UGC Ref No. 943).  

  Author contributions     SV and KGM conceptualized and drafted the 

manuscript and RSM, VS, SM, and NG helped in editing and fi na-

lization of the manuscript. All authors contributed to the article and 

approved the submitted version.  

  Funding     This study was supported by University Grant Commission 

(CSIR–UGC).  



447Proceedings of the Indian National Science Academy (2026) 92:437–449 

  Data availability     This is a review paper, and we have used the data 

from the earlier published documents. So, we have not conducted any 

tests.  

  Declarations    

   Conflict of interest     The authors declare that they have no confl ict of 

interest.   

  References 

   Anonymous: Himachal Pradesh State Disaster Management Plan, pp. 

1–262. Himachal Pradesh State Disaster Management Authority, 

Mandi (2017)  

                                             Arnell, W.N., Gosling, N.S.: the impact of climate change on river 

fl ood risk at the global scale. Clim. Change  134 (3), 387–401 

(2014).   https:// doi. org/ 10. 1007/ s10584- 014- 1084-5      

                                                                                                               Aryal, S., Gaire, N.P., Pokhrel, N.R., Rana, P., Sharma, B., Kharal, 

D.K., Poudel, B.S., Dyola, N., Fan, Z., Grießinger, J., Bräuning, 

A.: Spring season in Western Nepal Himalaya is not yet warm-

ing: a 400-year temperature reconstruction based on tree-ring 

widths of Himalayan Hemlock ( Tsuga dumosa ). Atmosphere  11 , 
132 (2020).   https:// doi. org/ 10. 3390/ atmos 11020 132      

                                       Baisan, C.H., Swetnam, T.W.: Fire history on a desert mountain range: 

Rincon Mountain Wilderness, Arizona, USA. Can. J. for. Res. 

 20 , 1559–1569 (1990)  

                                                                  Ballesteros-Cánovas, J.A., Trappmann, D., Shekhar, M., Bhattacha-

ryya, A., Stoff el, M.: Regional fl ood-frequency reconstruction 

for Kullu district, Western Indian Himalayas. J. Hydrol.  546 , 
140–149 (2017).   https:// doi. org/ 10. 1016/j. jhydr ol. 2016. 12. 0590      

                                                                  Ballesteros-Cánovas, J.A., Trappmann, D., Madrigal-González, J., Eck-

ert, N., Stoff el, M.: Climate warming enhances snow avalanche 

risk in the Western Himalayas. Proc. Natl Acad. Sci. India  115 , 
3410–3415 (2018).   https:// doi. org/ 10. 1073/ pnas. 17169 13115      

                                            Bhan, S.C., Paul, S., Kharbanda, K.L.: MAUSAM 55, 4: 24 April 

2003. Meteorological Centre, Chandigarh (2004). ( modifi ed 15 
October 2003 )  

   Bhandari, R.K.: A novel low-cost drum diaphragm wall for landslide 

control in the Himalaya. In: Proceedings: Second International 

Conference on Case Histories in Geotechnical Engineering, 1–5 

June 1988, St. Louis, MO, p. 2.60 (1988)  

                         Bhargava, O.N.: Geology, Environmental Hazards and Remedial 

Measures of the Lunana Area, Gasa Dzongkhag: Report of Indo-

Bhutan Expedition. Geological Survey of India, Kolkata (1995)  

                                       Bhattacharyya, A., Yadav, R.R.: Dendrochronological reconnaissance 

of  Pinus wallichiana  to study glacial behavior in the western 

Himalayan. Curr. Sci.  70 , 739–744 (1996)  

                                                               Bhattacharyya, A., Stoff el, M., Shekhar, M., Ballesteros-Cánovas, J.A., 

Trappmann, D.: Dendrogeomorphic potential of the Himalaya—

case studies of process dating of natural hazards in Kullu Valley, 

Himachal Pradesh. Curr. Sci.  113 , 2317 (2017).   https:// doi. org/ 

10. 18520/ cs/ v113/ i12/ 2317- 2324      

                                       Bodoque, J.M., Ballesteros-Cánovas, J.A.: An application-oriented pro-

tocol for fl ood frequency analysis based on botanical evidence. 

J. Hydrol.  590 , 125242 (2020).   https:// doi. org/ 10. 1016/j. jhydr 

ol. 2020. 125242      

                                                                                                                     Bolch, T., Kulkarni, A., Kääb, A., Huggel, C., Paul, F., Cogley, J.G., 

Frey, H., Kargel, J.S., Fujita, K., Scheel, M., Bajracharya, S.: 

The state and fate of Himalayan glaciers. Science  336 (6079), 

310–314 (2012).   https:// doi. org/ 10. 1126/ scien ce. 12158 28      

                               Bollschweiller, M.: Spatial and temporal occurrence of past debris 

fl ows in the Valais Alps results from tree ring analysis. Geofo-

cus  20 , 1–182 (2007)  

                                                                          Brundl, M., Etter, H.J., Steiniger, M., Klingler, Ch., Rhyner, J., 

Ammann, W.J.: IFKIS—a basis for managing avalanche 

risk in settlement and on roads in Switzerland. Nat. Hazards 

Earth Syst. Sci.  4 , 257–262 (2004).   https:// doi. org/ 10. 5194/ 

nhess-4- 257- 2004      

                                               Camarero, J.J., Guerrero-Campo, J., Gutierrez, E.: Tree-ring growth 

and structure of  Pinus uncinate  and  Pinus sylvestris  in the Cen-

tral Spanish Pyrenees. Arct. Antarct. Alp. Res.  30 , 1–10 (1998)  

   Census of India: House Listing and Housing Census Schedule. Min-

istry of Home Aff airs, Offi  ce of Registrar General and Census 

Commissioner, Government of India, New Delhi (2011)  

                                  Chandel, V.B.S.: Snow avalanche as disaster in mountain environment: 

a case of Himachal Pradesh. Int. J. Geomat. Geosci.  6 , 1578–

1584 (2014).   https:// doi. org/ 10. 5194/ nhess- 2022- 287      

                                                               Chandrasekara, S.S.K., Kwon, H.H., Vithanage, M., Obeysekera, J., 

Kim, T.W.: Drought in South Asia: a review of drought assess-

ment and prediction in South Asian countries. Atmosphere  12 , 
369 (2021).   https:// doi. org/ 10. 3390/ atmos 12030 369      

                                                               Chinthala, B.D., Ranhotra, P.S., Grießinger, J., Singh, C.P., Bräuning, 

A.: Himalayan fi r reveals moist phase during Little Ice Age in the 

Kashmir region of the western Himalayas. Quat. Sci. Rev.  312 , 
108167 (2023).   https:// doi. org/ 10. 1016/j. quasc irev. 2023. 108167      

                                          Clague, J.J., Evans, S.G.: A review of catastrophic drainage of moraine-

dammed lakes in British Columbia. Quat. Sci. Rev.  19 , 1763–

1783 (2000).   https:// doi. org/ 10. 1016/ S0277- 3791(00) 00090-1      

                                                                       Cook, E.R., Anchukaitis, K.J., Buckley, B.M., Rosanne, D., Arrigo, D., 

Wright, W.E.: Asian monsoon failure and megadrought during 

the last Millennium. Science  328 , 486–489 (2010)  

                                       Das, L., Mehar, K.J.: Drivers of climate over Western Himalayan 

region of India: a review. Earth Sci. Rev.  198 , 102935 (2019). 

  https:// doi. org/ 10. 1016/j. earsc irev. 2019. 102935      

                                                       Das, M.R., Mukhopadhyay, R.K., Dandekar, M.M., Kashi Sagar, S.R.: 

Premonsoon western disturbance in relation to monsoon rainfall, 

its advancement over NW India and their trends. Curr. Sci.  82 , 
1320–1321 (2002)  

                                                                     De Micco, V., Saurer, M., Aronne, G., Tognetti, R., Cherubini, P.: 

Variations of wood anatomy and δ 13 C within tree rings of coastal 

 Pinus pinaster  Ait. showing intra-annual density fl uctuations. 

IAWA J.  28 , 61–74 (2007).   https:// doi. org/ 10. 1163/ 22941 932- 

90001 619      

                                                                                  De Micco, V., Campelo, F., de Luis, M., Braüning, A., Grabner, M., 

Battipaglia, G., et al.: Formation of intra-annual-density-fl uc-

tuations in tree rings: how, when, where and why? IAWA J.  37 , 
232–259 (2016).   https:// doi. org/ 10. 1163/ 22941 932- 20160 132      

                                                                                  Dimri, A.P., Niyogi, D., Barros, A.P., Ridley, J., Mohanty, U.C., Yasu-

nari, T., Sikka, D.R.: Western disturbances: a review. Rev. Geo-

phys.  53 (2), 225–246 (2015)  

                                                                                                                         Dimri, A.P., Allen, S., Huggel, C., Mal, S., Ballesteros-Cánovas, J.A., 

Rohrer, M., Shukla, A., Tiwari, P., Maharana, P., Bolch, T., 

Thayyen, R.J., Stoff el, M., Pandey, A.: Climate change, cryo-

sphere and impacts in the Indian Himalayan region. Curr. Sci. 

(2021).   https:// doi. org/ 10. 18520/ cs/ v120/ i5/ 774- 790      

                         Fritts, H.C.: Tree Rings and Climate. Academic, New York (1976)  

                                                     Fulé, P.Z., Garkoti, S.C., Semwal, R.L.: Frequent burning in chir pine 

forests, Uttarakhand, India. Fire Ecol.  17 (1), 1–11 (2021).   https:// 

doi. org/ 10. 1186/ s42408- 021- 00106-3      

                                  Gardner, J.: Natural hazard risk in the Kullu district, Himachal Pradesh, 

India. Geogr. Rev.  92 , 282–306 (2002).   https:// doi. org/ 10. 1111/j. 

1931- 0846. 2002. tb000 08.x      

                                  Glock, W.S.: Tree growth II. Growth rings and climate. Bot. Rev. 

 21 (1–3), 73–188 (1955)  

                    GOI: Report of the National Commission on Agriculture. Ministry of 

Agriculture and Irrigation, New Delhi (1976)  

                                                                                          Hirabayashi, Y., Mahendran, R., Karala, S., Konoshima, L., Yamazaki, 

D., Watanabe, S., Kim, H., Kanae, S.: Global fl ood risk under 

climate change. Nat. Clim. Change  3 (9), 816–821 (2013)  



448 Proceedings of the Indian National Science Academy (2026) 92:437–449

                                                        Immerzeel, W.W., van Beek, L.P.H., Bierkens, M.F.P.: Climate change 

will aff ect the Asian water towers. Science  328 (5984), 1382–

1385 (2010).   https:// doi. org/ 10. 1126/ scien ce. 11831 88      

   Imperial Gazetteer of India vol. III: The Indian Empire, Economic 

(Chapter X: Famine, pp. 475–502). Authority of His Majesty's 

Secretary of State for India in Council, Clarendon Press, Oxford, 

pp. xxx, 1 map, 552 (1907)  

   IPCC: In: Core Writing Team, Lee, H., Romero, J. (eds.) Climate 

Change 2023: Synthesis Report. Contribution of Working 

Groups I, II and III to the Sixth Assessment Report of the Inter-

governmental Panel on Climate Change. IPCC, Geneva (2023). 

  https:// doi. org/ 10. 59327/ IPCC/ AR6- 97892 91691 647      

   Kaennel, M., Schweingruber, F.H.: In: Swiss Federal Institute for For-

est, Snow and Landscape Research, WSL/FNP (eds.), 1995: Mul-

tilingual Glossary of Dendrochronology. Terms and Defi nitions 

in English, German, French, Spanish, Italian, Portuguese and 

Russian. Haupt, Berne (1955)  

                                                          Khan, A., Chen, F., Ahmed, M., Zafar, M.U.: Rainfall reconstruc-

tion for the Karakoram region in Pakistan since 1540  CE  reveals 

out-of-phase relationship in rainfall between the southern and 

northern slopes of the Hindukush–Karakorum–Western Hima-

laya region. Int. J. Climatol.  40 , 52–62 (2019).   https:// doi. org/ 

10. 1002/ joc. 6193      

                            Kozlowski, T.T.: Growth and Development of Trees, vol. II. Academic, 

New York (1971)  

                                          Kulkarni, A.V., Karyakarte, Y.: Observed changes in Himalayan gla-

cier. Curr. Sci.  106 , 237–244 (2014).   https:// doi. org/ 10. 18520/ 

CS/ V106/ I2/ 237- 244      

   Kumar, S.: Know your state Uttarakhand. Arihant Publication (i) Pvt. 

Ltd, Meerut, p 208 (2010)  

                                            Larson, P.R.: Auxin gradients and the regulation of cambial activity. 

In: Kozlowski, T.T. (ed.) Tree Growth, pp. 97–117. Ronald Press, 

New York (1962)  

                            Larson, P.R.: The Vascular Cambium. Development and Structure, p. 

725. Springer, Berlin (1994)  

                                          Laxton, S.C., Smith, D.J.: Dendrochronological reconstruction of 

snow avalanche activity in the Lahaul Himalaya, Northern 

India. Nat. Hazards  49 , 459–467 (2008).   https:// doi. org/ 10. 1007/ 

s11069- 008- 9288-5      

                                                          Luchi, N., Ma, R., Capretti, P., Bonello, P.: Systemic induction of trau-

matic resin ducts and resin fl ow in Austrian pine by wounding 

and inoculation with  Sphaeropsis sapinea  and  Diplodia scro-
biculata . Planta  221 , 75–84 (2005).   https:// doi. org/ 10. 1007/ 

s00425- 004- 1414-3      

                                          Malik, I.H., Hashmi, S.N.I.: The great food and its aftermath in Kash-

mir Valley: impact, consequences and vulnerability assessment. 

J. Geol. Soc. India  97 (6), 661–669 (2021)  

                         Malone, E.: Changing Glaciers and Hydrology in Asia: Addressing 

Vulnerabilities to Glacier Melt Impacts. USAID, Washington, 

DC (2010)  

                                                                       Maurya, R.S., Misra, K.G., Vishwakarma, S., Singh, V., Misra, S., 

Yadava, A.K.: Analyses of intra-annual density fl uctuation sig-

nals in Himalayan cedar trees from Himachal Pradesh, western 

Himalaya, India, and its relationship with apple production. 

Front. for. Glob. Change  6 , 1243352 (2023).   https:// doi. org/ 10. 

3389/ ff gc. 2023. 12433 52      

                                                                                  McKay, S.A.B., Hunter, W.L., Godard, K.A., Wang, S.X., Martin, 

D.M., Bohlmann, J., Plant, A.L.: Insect attack and wounding 

induce traumatic resin duct development and gene expression 

of Pinene synthase in Sitka spruce. Plant Physiol.  133 , 368–378 

(2003).   https:// doi. org/ 10. 1104/ pp. 103. 022723      

   Misra, K.G.: Tree-ring based climate reconstruction in Western Hima-

laya: implication for River fl ow changes. PhD Thesis, University 

of Lucknow, Lucknow (2010)  

                                                  Misra, K.G., Yadav, R.R., Misra, S.: Satluj River fl ow variations 

since  AD  1660 based on tree-ring network of Himalayan cedar 

from western Himalaya, India. Quat. Int.  371 , 135–143 (2015). 

  https:// doi. org/ 10. 1016/j. quaint. 2015. 01. 015      

                                                                       Misra, K.G., Singh, V., Yadava, A.K., Misra, S., Maurya, R.S., 

Vishwakarma, S.: Himalayan blue pine deduced precipitation 

record from cold arid Lahaul-Spiti, Himachal Pradesh, India. 

Front. Earth Sci.  9 , 645959 (2021).   https:// doi. org/ 10. 3389/ 

feart. 2021. 645959      

                                                                                     Mueller, S., Sammonds, P., Bhat, G.M., Pandita, S., Suri, K., Thusu, 

B., Le Masson, V.: Disaster scenario simulation of the 2010 

cloudburst in Leh, Ladakh, India. Int. J. Disaster Risk Reduct. 

 33 , 485–494 (2019).   https:// doi. org/ 10. 1016/j. ijdrr. 2018. 09. 

004      

                                               Negi, G.C.S., Samal, P.K., Kuniyal, B.P.: Impact of climate change on 

the western Himalayan Mountain ecosystem. An overview. ISTE 

 53 , 345–356 (2012)  

   Pandey, V.K., Mishra, A., Mishra, S.S.: Climate change and mitiga-

tion measures for the hydrometeorological disaster in Himachal 

Pradesh, India—in light of dams. Int. J. Sci. Technol. Res.  4 , 1 

(2015). ISSN 2277-8616  

                                               Pant, G.B., Borgaonkar, H.P., Rupa Kumar, K.: Climatic signals from 

tree-rings: a dendroclimatic investigation of Himalayan spruce 

( Picea smithiana ). Himal. Geol.  19 , 65–73 (1998)  

                                     Pathak, D.: Knowledge based landslide susceptibility mapping in the 

Himalayas. Geoenviron. Disasters  3 (1), 1–11 (2016).   https:// doi. 

org/ 10. 1186/ s40677- 016- 0042-0      

                                                       Paul, S.K., Bartarya, S.K., Rautala, P., Mahajan, A.K.: Catastrophic 

mass movement of 1998 monsoon at Malpa in Kali Valley, 

Kumaun Himalaya (India). Geomorphology  35 , 169–180 (2000)  

                                  Ram, S.: Tree growth–climate relationships of conifer trees and recon-

struction of summer season Palmer Drought Severity Index 

(PDSI) at Pahalgam in Srinagar, India. Quat. Int.  254 , 152–158 

(2012).   https:// doi. org/ 10. 1016/j. quaint. 2011. 09. 026      

   Randhawa, S.S., Randhawa, S., Rai, I.: Seasonal, Monthly and Annual 

Rainfall Trends in Himachal Pradesh During 1901–2002, pp. 

1–13. Himachal Pradesh State Centre on Climate Change (2015)  

                                                          Rao, K.D., Rao, V.V., Dadhwal, V.K., Diwakar, P.G.: Kedarnath fl ash 

fl oods: a hydrological and hydraulic simulation study. Curr. Sci. 

 106 (4), 598–603 (2014)  

   Ramachandra, T.V., Krishnadas, G., Jain, R.: Solar potential in the 

Himalayan landscape. Int. Sch. Res. Notices.  1 , 203149 (2012)  

                                                                          Rastogi, T., Singh, J., Singh, N., Chauhan, P., Yadav, R.R., Pandey, B.: 

Temperature variability over Dokriani Glacier region, Western 

Himalaya, India. Quat. Int.  664 , 33–41 (2023).   https:// doi. org/ 

10. 1016/j. quaint. 2023. 05. 013      

                                                          Rigling, A., Braker, O., Schneiter, G., Schweingruber, F.: Intra-annual 

tree-ring parameters indicating diff erences in drought stress of 

 Pinus sylvestris  forests within the Erico-Pinion in the Valais 

(Switzerland). Plant Ecol.  163 , 105–121 (2002).   https:// doi. org/ 

10. 1023/A: 10203 55407 821      

                                                    Rodriguez, J., Vos, F., Below, R., Sapir, D.G.: Annual Disaster Statisti-

cal Review: The Number and Trends, p. 33. Center for Research 

on the Epidemiology of Disaster, Brussels (2009)  

   Romshoo, S.A., Fayaz, M., Meraj, G., Bahuguna, I.M.: Satellite-

observed glacier recession in the Kashmir Himalaya, India, from 

1980 to 2018. Environ. Monit. Assess.  192 , 1–17 (2020)  

                                               Ruel, J.J., Ayres, M.P., Lorio, P.L.: Loblolly pine responds to mechan-

ical wounding with increased resin fl ow. Can. J. for. Res.  28 , 
596–602 (1998)  

                            Sachs, T.: Pattern Formation in Plant Tissue, p. 246. Cambridge Uni-

versity Press, Cambridge (1991)  

                                          Sah, M., Mazari, R.: Anthropogenically accelerated mass movement, 

Kullu Valley, Himachal Pradesh, India. Geomorphology  1–3 , 
123–138 (1998).   https:// doi. org/ 10. 1016/ S0169- 555X      

                                                  Sah, M.P., Virdi, N.S., Bartarya, S.K.: Slope failure and damming 

of river channels: some example from Satluj Valley, Himachal 

Pradesh. Himal. Geol.  17 (1&2), 183–191 (1996a)  



449Proceedings of the Indian National Science Academy (2026) 92:437–449 

   Sah, M.P., Virdi, N.S., Bartarya, S.K.: The Malling slide of Kinnaur: 

causes, consequences and its control on channel blocking and 

fl ash fl oods in the lower Spiti Valley, Himachal Pradesh. In: Pro-

ceedings, International Conference on Disasters and Mitigation, 

1996, Anna University, Madras, vol. 1, pp. 102–106 (1996b)  

                               Schulman, E.: Classifi cation of false annual rings in Monterey pine. 

Tree Ring Bull.  4 , 4–7 (1938)  

                            Schweingruber, F.H.: Tree Rings and Environment: Dendroecology, p. 

609. Paul Haupt, Berne (1996)  

                                                  Shah, S.K., Bhattacharyya, A., Shekhar, M.: Reconstructing discharge 

of Beas River basin, Kullu Valley, Western Himalaya based on 

tree ring data. Quat. Int.  286 , 138–147 (2013).   https:// doi. org/ 10. 

1016/j. quaint. 2012. 09. 029      

                                                                                                       Shah, S.K., Berkelhammer, M., Li, Q., Mehrotra, N., Thomte, L., Shell, 

R., Pandey, U., Gaire, N.P., Kathayat, G., Sinha, A.: Regional 

tree-ring oxygen isotope deduced summer monsoon drought 

variability for Kumaun-Gharwal Himalaya. Quat. Sci. Rev.  301 , 
107927 (2023).   https:// doi. org/ 10. 1016/j. quasc irev. 2022. 107927      

                                                                  Shekhar, M., Pal, K.A., Bhattacharya, A., Ranhotra, S.P., Roy, I.: Tree-

ring based reconstruction of winter drought since 1767 from 

Uttarkashi, Western Himalaya. Quat. Int.  479 , 58–60 (2017). 

  https:// doi. org/ 10. 1016/j. quaint. 2017. 08. 029      

                                  Shroder, J.F.: Dendrogeomorphological analysis of mass movement 

on Table Cliff s Plateau, Utah. Quat. Res.  9 (2), 168–185 (1978)  

   Singh, J., Yadav, R.R., Wilmking, M.: A 694-year tree-ring based rain-

fall reconstruction from Himachal Pradesh, India. Clim. Dyn.  33 , 
1149–1158 (2009)  

                                       Singh, J., Yadav, R.: Application of tree-ring data in development of 

long-term discharge of River-Satluj. Curr. Sci.  103 , 1452–1454 

(2012)  

                                          Singh, J., Yadav, R.R.: Tree-ring-based seven century long fl ow records 

of Satluj-River, Western Himalaya India. Quat. Int.  303 , 156–162 

(2013).   https:// doi. org/ 10. 1016/j. quaint. 2013. 03. 024      

                                                                                          Singh, V., Yadav, R.R., Gupta, A.K., Kotlia, B.S., Singh, J., Yadava, 

A.K., Singh, A.K., Misra, K.G.: Tree ring drought records from 

Kishtwar, Jammu and Kashmir, northwest Himalaya, India. Quat. 

Int.  444 , 53–64 (2017).   https:// doi. org/ 10. 1016/j. quaint. 2016. 09. 

031      

   Singh, J., Yadav, R.R., Negi, P.S., Rastogi, T.: Sub-alpine trees testify 

late 20th century rapid retreat of Gangotri glacier, Central Hima-

laya. Quat. Int.  565 , 31–40 (2020)  

                                                               Singh, V., Misra, K.G., Singh, A.D., Yadav, R.R., Yadava, A.K.: 

Little Ice Age revealed in tree-ring based precipitation record 

from the northwest Himalaya. India. Geophys. Res. Lett.  48 , 
e2020GL091298 (2021).   https:// doi. org/ 10. 1029/ 2020G L0912 98      

                                                 Singh, V., Misra, K.G., Singh, A.D., Yadav, R.R.: Increasing incidence 

of drought since later part of Little Ice Age over North-Western 

Himalaya, India. J. Geophys. Res. (2022).   https:// doi. org/ 10. 

1029/ 2021J D0360 52      

   Smith, T., Bookhagen, B.: Remotely sensed rain and snowfall in the 

Himalaya. In: Himalayan Weather and Climate and Their Impact 

on the Environment, pp. 119–139. Springer, Berlin (2020)  

                         Speer, J.H.: Fundamentals of Tree-Ring Research. University of Ari-

zona Press, Tucson (2010)  

                                                       Stoff el, M., Lievre, I., Monbaron, M., Perret, S.: Seasonal timing of 

rockfall activity on a forested slope at Taschgufer (Valais, Swiss 

Alps)—a dendrochronological approach. Z. Geomorphol.  49 , 
89–106 (2005)  

                                                          Stoff el, M., Ballschweiler, M., Butler, D.R., Luckman, B.H.: Tree ring 

and natural hazards. Adv. Glob. Change Res.  41 , 3–14 (2010). 

  https:// doi. org/ 10. 1007/ 978- 90- 481- 8736- 21      

                                                       Thapliyal, A., Kimothi, S., Dumka, U., Chandra Das, I.: Climate 

change-derived environmental and physical factors infl uencing 

the socioeconomic development in the Himalayan region. Envi-

ron. Res.  241 , 117552 (2024).   https:// doi. org/ 10. 1016/j. envres. 

2023. 117552      

   UNICEF: UNICEF Report Simplifi ed Drought Monitoring: Drawing 

Lessons from the Installation of a Groundwater Early Warn-

ing System in the South of Madagascar. UNICEF, New York 

(2015–2016)  

                                              Wilhite, D.A.: Chapter 1: drought as a natural hazard: concepts and 

defi nitions. In: Keller, A.Z., Wilhite, D.A. (eds.) Drought: A 

Global Assessment. Hazards and Disasters: A Series of Defi ni-

tive Major Works. Routledge Publishers, London (2000)  

   Yadava, A.K., Braeuning, A., Singh, J., Yadav, R.R.: Boreal spring 

precipitation variability in the cold arid western Himalaya dur-

ing the last millennium, regional linkages, and socio-economic 

implications. Quat. Sci. Rev.  144 , 28–43 (2016)  

                               Yadav, R.R.: Basin specifi city of climate change in western Himalaya, 

India: tree-ring evidences. Curr. Sci.  92 , 1424–1429 (2007)  

                         Yadav, R.R.: Tree ring evidence of a 20th century precipitation surge 

in the monsoon shadow zone of the western Himalaya, India. J. 

Geophys. Res. (2011).   https:// doi. org/ 10. 1029/ 2010J D0146 47      

                                  Yadav, R.R.: Tree-ring based seven-century drought records for the 

western Himalaya India. J. Geophys. Res.  118 , 4318–4325 

(2013).   https:// doi. org/ 10. 1002/ jgrd. 50265      

                                          Yadav, R.R., Bhutiyani, M.R.: Tree-ring based snowfall record for cold 

arid western Himalaya, India since  AD  1460. J. Geophys. Res. 

 118 , 7516–7522 (2013).   https:// doi. org/ 10. 1002/ jgrd. 50583      

                                                          Yadav, R.R., Misra, K.G., Yadava, A.K., Misra, S.: Tree-ring footprints 

of drought variability in last ~ 300 years over Kumaun Himala-

yan, India and its relationship with crop productivity. Quat. Sci. 

Rev.  117 , 113–123 (2015).   https:// doi. org/ 10. 1016/j. quasc irev. 

2015. 04. 003      

                                                                         Yadav, R.R., Gupta, A.K., Kotlia, B.S., Singh, V., Misra, K.G., Yadava, 

A.K., Singh, A.K.: Recent wetting and glacier expansion in the 

northwest Himalaya and Karakoram. Sci. Rep. (2017).   https:// 

doi. org/ 10. 1038/ s41598- 017- 06388-5      

                                                                          Yadava, A.K., Misra, K.G., Singh, V., Misra, S., Sharma, Y.K., Kotlia, 

B.S.: 244-Year long tree-ring based drought records from Utta-

rakhand, western Himalaya, India. Quat. Int.  599–600 , 128–137 

(2021).   https:// doi. org/ 10. 1016/j. quaint. 2020. 12. 038       

  Publisher's Note     Springer Nature remains neutral with regard to 

jurisdictional claims in published maps and institutional affi  liations.  

 Springer Nature or its licensor (e.g. a society or other partner) holds 

exclusive rights to this article under a publishing agreement with the 

author(s) or other rightsholder(s); author self-archiving of the accepted 

manuscript version of this article is solely governed by the terms of 

such publishing agreement and applicable law.  



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2250
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


		2026-05-16T17:31:41+0530
	Preflight Ticket Signature




