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Abstract

Background In Uttarakhand, a state in northern India, forest fire events increased from 922 in 2002 to 41,600 in 2019,
influencing forest structure and function. In the literature, it has been reported that, globally, climate change influ-
ences the intensity and expansion of forest fire events. However, with regard to Uttarakhand, studies on the rela-
tionship between climate and forest fire events were very limited. In this study, a brief review of Uttarakahand state
forests, forest fire types, forest biomass carbon stock, and factors influencing forest fires was carried out, followed by
assessment of the relationships between forest fires and climate attributes.

Results This study indicated that there was a positive and significant correlation between the number of forest fires
and temperature (maximum, average, and diurnal range; 0.05 > P <0.001); whereas, there was a negative and non-
significant correlation of forest fire with relative humidity, and a non-significant correlation of forest fire with minimum
temperature and wind. The Angstrom index and Fuel Moisture Index were found to be good indices to indicate the
prevalence of favorable climatic conditions for forest fire. The results of the study indicated a vulnerability of forest
floor biomass carbon to forest fire.

Conclusion Temperature was a regulating factor in altering the forest fire potential in the district. Forest fire caused
the loss of carbon sequestered in forest biomass carbon stock. In the future, due to climate change, a greater number
of forest fire events may occur and disturb the carbon cycle.
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Antecedentes En Utarakhand, un estado en el norte de la India, los eventos de incendios forestales se incrementa-
ron de 922 en 2002 a 41.600 en 2019, influenciando la estructura y el funcionamiento del bosque. En la literatura, ha
sido reportado que, globalmente, el cambio climético influencia la intensidad y expansion de los incendios forestales.
Sin embargo, y relacionado con Uttarakhand, los estudios sobre las relaciones entre clima y eventos de incendios
forestales son muy limitados. En este estudio, una breve revisién de los bosques del estado de Uttarakhand, los tipos
de incendios forestales, el stock de carbono en la biomasa de esos bosques, y factores que influencian los incendios
forestales fueron llevados a cabo, seguidos por la determinacion de las relaciones entre los incendios forestales y las

caracteristicas del clima.

Resultados El estudio indicd que hubo una correlacién positiva y significativa entre el nimero de incendios y la tem-
peratura (maxima, promedio, y rango diario de variacion; 0.05 > P < 0.001); mientras que esta correlacion fue negativa
y no significativa entre incendios forestales con la humedad relativa, y una correlacion no significativa con tempera-
turas minimas y viento. El Indice de Angstrom y Indice de Humedad del Combustible fueron buenos para indicar la
prevalencia de condiciones climaticas favorables para los incendios forestales. Los resultados del estudio indican la
vulnerabilidad del carbono contenido en la biomasa del suelo forestal al efecto de los incendios forestales.

Conclusiones La temperatura fue un factor regulador en la alteracion del potencial de los incendios forestales en el
distrito. Los incendios forestales causaron la pérdida del carbono secuestrado y almacenado en la biomasa forestal. En
el futuro, y debido al cambio climédtico, un mayor nimero de eventos de incendios forestales puede ocurrir, y distur-

bar el ciclo de carbono en esos bosques.

Introduction

Approximately 90% of the world’s plantation forest is
in South Asian countries, including India (FAO 2010).
According to FAO (2010), India has 1% of the global
primary forest (native, natural, and undisturbed for-
est ecosystem without any anthropogenic activities).
Globally, anthropogenic activities (such as agricul-
ture, urbanization, and industrialization) to meet the
demand of increasing populations are disturbing and
reducing the pristine nature of primary as well as of
secondary forest ecosystems (Parashar and Biswas
2003; Cobb and Metz 2017).

Along with other factors, forest fire is one of the major
challenges for forest ecosystems. Across the globe, there
has been an increase in frequency and intensity of wild-
fire (Robinne et al. 2018). Every year, forest fire events
affect~1% of all forested area in the world. It is also a
fact that the regeneration process of some forest ecosys-
tems completely depend on fire (SCBD 2001; Forbes et al.
2011). Forest fires not only influence the climate of the
region (Keith et al. 2009), the region’s climate also regu-
lates the pattern, magnitude, and intensity of forest fires
(Skvarenina et al. 2003). Increased frequency of forest
fire events across the globe in recent decades has gener-
ated interest in the scientific community to explore the
climate—fire relationship (Abatzoglou and Kolden 2013).
Studies on climate—fire relationships that were car-
ried out on different landscapes were grouped into two
regimes. One was a fuel-limited regime, which is associ-
ated with higher fuel abundance resulting from increased

moisture availability that leads to heightened wildfire
activity the following year through increased fuel con-
nectivity and the ability of the landscape to carry fire. The
other was a flammability-limited regime, which is asso-
ciated with concurrent moisture deficits that increase
the availability of fuels to carry fire in forested landscape
(Abatzoglou and Kolden 2013). Both regimes highlight
the importance of climatic conditions in precondition-
ing of fuels in the months to years before the onset of fire
season.

The objectives of this study were to provide a brief inte-
grated assessment of forest fires, climate, and forest bio-
mass carbon stock; to describe the relationship between
forest fires and fire-related indices; and to provide an
estimate of forest biomass carbon stock losses from fire
during the predominant fire season (April to June) for
the Dehradun district of Uttarakhand, as represents the
greater Indian central Himalayan region.

Indian forests and forest fires

The Food and Agriculture Organization and the United
Nation Framework Convention of Climate Change define
dense, moderately dense, and open forest types on the
basis of canopy cover and tree height (Table 1). In India,
total forest cover is ~76.4 million ha (22% of India’s total
area and 2% of global forested area, which includes 1% of
global primary forest) and is composed of 18 forest types
(FSI 2019). Based on dominant vegetation, forests are
broadly placed in five major categories: (1) tropical ever-
green forest, (2) tropical deciduous forest, (3) tropical
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Table 1 Criteria that Food and Agriculture Organization (FAO)
and the United Nation Framework Convention of Climate
Change (UNFCCC) use to categorize forest type. These categories
were used in our review of climate attributes and their affects on
forest fire between 2002 and 2019 in the Dehradun district, in the
state of Uttarakhand, India

Agency Forest type Canopy cover Shared
(%) attributes (minimum
values or ranges)
FAO Dense >70 Tree height: =5 m
Moderately 401070 Forested area: >0.5 ha
dense Crown cover: >10%
Open 10to 40
UNF- Dense >70 Tree height: 2to 5 m
Cccc Moderately 4010 70 Forested area: 0.01 to
dense 1.0 ha
Crown cover: 10 to
Open 10t0 40 30%

thorn forest, (4) montane forest, and (5) swamp forest
(FSI 2015). The forest types in India have variable fire
proneness. Kumar et al. (2019) used GIS analysis of forest
fire points (detected in 5 x 5 km grids annually) over 13
years to categorize forests’ fire proneness into the follow-
ing classes:

(1) Extremely fire prone forest area: average frequency
of forest fire detected in >4 grids per year (i.e., > 52
detected forest fire points).
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(2) Highly fire prone forest area: average frequency
of forest fire detected in >2 and <4 grids per year
(>26 and <52 detected forest fire points).

(3) Fire prone forest area: average frequency of forest
fire detected in >1 and <2 grids per year (> 13 and
<26 detected forest fire points).

(4) Moderately fire prone forest area: average fre-
quency of forest fire detected in > 0.5 and <1 grids
per year (> 6 and <13 detected forest fire points).

(5) Less fire prone forest area: average frequency of for-
est fire detected in < 0.5 grids per year.

Nearly 4% of India’s forest cover is extremely fire prone;
6% is highly fire prone, and 36% is prone to frequent for-
est fires; these fires have ecological and economic conse-
quences (FSI 2019). Approximately 65% of the deciduous
forests of India are prone to forest fire, causing a loss of
~104 million US dollars annually (Ashutosh et al. 2019).
Nearly 534,160.79 US dollars (44 million Indian rupees)
is spent annually to patrol and suppress forest fires.
Under the Intended Nationally Determined Contribu-
tions (INDC) plan, India is committed to increasing its
forest cover to 33% of its geographical area by 2030,
which will support an additional ~2.5 to 3 billion tonnes
of carbon stock (Dogra et al. 2018).

In India, 192 active forest fires were reported during
May 2019 (FSI 2019): Uttarakhand reported the most
with 91, followed by Chhattisgarh with 36, and Mad-
hya Pradesh with 17. India Meteorological Department
(IMD) cited a sudden rise in temperature and a prevailing

Fig. 1 Sequestered carbon stock distribution reported (FSI 2017) in different pools of Uttarakhand's forest ecosystem. These data were used in our
review of climate attributes and their affects on forest fire between 2002 and 2019 in the Dehradun district, in the state of Uttarakhand, India
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rainfall deficit during the preceding week in Uttara-
khand to explain the prevalence of these fires. The May
2019 forest fires that occurred in Uttarakhand affected,
on average, 644 ha each, with total loss of ~1 278,343.90
US dollars (~10.53 crore Indian rupees) (Kukreti 2019).
Increasing frequency of forest fires may hinder achieving
INDC plan goals.

Forest fire and forest carbon stock

World-wide, forests store 638 Gt of carbon (C), of which
238 Gt is terrestrial vegetation biomass carbon (i.e., 80%
of terrestrial vegetation biomass carbon in the world)
(FAO 2006; Wani et al. 2012). Over the past 25 years, a
decline of about 11 Gt of global forest biomass carbon
stock had been reported (FAO 2015). The reported rate
of decline in carbon stock in world forest biomass during
2005 to 2010 was 0.5 Gt year~ ! (FAO 2015). Total carbon
stock in forests of India was estimated at 7044 million
tonnes. Between 2011 and 2013, it was reported that for-
est carbon stock of India increased by 103 million tonnes
(ESI 2015).

Forest ecosystem carbon pools are derived from liv-
ing aboveground biomass (AGB), belowground bio-
mass (BGB), dead organic matter as deadwood, and
litter and soil as soil organic matter (SOM) (FSI 2017;
Fig. 1). However, forest fires causes 98.11 Tg year™ ! of
total carbon dioxide (CO,) emission, mostly contrib-
uted by tropical dry deciduous type forest fires (50%)
and tropical moist deciduous type forest fires (39.3%)
(Reddy et al. 2017).
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Uttarakhand: forests and fire incidents

In terms of forest density (Table 1), forest cover in Utta-
rakhand is classified as follows: very dense (4762 km?),
moderately dense (14,167 km?), and open or least dense
(5567 km?) (Uttarakhand Forest Department 2015).
Cumulative forest cover for Uttarakhand made up
approximately 45% of its total geographic area (Table 2).
In 2017, the maximum and minimum forest cover were
reported from the Nainital district (71.7% cover) and
Udhamsingh Nagar district (17.2% cover), respectively.
Major forest types of Uttarakhand include tropical moist
deciduous, tropical dry deciduous, sub-tropical pine,
Himalayan moist temperate, Himalayan dry temperate,
subalpine, and alpine (FSI 2005). Overall, 2.4 billion US
dollars per year of ecosystem services have been provided
by Uttarakhand forest (Singh 2014).

Uttarakhand State Forest Department recorded for-
est fires in all districts during April to June since 2002
(Table 3). The forest fire season in the state is longer than
that of Himalayan and non-Himalayan states, and exhib-
its peaks in late April and late May or early June. The
record indicated an increase in total number of forest
fires, from 922 in 2002 to 41,600 in 2019 (Table 3). These
fires caused loss of valuable timber resources, endangered
species, and caused extensive damage to forest ecology as
well as to the landscape of the area (Gupta et al. 2018).
When comparing forest fires by district during 2002 to
2019, data revealed that the fewest fire occurrences were
observed in 2011 for most districts, while the greatest
number of fires occurred in 2019 (Table 3). However,
in 2017, the greatest number of forest fires (411) were

Table 2 Change in forest cover from 2002 through 2017, per district, in the state of Uttarakhand, India, during our review of climate

attributes and their affects on forest fire between 2002 and 2019

District Geographic area 2001 forest cover 2011 forest cover 2017 forest cover

km? % of state km? % of district km? % of district km? % of district
Almora 3144 5.88 1495 47.55 1577 50.16 1718 54.64
Bageshwar 2241 4.19 1297 57.87 1381 61.62 1261 56.27
Chamoli 8030 15.01 2583 3216 2695 33.56 2709 3373
Champawat 1766 330 1125 63.70 1181 66.87 1224 69.30
Dehradun 3088 5.77 1486 48.12 1607 52.04 1605 5197
Garhwal 5329 9.96 3142 58.96 3289 61.72 3394 63.68
Haridwar 2360 441 612 2593 619 26.23 588 2491
Nainital 4251 7.95 3108 73.11 3090 72.69 3048 71.70
Pithoragarh 7090 13.26 2033 2867 2094 29.53 2078 29.30
Rudraprayag 1984 3.70 1153 58.11 1125 56.70 1141 57.51
Tehri Garhwal 3642 6.80 2064 56.67 2147 58.95 2065 56.70
Udhamsingh 2542 4.75 769 30.25 546 2148 436 17.15
Uttarkashi 8016 14.99 3071 38.31 3145 39.23 3028 37.77
Totals 53,483 23,938 24,496 24,295
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reported in the Nainital district, and the fewest number
of forest fires (0) were reported in the Rudraprayag dis-
trict (Table 3). In 2019, the greatest number of forest fires
was 8555 in Tehri Garhwal district, and the fewest num-
ber of of forest fires was 39 in Rudraprayag district.

Uttarakhand forest fire driving forces

Almost 95% of Indian forest fires are caused by humans,
whether accidental or intentional. Most common ignition
sources of forest fire in India are grazers, sparks from
vehicles, hiking or picnicking activities, shifting cultiva-
tion, and burning litter (pine needles) for a flush of fresh
grasses. Anthropogenic causes of Uttarakhand forest fires
are associated with land use dynamics, particularly near
roads and human settlements (Pourtaghi et al. 2016).
Intentional fires are associated with revitalizing grazing
land and biomass in chir pine (Pinus roxburghii Sarg.)
forested areas (Bhandari et al. 2012). During the sum-
mer season, heavy leaf-fall accumulation and the deposi-
tion of thick layers of litter on the forest floor are burned
by locals. The nutrients released from the burned leaves
promote growth of edible fungi. In local markets of Deh-
radun and surrounding areas, demand for the edible fun-
gus Astraeus hygrometricus (Pers.) Morgan is high, which
encourages the use of fire in the forests of Uttarakhand
(Verma et al. 2019).

The most significant and fundamental reason that for-
ests are susceptible to catching fire is that they contain
dry vegetation biomass. High atmospheric tempera-
tures and dryness (low humidity) due to high incoming
solar radiation over southern and western aspects create
favorable conditions for forest fires (Luna et al. 2018). In
deciduous forests of Uttarakhand, fire occurrence is 25%
of the total fire events because its undergrowth is humid,
which can prevent fire. However, in coniferous forests,
fire events make up 75% of the total, in part because of
the high resin content in tree trunks and the availability
of dry leaves for fuel (Negi and Dhyani 2012). Mountain
forest vegetation is dominated by trees that contain high
resin content (Miller 2022). Resin is a secondary meta-
bolic product in the form of a clear, viscous, and sticky
liquid consisting of terpenoids, hydrocarbons, and other
compounds that contribute to elevated flammability
(Ormeno et al. 2009). Vegetation of tropical dry decidu-
ous forest and tropical wet evergreen forest are the most
susceptible to forest fire events (Fig. 2). Moderately dense
forest and open forest vegetation types in India have suf-
fered from the highest number of forest fires since 2004
(Fig. 2). The prolonged dry season promotes leaf fall of
almost all old leaves and, on accumulation, form a carpet
of needles on the forest floor that provides large surface-
to-volume ratios and low surface fuel bulk densities that
readily support surface fire.
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The monitoring of forest fires in Uttarakhand has indi-
cated that chir pine forests are most susceptible to forest
fires, followed by dry deciduous scrub forest. This may
be due to high availability of surface fuel in the form of
dry needles, high temperature, and high char content
(Suresh Babu et al. 2016). Chir pine forests also exhibited
variation in number of forest fire incidents due to vari-
ation in solar light availability on southern and western
aspects in their elevation zones. In the mountains, steep
slopes combined with strong winds can expand fire
spatially, causing damage to oak (Quercus L. spp. ) for-
est crowns and rhododendrons (Rhododendron L .spp.)
(Gupta et al. 2018). Other causes of forest fire in Uttara-
khand are related to a shift in traditional land manage-
ment practices. Migration of locals to cities in search of
better livelihoods has resulted in forests that are less used
for grazing; less used for the collection of grasses, animal
bedding, and dry wood; and controlled burning to clear
forest litter is less frequently practiced. Accumulated fuel
loads create potential for more severe and destructive
forest fires in those areas (Dogra et al. 2018; Reddy et al.
2017) confirmed that, in India, the temperature rise was
the main cause of the highest intensity and expansion of
forest fire events during 2009, 2010, and 2012.

Forest fire-related indices

Long-term and short-term forest fire related indices
not only help with management of forest fires, but they
also estimate the contribution of climate in affecting the
intensity and growth of forest fires. Long-term indices
are based on vegetative, topographic, and anthropogenic
indicators. Short-term indices are based on indicators
that change suddenly and influence ignition and spread-
ing of forest fires (e.g., air temperature, relative humidity,
wind speed, and rainfall).

In the literature, it has been reported that short-term
indices are more strongly related to forest fire events than
long-term metrics and indices (Riley et al. 2013).

Baijnath-Rodino et al. (2020) reviewed 24 fire indices
used worldwide. These indices were computed using
six attributes: fuel, weather, topography, fuel mois-
ture, meteorology, and fire behavior. In their review, it
was reported that the most documented and globally
adopted fire indices were the National Fire Danger Rat-
ing System’s Burning Index and the Canadian Forest
Fire Danger Rating System’s Fire Weather Index (FWI).
The FWI indicates potential fire intensity due to fuel
aridity and fire weather, irrespective of land cover and
biomass. The FWT’s sensitivities to temperature, precipi-
tation, humidity, and wind speed (Flannigan et al. 2016)
and its empirical relationship to burned area across
broad regions of the globe has already been established
(Abatzoglou and Kolden 2013).
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Fig. 2 Data adapted from Reddy et al. 2017 that illustrates A India’'s most forest-fire-affected states; B the observed number of forest fire incidents
in these states between 2006 and 2015; and C the observed number of forest fire incidents in different vegetation types in India between 2008 and
2015. These data contributed to our review of climate attributes and their affects on forest fire between 2002 and 2019 in the Dehradun district, in
the state of Uttarakhand, India
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Similarly, Mavrakis et al. (2013) compared the Nesterov
and Angstrom indices with respect to the role of climatic
attributes in the outbreak of large forest fires in Greece
during summer 2007, which caused heavy human casu-
alty. The study confirmed that favorable climatic condi-
tions prevailed at the time of forest fire outbreak, and
continued to contribute to the difficulty of controlling the
fire. The study concluded that the Angstrom index is a
very good predictor of forest fire potential.

Uttarakhand forest carbon stock

Uttarakhand contains 4.02% (284.664 million tonnes) of
the total forest carbon stock of India (FSI 2017). Every
year, about 5.9 million tonnes of carbon is added to the
forest through tree growth. The total standing above-
ground biomass of forest woody vegetation is one of
the major carbon pools. Aboveground biomass is com-
posed of all woody stems, branches, leaves of living trees,
creepers, climbers, and epiphytes, as well as herbaceous
undergrowth. Total forest floor biomass carbon stock
(AGB+deadwood + litter) was estimated as carbon
stock. In Uttarakhand forest, carbon is predominately
stored in soil organic matter and aboveground biomass,
with smaller amounts found in belowground biomass, lit-
ter, and deadwood (Fig. 1).

Between 2002 and 2008 in Uttarakhand, estimated
burned forested area was ~3289.09 km? of the total state
forested area (MEFCCGI 2018). Of the total forest cover
of Uttarakhand, the burned forest area was 0.02% and
0.05% in 2015 and 2019, respectively (FSI 2017). Approxi-
mately 32.2 and 53.2 thousand tonnes of forest biomass
carbon stock may have been lost in 2015 and 2017,
respectively (Table 4; Additional file 1). For other years, it
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cannot be estimated due to lack of literature and second-
ary data on forest burned area with regard to total area.

During forest fires in May and June 2016, around
3774.14 km? (15.28%) of total forest cover of Uttarakhand
was completely burned, and the worst affected districts
were Tehri Garhwal, Pauri Garhwal, and Nainital districts
(Gupta et al. 2018). Ministry of Environment, Forest and
Climate Change, Government of India (2018) reported
the monetary losses due to forest fire events in Uttara-
khand from 2007 to 2016 (Additional file 2).

Temperature increase is one of the alarming attributes
of climate change that affects vegetation cover, soil, and
carbon-pool stability in forest ecosystems (Kasischke
and Stocks 2012). Forest carbon-pool size is also chang-
ing relative to climate changes, more so in vegetation
compared to the soil (Gonsamo et al. 2017). Numerous
approaches have been developed to measure the change
in carbon pools in vegetation and soil. However, studies
on the effect of forest fire on changes in forest carbon
stock were very limited (Kasischke and Stocks 2012).

In this study, an integrated assessment of forest fires,
climate, and forest biomass carbon stock of the Deh-
radun district of Uttarakhand was carried out (Fig. 3).
Long-term climate data (2002 to 2019) was used to define
relationships between forest fires and forest fire indices,
and forest biomass carbon stock loss was estimated.

Methods
Study site
We selected the Dehradun district in Uttarakhand (lati-
tude between 29.96° and 31.03° N, and longitude between
77.56° and 78.3° E), covering 3088 km? (5.7% of the entire
state), for exploring the relationship between forest fire

Table 4 Forest surface fuel biomass (t ha™') and carbon vulnerable to fire (t) in the predominantly dry-mixed-type forests in the six
divisions of Dehradun district, state of Uttarakhand, India, in 2018. Dominant forest type is dry-mixed. Total area (ha), forested area (ha,
%), and burned area (ha, %) for each division is given. Data were collected during our review of climate attributes and their affects on
forest fire between 2002 and 2019. Details on the average surface fuel biomass are available in Additional file 1.

Division Total area (ha) Forested area® (ha) Total burned area® (ha) Average surface fuel Biomass carbon

biomass (tha~")¢ vulnerable to
fire (t)

Chakrata 12,2208.0 43,967.9 (35%) 2032 (4.6%) 5.07 ~10,302.24

Forest Division

Dehradun 86,761.0 50,481.9(58%) 1471 (2.9%) 5.07 ~7457.97

Forest Division

Kalsi 43,5349 23,321.3 (53%) 506 (2.1%) 5.07 ~256542

Soil Conservation Division

Mussoorie 80,336.9 39,082.9 (49%) 3133 (8.0%) 5.07 ~15,884.31

Forest Division

Tons 76,1415 62,208.9 (81%) 2245 (3.6%) 5.07 ~11,382.15

Forest Division

Rajaji National Park Division 82,042.0 82,042.0 (100%) 19,252 (23%) 5.07 ~97,607.64

Totals 491,024.3 304,225.4 (61.9%) 28,639 (9.4%) 3042 ~145,199.73
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incidents, climate, and forest biomass carbon stock. The
district is bordered by the Himalayas in the north, the
Rajaji Range of the Shivalik Hills in the south, the river
Ganges in the east, and the Yamuna River in the west.
52% (1605 km?) of the district is covered by forest.

Average annual rainfall in Dehradun is ~220 c¢cm, and
the elevation ranges from 400 to 1600 m above mean
sea level. Forest vegetation is dominated by sal (Shorea
robusta C.F. Gaertn.) and dense mixed forest (Rawat
2003). In 2017, Dehradun district reported a 4% increase
in forest cover since 2001 (Table 2).

Thakur and Singh (2014) mapped potential forest
fires zones using parameters such as number of leaves
deposited on the forest floor as fuel and their moisture
content for Dehradun district forest area, and estimated
that 3.13% of forest area fell under very high fire potential
zone, while 50.25% area was in high fire potential zone.

Forest fires in Dehradun district during 2002 to 2019

Forest fire events in the Dehradun district, Uttarakhand,
that occurred during the fire season (April through June)
from 2002 to 2019 were downloaded from Forest Fire
Alert System 3.0 (FAST 3.0; FSI 2019; Fig. 4). FAST 3.0
tracks large forest fire events, based on Near Real Time
fire point data obtained from the satellite sensors SNPP-
VIIRS (Suomi National Polar-Orbiting Partnership-
Visible Infrared Imaging Radiometer Suite; resolution

of 375 m x 375 m) and MODIS (Moderate Resolution
Imaging Spectroradiometer; resolution of 1 km x 1 km),
processed by the National Remote Sensing Centre in
Hyderabad, Telangana, India. The frequency of the data
generated by the sensors was six times per day (24 h) at
the time of this study. Any fire hotpots detected by sat-
ellite (i.e., MODIS or SNPP- VIIRS sensor) that was
located in the forest area of India was regarded as a forest
fire incident. Criteria for any large forest fire event was
that it should be active for at least 12 h with at least three
proximate VIIRS pixels (i.e., a minimum fire-covered area
of 42 ha). GPS locations for all forest fire events in the
study site were exported as shapefiles and superimposed
above the spatial layers of Dehradun district boundaries
in ArcGIS (ESRI, Redlands, California, USA) software.
The fire season (April to June) point layers for each year
(2002 through 2019) were finalized as layout maps, which
were later extracted and compiled for the analysis.

Climate attributes

In this study, India Meteorology Department climate
data from 2002 to 2019 were used to analyze the cli-
matology of the district. The climate data variables
used for the analysis were monthly averages for tem-
perature (°C; minimum, maximum, average), rela-
tive humidity (%), and wind speed (km h™!) for the
fire season in Dehradun district (Additional file 3).
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Table 5 Kendall's tau (1) test and correlation of climate variables (diurnal temperature range, DTR; relative humidity, RH; minimum
temperature, Tmin; maximum temperature, Tmax; average temperature, Tav; and wind speed, WS) to the forest fire incidents reviewed
in our study of climate attributes and their affects on forest fire between 2002 and 2019, in the Dehradun district, state of Uttarakhand,
India. Z-statistics and P-values are also given. ** = P<0.001, highly significant correlation; * = P <0.05, significant correlation; ns=non
significant correlation

Climate variable Kendall’s tau (1) Z-statistic P-value Concordant pairs Discordant
pairs
DTR (°Q) 0.5033 29166 0.003* 115 38
RH (%) —0.1438 —0.8333 040" 65 87
Tmin (°C) 0.1503 0.8712 0.38™ 88 65
Tmax (°C) 05229 3.0302 0.002* 116 36
Tav (°C) 0.6601 3.8256 0.001%** 119 34
WS (km h™") 0.1699 0.9848 0.32™ 89 63

Diurnal temperature range was computed by sub-  significant relationship (P <0.05) between climate
tracting the minimum temperature from the maxi- attributes and forest fire incidents.

mum temperature for each day. Monthly averages of

climate attributes and forest fire events for the study

site were subjected to Kendall’s tau (1) correlation I = 2. A= B (1)
test (Kendall 1938; Table 5) to identify the type and YA+ B
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where A =concordant pairs, B=discordant pairs,
n=number of observations, and Z=Z-statistic. Ken-
dall’s tau (1) value ranges between —1 and 1, where 0
and 1 indicate no relation and perfect positive relation,
respectively.

Forest fire indices

In this study, Angstrom index (I) and Fuel Moisture
Index (FMI) were computed using monthly average val-
ues of climate data (Luna et al. 2018).

Angstrém index (1)
The Angstrom index is computed on the basis of relative
humidity and temperature attributes as:

R @7-T)
20 10

1= (4)
It indicates the danger of forest fire on the basis of ambi-
ent temperature (7 in °C) and relative humidity (R in %). The
index value ranges from 0 to 4. If the index value is low (0),
then fire potential is higher, while values above 4 represent no
fire potential. The Angstrom index is an indication of air dry-
ness, which indicates favorable or non-favorable conditions
for forest fires (Skvarenina et al. 2003). Probability of forest
fires has been categorized according to derived index values.

Fuel Moisture Index (FMI)

The amount of moisture present in fuels is a key regulat-
ing factor of forest fire danger potential and behavior in
different forest types (Sharples et al. 2009). Fuel Mois-
ture Index (FMI) estimates fuel moisture content on the
basis of air temperature (°C) and relative humidity (%). Its
value ranges from 0 to 30; the smaller the index value, the
higher the danger of forest fire.

FMI = 9.67 —0.27(T — R) (5)

In this study, we used a modified FMI (FMI,4) developed
by Pook and Gill (1993) to estimate the moisture content in
fuels under dry conditions. The modified FMI makes better
use of fuel moisture content by incorporating the effect of
available moisture content in top soil (#s; in % volume).

FMlq = 967 — 027(T — R) + 0.69ms  (6)
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Impact of Dehradun district forest fires on forest biomass
carbon stock

In Uttarakhand, forest fire type is mainly surface fire
(Dogra et al. 2018). The sum of the carbon pools on the
forest floor is equivalent to forest biomass carbon stock.
Based on this, an assumption was made that surface for-
est fires mostly consume a portion of aboveground bio-
mass (AGB), which consists of dry leaves, twigs, dry litter,
and dry herbaceous grasses. Hence, AGB represents the
forest floor carbon pool that is vulnerable to fire; how-
ever, the total forest carbon stock that is vulnerable to
fire includes AGB, deadwood, and litter. Aboveground
biomass stored in branches and boles is not usually con-
sumed during surface fires.

In our study of Dehradun district forests, secondary
data for surface forest fire fuel content (i.e., dry weight
of leaves, twigs, grass and herbaceous grasses) in differ-
ent forest types (mixed sal, sal, dry mixed, mixed, and
moist mixed; Rawat 2003) was collected from the lit-
erature (Additional file 1). There was a lack of data on
percent of area burned in different forest types other
than the dry mixed forest type. Loss of forest biomass
carbon stock due to surface fire was estimated for dry
mixed forest type of the Dehradun district (Table 6). In
the Shivalik Hills, Dehradun district forest average for-
est floor fuel loading varied between 350 and 460 g m ™2
(Additional file 1). The average forest floor fuel loading
units, g m~ 2 were converted into t ha™ !, then an aver-
age of all forest-type fuel loads was estimated and mul-
tiplied with the average area of forest type to find the
available forest floor load (g) for forest fire fuels. Loss of
forest biomass carbon stock in the Dehradun district’s
surface forest fire incidents during the fire season was
calculated by multiplying the average forest floor fuel
load by forest burned area per year (Table 6; Additional
file 1).

Results and discussion

Dehradun district: forest fires

In 2017, a 0.07% decline in forest cover of Dehradun
district was observed as compared to 2011; whereas, in
2011, there was a 9.12% increase in forest cover as com-
pared to 2001 (Table 2). On comparing forest fires dur-
ing 2002 to 2019, year-to-year variability was observed in
the number of forest fire incidents (Table 3; Fig. 5). Total
number of forest fires during 2002 to 2019 was 5182 for
the period, with a maximum of 845 fires and a minimum
of 22 forest fires reported in 2019 and 2011, respectively.
Monthly analysis of forest fires indicated that the most
fires occurred during early April and late May or early
June. Our results were similar to those of Gupta et al.
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Fig. 5 Total number of forest fire incidents recorded in Dehradun district, state of Uttarakhand, India, during fire seasons (April through June)
during our review of climate attributes and their affects on forest fire between 2002 and 2019. Errors bars depict standard deviation

(2018), who reported the same period as the critical
period for forest fires in the Uttarakhand region.

Forest fire incidents at all locations were directly or indi-
rectly governed by multiple natural and anthropogenic
factors. Suitable and unsuitable climate conditions (Wot-
ton 2009) were among multiple factors affecting forest fire
incidents in the Dehradun district. In the literature, it has
been reported that heat waves, temperature increases, and
reduced rainfall are the major contributors to 2016 Deh-
radun forest fires (Negi and Kumar 2016). In 2016, fires
started as early as February and continued through June
because of the low rainfall (only 16.2 mm) received in the
preceding winter, which reduced soil moisture and led to
drying of the forest floor biomass and buildup of suitable
forest fire fuel loads (Negi and Kumar 2016). High tem-
perature and low precipitation affect forest ecosystem pro-
cesses. It has been reported that Uttarakhand received 28%
less precipitation in 2015, a warm year (Sharma and Pant
2017). These attributes—high temperature, low precipita-
tion, low soil moisture—coincided with leaf fall and their
drying period of the major tree species of the Himalayan
forest. Followed by a dry summer, these attributes played a
critical role in developing forest fire potential for the region.

Monsoon season in the Dehradun district is from mid
or late June through mid September. In India, field stud-
ies addressing the relationship between the monsoon
season and forest fires are very limited and needed to fill
the knowledge gap.

Climate attributes and forest fires
In forest fires, fuel consumption is dependent on fuel
loading and wind speed. Forest fire intensity is depend-
ent on wind speed, moisture content of fuel, vegetation
height, and vegetation cover.

In our study, the relationship between climate attrib-
utes during 2002 to 2019 and number of forest fires

events were analyzed. Kendall’s tau (1) correlation coef-
ficient for number of forest fires and the climate attrib-
utes maximum temperature, minimum temperature,
average temperature, diurnal temperature range, relative
humidity, and wind speed were +0.52, +0.15, 4+0.55,
+0.50, —0.14, and +0.16, respectively (Table 5; Fig. 6).
The association of diurnal temperature range and aver-
age temperature with fire incidents was highly signifi-
cant (P<0.001), whereas the association of maximum
temperature with fire incidents was significant (2 <0.05)
(Table 5). The results indicated that correlations were
found between number of forest fires and minimum tem-
perature, wind speed, and relative humidity; however,
they were statistically non-significant (P <0.05). This may
be due to our use of monthly climate data summaries. In
future research, the relationships between number of for-
est fires and climate attributes using daily or hourly data
should be explored.

The prevalence of elevated temperatures facilitates
rapid drying of biomass, which support its easy and rapid
burning (Prasad et al. 2008). Air temperature has a direct
influence on forest fire behavior by promoting the heat
requirements for ignition. Temperature rise can affect
or alter some forest species’ growing stages in their life
cycles (Kramer et al. 2000).

The climatology of the Dehradun district indicates
prevalently calm winds from April to June, in the range
of 0.61 to 3.80 km h™!. During peak fire season of our
study, the range of wind speed was 1.09 to 3.74 km h™ ™.
This indicated that, in the Dehradun disctrict, wind is
not a regulating factor for spread of forest fire. Sharma
et al. (2012) also reported the prevalence of calm winds
during summer months, in the range of 1.8 to 5.4 km
h™!. However, Saglam et al. (2008) reported that wind
speed plays a crucial role in spreading and enhancing the
intensity of forest fires in the Mediterranean regions by
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Fig. 6 Graphs depicting Kendall's tau (1) values, correlation regression equations (y=mx+¢; where m is the slope of the line relating y to x, and c is
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maintaining oxygen supply and tilting the flames towards
unburned fuels. Our results indicated that average wind
speeds were calm, but gusty periods associated with fire
spread may not be revealed by the average monthly cli-
matology. Wind will push flames, sparks, and firebrands
into new fuel. By pushing the flames closer to the fuel in
front of the fire, the fuel is preheated more quickly from
increased radiant heat. More fuel becomes available for
combustion since it is dryer, and can reach ignition tem-
perature more quickly.

The 30-30-30 rule of thumb—ambient air temperature
at >30 °C, relative humidity at <30%, and open wind
speed at >30 km h™'—has been used around the world
as an indicator of extreme fire behavior potential (Stef-
fens 2016). For the fire season in the Dehradun district
during our study, it was observed that the ambient air
temperature maximum was 36.9 °C, relative humidity was
<41.5%, and open wind speed was >1.09 km h~ L. This
indicates that climate-attribute thresholds, with regard to
forest fire behavior, vary by ecoregion. Temperature and
relative humidity were the key regulators of forest fires in
the Dehradun district during our study period.

In this study, correlation between relative humidity
and number of forest fires was negative. This is similar to
findings by Prasad et al. (2008) and Saglam et al. (2008)
that, under low atmospheric relative humidity, moisture
in fuels is readily evaporated, enhancing burn potential.

Diurnal temperature range (DTR) influences a forest’s
biophysical state (Easterling et al. 1997). In our study,
DTR was 12.1 to 15.4 °C. The correlation between annual
DTR and forest fire events was negative as well as posi-
tive. The DTRs for years 2019, 2016, and 2010, having
845, 723, and 781 forest fires, respectively, were 15.1,
14.1, and 15.4 °C, respectively. The DTRs for years 2013,
2011, and 2006, having 41, 22, and 94 forest fires, respec-
tively, were 12.6, 12.1, and 12.2 °C, respectively. However,
there were exceptions: years with lower DTR and higher
forest fires such as 2008 (DTR=12.1 °C; number of forest
fires=133), 2007, 2005, and 2004 (DTR=12.6 °C; num-
ber of forest fires =267, 349, and 161, respectively). The
increase in DTR for the Dehradun region during 2019,
2016, and 2010 was due to increasing maximum temper-
ature and almost no change in minimum temperatures.
Minimum temperature in forest ecosystems is enhanced
by moisture loss from biomass at night. No change in
minimum temperatures in the Dehradun region indicates
that there was a dry fuel load on the forest floor during
fire season. Higher DTR is an indicator of drier air and
lower relative humidity. The Kendall tau correlation
between DTR and forest fire events was positive and sig-
nificant at P <0.05 (Table 4). Further studies using hourly
and daily climate data are needed to explore the relation-
ship between DTR and forest fires.
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Forest fire-related indices

Angstrom index (I) value range observed during forest
fire season (April to June) from 2002 to 2019 was 1.86 to
4.13 (Table 6). The estimated I values for all three months
of the forest fire seasons, from 2002 to 2019, indicated
that climatic attributes were favorable for forest fire inci-
dents, with the exception of the years 2019, 2017, 2015,
and 2013. In 2019, a maximum number of forest fires
(845) were reported, despite the fact that only two of the
three fire-season months, May and June, experienced
climate conditions favorable for forest fire incidents.
In 2017, a low number (63) of forest fire incidents were
reported, which may have been due to the fact that only
one of the fire-season months, May, experienced climate
conditions conducive to forest fire. In years 2005, 2010,
2012, and 2014, I values were >3 for all 3months of the
fire season, and reported fire incidents were 349, 781,
382, and 71, respectively, which indicated a prevalence
of favorable climate for forest fire incidents. The results
of our study were similar to the observations of Chandler
et al. (1983) and Arpaci et al. (2013), who reported that
the Angstrom index captured region-specific prevalent
weather conditions and was a good indicator for moni-
toring forest fire incidents. However, the reasons for the
observed low number of forest fires in 2014, despite a low
index value, indicating favorable climate conditions for
forest fire, need to be explored further.

The Fuel Moisture Index (FMI) value range observed
for twelve months (January to December) during 2002 to
2019 was 13.3 (minimum; May 2012) to 37 (maximum;
January 2018) (Table 6). Low FMI values indicate that
fuel is dry and forest fire potential is high, and vice versa.
However, the FMI range for the fire season (April to June)
during 2002 to 2019 was 13.3 (minimum; May 2012) to
26 (maximum; June 2011) (Table 6). Low FMI values dur-
ing May indicated availability of dry fuel on forest floor
for forest fire.

I and FMI indices indicated that, during fire season,
forest fire potential was enhanced by prevailing climatic
conditions.

Forest fires and forest biomass carbon stock

Forest fires reported in the Dehradun district during
2002 to 2019 consumed forest biomass accumulated as
surface fuel, consequently affecting forest biomass car-
bon stock. Reports on the extent of the impact of forest
fires on forest biomass carbon stock are limited. In the
literature, surface fuel accumulation for different for-
est types has been reported (Additional file 1; Table 4).
Fuel for surface fire is assumed to be composed of dry
leaves, twigs, and grasses. In the Dehradun district, for-
est cover is distributed into six divisions. Rajaji National
Park and Chakrata divisions have the most (100% of
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the forest) and least (35% of the forest) forest cover,
respectively (Table 4). The maximum and minimum
total burned forest area and forest biomass carbon stock
loss are in Rajaji National Park (23% and 97 thousand
tonnes) and the Kalsi Soil Conservation Division (2.1%
and 2 thousand tonnes), respectively. The estimated loss
of forest surface biomass carbon stock due to fire in the
district’s mixed sal forest (burned area of 8.05%) was 2.2
x 10° tonnes.

The difference in biomass carbon stock loss among the
different forests may be due to number of fires and avail-
ability of fuel type, as well as to climate. In the litera-
ture, the impact of these attributes on biomass carbon
stock loss for different regions has been reported (FSI
2019). Forest-fire-induced loss of forest biomass carbon
stock is high, depriving the soil of nutrients. Our results
also indicated that, in the future, carbon stock loss may
increase, with increase in percentage of burned area as
well as with frequency of forest fire. To minimize loss,
the interlinkages between forest fire incident, fuel type
and its availability, and climatology need to be explored.

Conclusion

This study indicated that forest fire incidents in dis-
tricts of Uttarakhand are variably increasing. Forest
fire intensity and spread in the Dehradun district and
its various forest divisions is variable. Dehradun district
forest fire incidents exhibited positive and highly signif-
icant correlation with average temperature, maximum
temperature, and DTR climate attributes, and highlight
the fact that climate plays a crucial role in altering for-
est fire potential. Correlations between number of for-
est fires and a few climate attributes such as minimum
temperature, wind speed, and relative humidity were
positive and not significant (P <0.05). These results
may be due to use of monthly climate data summaries.
In the future, the relationships between number of for-
est fires and climate attributes should be analyzed by
using daily or hourly weather data.

The relationship between Angstrom index and Fuel
Moisture Index values and forest fire incidents indi-
cated that both are good indicators to capture the vul-
nerability of Dehradun forest to forest fire.

This study also showed that forest fires are causing
a loss of carbon sequestered in forest biomass carbon
stock. In the absence of forest fire, the lost forest bio-
mass carbon would have been been incorporated into
the soil via carbon cycling processes to be made avail-
able to plants to support forest productivity.

For management of forest fires, region-specific knowl-
edge of fire-season relationships with climate attributes,
fuel type and its suitability, fire related indices, and for-
est biomass carbon stock needs to be strengthened.
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The state department of agriculture of Uttarakhand
constructed water retaining tanks and check dams
(1.46 million cubic liters of water storage) from 2007 to
2017 to recharge springs and maintain moisture content
on the forests floor to reduce the number of forest fires.
However, the effect has been insignificant (although
it may have affected the size of fire), as the number of
forest fires are still increasing, indicating that climate
is playing a greater role in forest fires. Many gaps exist
in our knowledge about forest fires, despite our use of
remote sensing-based regular monitoring of burned for-
est area and carbon emissions. More extensive ground
studies are needed to estimate actual carbon stock loss
due to forest fire.
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