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Application of earth observation dataset and
multi-criteria decision-making technique
for forest fire risk assessment in Sikkim, India

Arnab Laha, Nagarajan Balasubramanian and Rajiv Sinha*

Forest fire is one of the primary and recurring problems in Sikkim, India impacting the ecological
heritage of the region. The article presents a fire risk model based on the identification of the major
factors that contribute to forest fire, namely, vegetation type, vegetation density, land surface tempera-
ture, elevation, slope, aspect, and distance from settlements, rivers and roads, and then integrating
them using a multi-criteria decision-making technique in a GIS framework. We document that more
than 50% of the area of all the districts except North Sikkim falls into high to moderate risk zones.
The model shows that 61% of fire information for resource management system data for the last 16
vears coincide with the mapped high-risk zone of the state. Areas with low slope and with moderate
vegetation density fall into very high risk, whereas areas with high slope and with high vegetation
density correspond to moderate risk zones. Further, aspect and density of human intervention diffe-
rentiate the very high and high-risk zones of the region. This model has provided a robust geo-
graphical representation of fire ignition probability and identification of high-risk areas at different

regions for the entire state of Sikkim.

Keywords:
risk map.

FORESTS are the lifeline of human civilization because
of the huge resources they provide, and for their far-
reaching role in sustaining ecology and biodiversity'.
However, forests are destroyed annually due to fire,
browning, drought legacy, small scale agricultural prac-
tices, mining and drilling. Among these, forest fire is the
major cause of concern, because it destroys a large area
of forest rapidly. Forest fire is known to have several
negative impacts on human health?, natural habitats of
animals and biodiversity’. Furthermore, it is believed that
the increased global warming has escalated the size and
frequency of forest fires’, resulting in frequent migration
of wildlife towards human vicinity’, and loss of rich
diversity in terms of flora and fauna. As forest fire is
classified as a quasi-natural hazard, it is difficult to pre-
vent it completely, and its short- and long-term negative
consequences are experienced by the entire ecosystem.
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However, its overall impact can be minimized by adopt-
ing proper management practices at all levels®.

Forest fire management is primarily aimed at providing
early warning, locations of the vulnerable areas, and faci-
litating quick response by applying various strategies. It
typically involves (a) fire detection’, (b) forest fire risk
assessment® and (c) forest fire mitigationg. In particular,
forest fire risk assessment, the focus of this paper,
includes generation of forest fire risk maps that help to
design sustainable strategies for forest fire management®
and plan efficient mitigation measures'’. However, these
maps should be prepared considering the spatial inhomo-
geneities in terms of vegetation cover, topography and
anthropogenic activities so as to achieve region-specific
targets for fire risk reduction, fire regime restoration and
maintenance.

Further, different techniques and approaches have been
employed to assess the burnt areas and to identify the
forest fire risk zones in a geographic information system
(GIS) environment. Burnt areas can be analysed by ‘burn
severity’ of the area'' using indices such as normalized
burn ratio (NBR)’, normalized difference vegetation in-
dex (NDVI)'? and normalized multi-band drought index
(NMDI)". Satellite imageries'*'>, fire hazard models'®,
indicator-based indexing'”'’, fuzzy analytic hierarchy
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process (fAHP)**?' and analytic hierarchy process
(AHP)® are commonly used to analyse forest fire risk.
Among these, AHP has been widely used for forest fire
risk assessment in producing spatial distribution of forest
fire risk over an area®. Generation of forest fire risk map
through AHP requires weighing of all the possible factors
which could contribute to forest fire, because, as the
number of factors increases the accuracy of the result also
improves®. In this study, we have incorporated all possi-
ble variables with reasonable spatial resolution that are
freely available to understand the forest fire distribution
for the entire Sikkim state.

Forest fire incidences in Sikkim are reported during
November to March owing to aridity at the forest floor,
and are largely related to anthropogenic factors*'. Accor-
ding to reports of Forest, Environment and Wildlife
Management Department (FEWMD)*, Sikkim, 113 fire
incidences occurred in 2009 which resulted in the burning
of ~1600 ha of land. Further, 70 fire incidences with a
burnt area of ~170 ha and 64 fire incidences with a burnt
area of ~440 ha, were reported in 2010 and 2011 respec-
tively. These incidences were close to roads and habitats,
resulting in prompt alert to the local authorities and
communities for controlling the fire. However, the forest
areas are neither digitally mapped nor classified on the
basis of different forest fire risk zones. The present study
has considered the terrain and climatic characteristics of
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different parts of Sikkim in northeast India to design the
decision factors that influence the forest fire, and then
analyse them in a GIS environment to assess the forest
fire risk. Further, a district-wise risk analysis was per-
formed to account for the spatial inhomogeneities in ter-
rain and climatic characteristics.

Study area

Sikkim is located in the northeastern part of the Hima-
layan mountain range between 27°5-28°9’N lat. and
87°9~88°56’E long.**. It is one of the most diverse areas in
terms of biodiversity in the world due to its unique phy-
siography®. Sikkim is the least populous (0.611 million,
as per the census 2011) and the second smallest state of
India with an aerial coverage of 7096 sq. km that consti-
tutes 0.67% of the geographical area of the country®*.
This region has an extremely undulating terrain, and the
elevation varies from 280 to 8586 m above mean sea level
(amsl)* including the world’s third highest mountain
peak, Mt Kanchenjunga (8586 m)*’ close to the border
with Nepal (Figure 1 a). Sikkim is divided into four dis-
tricts: East Sikkim, South Sikkim, West Sikkim and
North Sikkim with Gangtok, Namchi, Geyzing and Man-
gan as their respective district headquarters (Figure 1 a).
We performed the risk analysis of each district separately
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Table 1. Terrain and climatic characteristics of each district of Sikkim
Area Temperature Population

District (sq. km) (°C) Rainfall (mm) Elevation (m)  Settlements (lakh)

North Sikkim 4226 —28 to 30 Maximum: 467 (June) 476-8075 >100 0.44
Minimum: 11 (December)

South Sikkim 750 —-13 to 28 Maximum: 447 (July) 163-5677 >200 1.47
Minimum: 2 (December)

East Sikkim 954 -8 to 24 Maximum: 509 (July) 247-4694 >150 2.84
Minimum: 2 (December)

West Sikkim 1166 —19 to 29 Maximum: 324 (August) 260-7204 >170 1.36

Minimum: 3 (December)

because of their diverse physiography and demography
(Table 1). Sikkim also exhibits a disparate range of flora
and fauna and encompasses eight protected areas (Figure
1 a) at different altitudes, e.g. Khangchendzonga National
Park (KNP) and Kitam Bird Sanctuary (KBS) as the larg-
est and smallest protected forests respectively, in the
state. A significant part of the state (~39%) is dominated
by important forest types such as the sub-Himalayan wet
mixed forest, sub-tropical hill forest, Himalayan sub-
tropical pine forest, wet temperate forest, mixed conifer-
ous forest, eastern oak hemlock forest, oak fir forest,
moist alpine scrubs and dry alpine scrubs®. Human set-
tlements cover 0.3% of the total area due to dense forest
cover and mountainous landscape. The northern part of
the state is mostly covered by snow cover and wastelands,
whereas the southern part is mostly covered by forests and
agriculture (Figure 1b). The Teesta river (309 km long)
flows across the length of Sikkim and meets with its larg-
est tributary, the Rangit river, and their combined flow
marks the regional boundary between Sikkim and West
Bengal®.

Data and methods
Data

A total of nine parameters namely, vegetation type, vege-
tation density, land surface temperature (LST), elevation,
slope, aspect, and distance from human settlements, roads
and river were used to generate a forest fire risk map. We
have used satellite datasets (LANDSAT 8, LISS III and
ALOS PALSAR DEM) and toposheet (1:250,000) to gen-
erate the thematic maps of the factors considered in this
study. Forest fire also depends on rainfall, wind speed,
soil moisture and evapotranspiration; however, these data-
sets were not used in our study due to their low spatial
resolution and unavailability. Figure 2 describes the metho-
dology and the operations to generate the thematic maps.

Generation of thematic layers

Fuel characteristic is the primary factor for the vulnera-
bility of forest fire’, and so it is important to understand
vegetation distribution in a given region. In this study, we
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have used vegetation type and density map®', which were
prepared from LISS IIT with 23 m spatial resolution and
the available supplementary information®. In total, 18
landscape components including 14 broad land cover
classes’' were reclassified into five vegetation type zones,
i.e. tropical, temperate, agriculture, alpine and barren
area. The former two zones were classified on the basis
of presence of forest type at different elevations, whereas
the others were classified according to their characteristics.
Vegetation density were segregated as per Forest Survey
of India (FSI)**. Forest with canopy cover of more than
40%, 40—10% and 10-5% was classified as very dense,
moderate dense, and open dense forest respectively. Also,
the areas that are devoid of trees and have <5% forest
cover are classified as scrub; and barren area are com-
pletely devoid of trees and shrubs.

LST was obtained from the thermal bands of LANDSAT
8. Digital number (DN) of bands B10 and B11 of LANDSAT
8 OLI/TIRS satellite image was converted to spectral radi-
ance (L,) and then to brightness temperature (73) using
the following equations™

— (Lmax ~ Lmin ) X Qcal

L/l_ +Lmin_0i’ (1)
(Qcal max Qcalmin )
K
Ty=—2——-273.15, ()
In(1+(K,/L;))

where L. and L, are the maximum and minimum radi-
ances (Wm st um ™) respectively, Q.. the DN value of
the pixel, Qcaimax and Qcaimin the maximum and minimum
DN values of pixels, O; the correction value for B10 and
Bl1, K, and K, the calibration constants obtained from
LANDSAT 8 data user’s manual, A is the wavelength of
emitted radiance. Finally, LST (°C) was calculated using
T, € (land surface emissivity) derived from P, (propor-
tional vegetation) and NDVI. Similar steps were repeated
for B10 and B11 separately, and the final LST was calcu-
lated by taking the mean of LST obtained from B10 and
B11.

The ALOS PALSAR DEM with spatial resolution of
12.5 m was used for topographic mapping. The DEM was
also used to generate slope and aspect maps of each dis-
trict separately. Afterwards, the slope map was classified
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Figure 2. Overall forest fire risk assessment framework to produce forest fire risk zonation map for Sikkim.

into three groups: high slope (>40°), medium slope (40°—
26°) and low slope (<25°)**.

Topographic maps (1:250,000) prepared by the US
army corps were used to map major settlements (popula-
tion of more than 5000 capita) for creating buffer zones.
During field work, past fire patches were observed within
500-1000 m from the settlements which helped to create
multiple ring buffers at 500, 1000, 1500 and above
1500 m around the settlements. Similarly, roads such as
national highway (NH), state highway (SH) and major
district road (MDR) were digitized onscreen at a scale of
1:10,000 and buffer zones of 200, 500, 1000 and
>1000 m on either side of the road based on the patches
of past forest fire seen in the field. The DEM data was
used to extract the major drainage lines using the Arc
Hydro tool in ArcGIS 10.5.1 software with a threshold
value of 2000. The extracted drainage map was verified
by overlaying true colour composite maps created from
LANDSAT 8 imagery. Further, rivers were buffered at a
distance of 30, 50, 100 m and greater than 100 m based
on the observations in the field.

Data integration using AHP

The AHP was used to create a forest fire risk based on a
set of nine attributes called decision factors which were
further divided into level 3 sub-factors to create a com-
plete hierarchy (Figure 2). These factors and sub-factors
were relatively weighted for criteria and preference for
alternatives concerning each criterion according to Saaty’s
9-point scale®. Pair-wise comparisons of various parame-
ters in both levels 2 and 3 were done based on literature
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review and field experiences. For example, if two factors
had similar effect on fire ignition or spreading, then rela-
tive value closer to 1 had been given. On the other hand,
factors having opposite effect had values close to 9. For
both levels estimated eigen element (EEE) and relative
importance weightage (RIW) were calculated using eqs
(3) and (4) respectively’”. Further, the forest fire risk
index (FFRI) was calculated by integrating RIWs at each
level of the hierarchy using eq. (5).

EEE =/a,* a, xa; *a,,, 3)
Na,*a, *a,*a
RIW = Sac B M. , )
EEE, + EEE, + EEE, + EEE,,
Ny
FFRI =) RIW; #RIW;, (5)

i=1

where a;, a», as, ay are the values of the row elements, N
the number of the row elements, FFRI forest fire risk
index, N, the number of level 2 decision factor, RIVVi2
the relative importance weight of level 2 decision factor i
and RIW,% is the relative importance weight of level 3
sub-factor j of level 2 decision factor i.

In order to check consistency of judgement, consistency
index (CI)*® was used as

N-1’

_A-N

CI (6)

where maximum eigenvalue (A,,) of a matrix is equal to
N if and only if the matrix is consistent.
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It has been suggested that the consistency ratio (CR) of
0.1 or less than 0.1 may be considered as an acceptable
upper limit*™. CR is the rescaled version of CI, which is
procured by dividing CI by real number that depends on
sample size®’. Risk maps generated using FFRI were
classified into four classes using mean (1) and standard
deviation (o) of the histogram distribution as very high
risk (FRRI> (u+ 0)), high risk ((#+ o) > FRRI> ),
moderate risk (¢ = FRRI > («— 0)) and low risk (#— 0) =
FRRI). Each district will have different values of mean
and standard deviation, but we have classified the risk
zones based on the average values of mean and standard
deviation, so that FRRI is distributed similarly in all dis-
tricts. The classified risk maps were further validated
with the help of fire information for resource manage-
ment system (FIRMS) data and field visit.

Results and discussion

Figure 3 a—h shows the thematic maps of all nine factors
considered for this study. The vegetation type (VT) and
vegetation density (VD) maps (Figure 3 a and ) show the
dominance of tropical and alpine forest regions with
moderate density at middle elevations. The non-forested
area in vegetation density map (Figure 3 b) is higher than
the barren area in vegetation type map (Figure 3 a), be-
cause agricultural lands are also incorporated in the non-
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forested areas. The LST map (Figure 3 ¢) shows a large
variability (-28°C to 30°C) in temperature with a promi-
nent high-temperature area in the southern part of the
state at lower altitudes. Elevation, slope and aspect maps
(Figure 3 d—f) summarize the terrain characteristics of
Sikkim and clearly differentiate the high-altitude, high-
slope North Sikkim from low-altitude with large patches
of flatter areas in South Sikkim districts. Three other im-
portant factors that were used in forest fire risk assess-
ment were the distance from human settlements (Figure
3 g), roads (Figure 3 /) and rivers (Figure 3 ¢), which pri-
marily characterize the level of human disturbance in dif-
ferent parts of the state.

All nine factors discussed above were integrated using
their relative weightage factors computed from AHP
(Table 2) to produce the forest fire risk map for Sikkim in
a GIS environment (Figure 4a). Barring the northern
snow covered part, a large part of the state (36%) lies in
very high and high-risk zones and 21% lies in a moderate
risk zone (Figure 4 ¢). Very high risk zones of the state
are mainly governed by the tropical forest, agricultural
areas and moderate dense forest. However, other factors
like aspect, LST, distance from human settlement and
roads influence high and moderate risk zones within the
state. We noted a significant spatial variability in fire risk
across the different districts of Sikkim due to different
combinations of these factors (Figure 5 a—d).

CURRENT SCIENCE, VOL. 121, NO. 8, 25 OCTOBER 2021
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Table 2. Pair-wise comparison matrix of level 2 decision factors
Vegetation Vegetation Distance from Distance  Distance
Decision factors type density LST Slope Elevation settlement Aspect fromroad fromriver EEE RIW
Vegetation type 1 2 3 5 3 5 6 5 8 3.625 0.287
Vegetation density 1/2 1 3 4 3 4 5 4 7 2.785  0.220
LST 1/3 1/3 1 4 2 5 4 5 4 1.921 0.152
Slope 1/5 1/4 1/4 1 3 4 3 4 5 1.277  0.101
Elevation 1/3 1/3 12 1/3 1 3 5 3 6 1.196  0.095
Distance settlement from 1/5 1/4 1/5 1/4 1/3 1 3 2 4 0.647  0.051
Aspect 1/6 1/5 1/4 1/3 1/5 1/3 1 4 5 0.537  0.042
Distance road from 1/5 1/4 1/5 1/4 1/3 1/2 1/4 1 6 0.441  0.035
Distance river from 1/8 177 1/4 1/5 1/6 1/4 1/5 1/6 1 0.221  0.017

Consistency index: 0.099

EEE, Estimated Eigen element and RIW, Relative importance weight.
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Very high risk zones in all districts were comparatively
lower than the high and moderate risk zones. We
observed that the very high risk zones accounted for 20%,
16%, 9% and 8% of the area in East Sikkim, South
Sikkim, West Sikkim and North Sikkim respectively.
Several areas in all the four districts such as areas near
central part of East Sikkim, i.e. Gangtok, Namnag and
Pakyong (Figure 5a); Jorthang, Kitam, Chumthang and
Melli in South Sikkim (Figure 5 b); Dentam, Gyalshing,
Kaluk, Kamling and Naya Bazar in West Sikkim (Figure
5 ¢) and Mangan, Lingdem, Sangtok and Namok in North
Sikkim (Figure 5 d) lie in very high risk zone due to alder,
oak and agriculture. The oak and alder trees are highly
vulnerable to fire because they contain less moisture and
have high calorific value'>***°. Field photographs (Fig-
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ure 6 b) also confirm that oak trees are more prone to fire.
Also, due to agricultural land, these areas are more vul-
nerable to forest fire in all the districts except North Sik-
kim, as slash and burn type agricultural practices have
been followed all over the state® and are in close proximity
to human settlements*'. Forest in these areas, especially
in North Sikkim, is within a range of 500 m from road
and 1000 m from human settlements. Several incidences
of accidental fire due to bonfire in the trekking trails
(Figure 6 ¢), and half burnt cigarette buds disposed by the
driver and people have also been reported***. Overall,
the moderately dense and open type of forests are found
in these areas except in South Sikkim (Figure 3 »), which
cause the fire to spread at higher rate* than in very dense
forest due to more passage of air in between them™.
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12, Legyap; 13, Sirichen; 14, Chentang; 15, Pakyong; 16, Namnang). b, South Sikkim (1, Phamtam; 2, Lingdam; 3, Ravangla; 4, Rayong; 5, Subuk;
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11, Chungthang; 12, Lachun).

Aspect and slope do not have a great influence on fire in
these areas; however, LST and elevation of these areas
are more than 15°C and less than 1500 m respectively,
which significantly influence forest fires'”.

Further, East Sikkim and West Sikkim have 40% and
20% of the areas falling under high-risk and moderate
risk zone respectively (Figure 4 ). Moderately dense and
open forest of conifer trees, sal, thickets and middle hill
are found in both the zones. Conifer and sal trees secrete
resins, which have low ignition temperature, but their
needles have more calorific value (4800 kcal/kg) than all
other tree species (2895-3511 kcal/kg)®, resulting in
quick ignition of fire'’. Needles of chir pine trees found
in the southern boundary of West and South Sikkim are
also vulnerable to fire'>, which result in high-risk zone
(Figure 7 ¢). While vegetation type and density are quite
similar in high and moderate risk zones, we have noted
differences in terrain and climatic characteristics which
define the spreading of fire in a particular zone**.
Some of the notable areas that fall into high risk zones
include Chungthang, Lachung and Lachen in North Sik-
kim, the Kitam Bird Sanctuary in South Sikkim, the
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Fambhonglho Wildlife Sanctuary, and the area between
Singtam and Pakyong in East Sikkim, and the Yuksam,
Soreng, Daramdin and eastern part of Barsey Rhododen-
dron Sanctuary in West Sikkim (Figure 5a-d). These
areas have an altitude up to 2000 m and experience high
temperature of 30°~15°C from February to May**, which
increases the chance of ignition of forest fire. However,
areas like Legyap (East Sikkim), Phamtam (South Sik-
kim), northeast of Yuksam and Singkhop (West Sikkim)
lie in moderate risk zones with altitude above 2000 m and
temperature less than 15°C. It is also observed that high
slope areas (above 40°) such as Yuksam, Lingdem (North
Sikkim), Lachen and Phamtam fall into moderate risk
zone. This is because, the fire incidences are more com-
mon in the low slope areas (0° to 20°)* and in the ridge
areas’*, but the spreading rate of fire almost doubles
upslope®’. However, it was noticed that south and east-
facing terrain showed high risk patches of fire since
southern and eastern aspect receive more sunlight, robust
winds and more biomass in northern hemisphere®*>'. Thus,
high dense forest in South Sikkim shows very high risk
patches, which is an exception because, these high dense
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Figure 6.

Field photos of Fambhanglho Wildlife Sanctuary in East Sikkim. a, Area affected by fire in 2016. b, 200-year-old

oak tree. ¢, Oak fruits lying down which are prone to fire. d, Bamboo trees at the side of trekking trail. e, Anthropogenic activities in

protected area near dense forested areas.

forests are in the eastern terrain. In contrast, north facing
slopes in West Sikkim near Gyalshing show patches of
very high risk in comparison to the south facing slopes
that show high-risk patches, because of agricultural field
and moderately dense forest (Figure 3 a). Along with these
parameters, distances from human settlements (>1000 m)
and roads (>500 m) make several districts such as
Legyap, Mangranm and south of Namthang (South Sikkim);
Yuksam, Lachung and Lingdem to fall under moderate
risk zone.

Generally, the areas at higher altitude (>4000 m) fall
into low risk zones. These areas such as, Kyongnosla
Alpine Sanctuary (East Sikkim), northern part of West
Sikkim, and 60% of the area in North Sikkim are covered
with snow and are devoid of human settlements and
roads™. Vegetation like alpine and scrubs are found in
these regions, which makes them least vulnerable to fire.

FIRMS data for the last 16 years and field photographs
taken on October 2018 were used to validate the forest
fire risk map (Figure 4). Previous work®* and forest offi-
cials of Fambhanglho Wildlife and Kitam Bird Sanctuary
suggested that these sanctuaries experienced a large num-
ber of fire incidences compared to other protected areas
of the state. The primary reason of fire in these regions is
attributed to accidental and unintentional fires caused by
(Figure 6¢) by local people and tourists, as both the
sanctuaries are close to national highway (Figure 7 f) and
are popular tourist places. The rhododendron, bamboo
and oak species are found in Fambhanglho Wildlife

CURRENT SCIENCE, VOL. 121, NO. 8, 25 OCTOBER 2021

Sanctuary (Figure 6 b and c), whereas chir pine, sal wild
date palm are found in Kitam Bird Sanctuary (Figure 7 a
and c¢). As explained earlier, these trees are highly vul-
nerable to fire. We also documented that the areas under
high-risk showed maximum number of forest fire inci-
dences and low risk areas showed few incidences in each
district. Our analysis shows that overall, 61% of FIRMS
data and 82% of the past forest fire incidences lie in very
high and high-risk zones over the state. In South and
West Sikkim, most of the FIRMS data of forest fires lie
in high-risk zone. On the other hand, in North and East
Sikkim, about 60% of the FIRMS data lies in very high
risk zones. However, only 18% of the FIRMS data in the
state lies in low risk zone. We therefore argue that our
forest fire risk analysis is fairly robust at this scale, and
can serve as a guide to take up detailed investigations in
the major hotspots of forest fire risk.

Conclusion

Our study was motivated by the reports of increasing
incidences of forest fire in Sikkim and was aimed at deli-
neating the different zones at risk to forest fire. The
results derived from the risk modelling showed that the
vegetation type, aspect, slope were the important factors
in the spreading of forest fire, whereas the anthropogenic
factors were the primary reasons for the ignition of forest
fire in Sikkim. In consequence, moderate dense forest on

1029



GENERAL ARTICLES

Figure 7. Field photos of Kitam Bird Sanctuary in South Sikkim. a, Resin of chir pine tree having high calorific value. b, Bark of
chir pine trees which are prone to fire. ¢, Accumulated Chir pine needles which are prone to surface fire. d, 2017 forest fire patch.
e, Trees planted at the side of national highway. f, Very dense forested areas in terrain having slope greater than 30°.

medium slope, forest area adjacent to the road and human
settlement, and forest on the southern and eastern part of
the hill would be more affected by the fire. Our study
reveals that about 36% of Sikkim lies in very high and
high-risk zones and 21% in the moderate risk zone. This
means that more than half of the state is under a serious
threat of forest fire. Typically, tropical forest, agricultural
lands, moderately dense forest, dense human settlements
mark the areas in a very high-risk zone. More important-
ly, three major sanctuaries, namely Kitam Bird Sanctu-
ary, Fambhaglho Wildlife Sanctuary, and Barsey National
Park and several important areas such as Gangtok
Pakyong, Melli, Jorthang, Kaluk, Naya Bazar, Gyalshing
and Mangan fall under very high to high-risk zone. This
study should help to plan detailed high resolution work in
these hotspots and to plan mitigation measures.
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