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Carbon emissions released from forest “res have been identi“ed as an environmental issue in the context
of global warming. This study provides data on spatial and temporal patterns of “re incidences, burnt
area and carbon emissions covering natural vegetation types (forest, scrub and grassland) and Protected
Areas of India. The total area a ected by “re in the forest, scrub and grasslands have been estimated
as 48765.45, 6540.97 and 1821.33 knrespectively, in 2014 using Resourcesat-2 AWIiFS data. The total
CO, emissions from “res of these vegetation types in India were estimated to be 98.11 Tg during 2014.
The highest emissions were caused by dry deciduous forests, followed by moist deciduous forests. The
“re season typically occurs in February, March, April and May in di erent parts of India. Monthly CO
emissions from “res for di erent vegetation types have been calculated for February, March, April and
May and estimated as 2.26, 33.53, 32.15 and 30.17 Tg, respectively. Protected Areas represent 11.46%
of the total natural vegetation cover of India. Analysis of “re occurrences over a 10-year period with
two types of sensor data, i.e., AWiIFS and MODIS, have found “res in 281 (out of 614) Protected Areas
of India. About 16.78 Tg of CO, emissions were estimated in Protected Areas in 2014. The natural
vegetation types of Protected Areas have contributed for burnt area of 17.3% and C® emissions of
17.1% as compared to total natural vegetation burnt area and emissions in India in 2014. 9.4% of the
total vegetation in the Protected Areas was burnt in 2014. Our results suggest that Protected Areas
have to be considered for strict “re management as an e ective strategy for mitigating climate change
and biodiversity conservation.

1. Introduction atmosphere (Seiler and Crutzen 1980). Sandberg
et al. (2002) estimated that fires account for approxi-

Forest “res are recognised as a major driver of the mately one-“fth of the total global CO , emissions.
global change in terrestrial ecosystems (Rudett al. Mievelle et al. (2010) estimated historical biomass
2005). Biomass burning is the second largest source burning emissions and found that until 1970 the
of trace gases in the global atmosphere (Crutzen emissions were about 7400 Tg C®yr=?, but cur-
and Andreae 1990; Bondet al. 2004) and strongly rently it reached 9950 Tg CG, yr®t. CO,, CO, and
in"uence climate change (Crutzen et al. 1979; CH, represent the largest mass of carbon emissions
Olson et al. 1983). Biomass burning releases large from biomass burning (Marufu et al. 2000).
amounts of carbon and other trace gases such as India has a total geographic area of about
carbon monoxide, methane, hydrocarbons, nitric 32,87,263 knmi and is situated between latitudes
oxide and nitrous oxide and particulates into the 6 44...3530N and longitudes 687 ...9725E. The
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causes of forest “res are mostly anthropogenic ...

caused accidentally, negligently and intentionally.
These may be in order to clear the land for shifting
cultivation, to get "ush the growth of grasses and
tendu leaves, or may be caused by uncontrolled pre-
scribed burning, throwing burning cigarettes/bidis,
illicit felling, and tribal customs. Fuel consump-
tion will be in"uenced by many conditions such
as ‘re intensity, “re type, vegetation type and cli-
matic condition (Aulair and Carter 1993). Accord-
ing to Forest Survey of India (1988), annually, an
area of 1.99 Mha is aected by shifting cultiva-
tion, which is, in turn, responsible for the emission
of 1.56 Mt C. About 85% of the total cultiva-
tion in the north-east region is under shifting
cultivation (Singh and Singh 1987). Ranjan and
Upadhyay (2002) reported that shifting cultivation
has already a ected 2.7 Mha of the land and each
year 0.45 ha of land is cleared under shifting cul-
tivation. Shifting cultivation practice has cleared
0.05 Mha of forest area every year in the north-
eastern states of India, and totally, 17.22 Mt wood
biomass and 10.69 Mt C was removed at the rate of
1.72 Mt and 1.07 Mt C yr®?, respectively (Manhas
et al. 2006).

Remotely sensed data can contribute to a
cost-e ective and time-saving method of specify-
ing the location of “re, intensity of “re events
and the extent of the burnt area (Chuvieco et al.
1999). Remote sensing data and Geographic Infor-
mation System (GIS) could assist in developing

a range of measures of conservation e ectiveness.
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The studies in India have utilised moderate
resolution AWIFS and high resolution LISS Il
data (Kodandapani et al. 2004; Somashekaket al.
2008; Reddyet al. 2009, 2012, 2014; Sowmya and
Somashekar 2010 Harikrishna and Reddy2012;
Sharmaet al. 2012; Kodandapani 2013; Sudeesh and
Reddy 2013; Saranyeet al. 2014; Satish and Reddy
2016). Near real-time monitoring of active “res is
being carried out by National Remote Sensing Cen-
tre and Forest Survey of India using coarse resolu-
tion MODIS sensor as a part of Indian Forest Fire
Response and Assessment System (NRSA 2006).

The Protected Areas have long been viewed as
a cornerstone of biodiversity conservation and this
role is recognised in a globally agreed target to
be achieved by 2020 (Clarket al. 2013). There is
a little research comparing ecological degradation
before and after the Protected Areas were noti-
“ed (Liu et al. 2001). A large number of Protected
Areas fail for a variety of reasons in e ectively
conserving species, habitats and landscapes (CBD
2004). The future outlook reveals that biodiver-
sity remains under threat and substantial action
needs to be undertaken (SCBD 2014). The evalua-
tion of conservation e ectiveness is the core of well-
protected area management. Financial resources
and political support for nature conservation are
limited and halting ecosystem degradation remains
a challenge (Schagneret al. 2016). Data on the
conservation e ectiveness of Protected Areas is
inadequate and must be available for conservation
planning.

Roy (2003) discussed the use of GIS to assess the The Protected Areas are constituted and governed

forest “re risk. Fire monitoring has been carried
using a wide range of satellite sensors (Lentilet al.
2006). Global Fire Emissions Database, version 4
(GFEDv4) provides global estimates of monthly
burnt area, emissions and fractional contributions
of dierent “re types, daily/3-hourly “elds for
scaling the monthly emissions to higher tempo-
ral resolutions. Emission estimates were derived by
combining the burnt area data with a revised ver-

sion of the biogeochemical model, Carnegie-Ames-

Stanford Approach (CASA-GFED) that estimates

by the provisions of the Wild Life (Protection)
Act 1972, which has been amended from time to
time, with the changing ground realities concerning
wildlife crime control and Protected Areas man-
agement. Implementation of this Act is further
complemented by other Acts, viz., Indian Forest
Act 1927, Forest (Conservation) Act 1980, Envi-
ronment (Protection) Act 1986, Biological Diver-
sity Act 2002 and the Scheduled Tribes and Other
Traditional Forest Dwellers (Recognition of Forest
Rights) Act 2006.

fuel loads and combustion completeness for each There are four categories of the protected areas,

monthly time step. From November 2000 onwards,
estimates were based on burnt area, active “re
detections, and plant productivity (van der Werf

et al. 2010). The study in Mediterranean Europe
showed that the IRS AWIiFS-based burnt area
map has improved the delineation of burn scars
in addition to a number of small burnt scars that

were mapped but not detected on low-resolution
sensor data (Sedancet al. 2012). Earlier studies

viz., national parks, sanctuaries, conservation
reserves and community reserves. A sanctuary is
an area that is of adequate ecological, faunal, "o-
ral, geomorphological, natural or zoological signi“-
cance. The sanctuary is declared for the purpose of
protecting, propagating or developing wildlife or its
environment. Certain rights of people living inside
the sanctuary could be permitted. The di erence
between a sanctuary and a national park mainly

have used various satellite systems such aslies in the vesting of rights of people living inside.

Landsat TM, Landsat ETM+, AWIFS, LISS-III,
ETM *, SPOT, BIRD, DMSP-OLS, GOES-10& 12,
AATSR, AVHRR and MODIS (Joseph et al. 2009).

Unlike a sanctuary, where certain rights can be
allowed, in a national park, no rights are allowed.
No grazing of any livestock shall also be permitted
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inside a national park, while in a sanctuary, the
chief wildlife warden may regulate, control or pro-
hibit it. Conservation reserves can be declared
by the state governments in any area owned by
the government, particularly, the areas adjacent to
national parks and sanctuaries and those areas
that link one Protected Area with another. Such
declarations should be made after having consul-
tations with the local communities. Conservation
reserves are declared for the purpose of protecting
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resolution is 12 bits. It has a swath width of 740 km
and a revisit period of 5 days. The usefulness of the
SWIR band has long been recognised for monitor-
ing forest “res (NRSA 2006). Since AWIFS sensor
is able to cover wide areas (740 km swath) and pro-
vides high temporal frequency, it is highly useful
in mapping and monitoring of forest “res. Histor-
ically, the predominant “re season represents the
months of February, March, April and May in dif-
ferent parts of India. Multi-temporal Resourcesat-2

landscapes, seascapes, "ora and fauna and their AWIFS satellite data covering February, March,

habitat. Community reserves can be declared by
the state government in any private or community
land, not comprised within a national park, sanc-
tuary or a conservation reserve, where an individ-
ual or a community has volunteered to conserve
wildlife and its habitat. A network of 668 Pro-

April and May 2014 was used for mapping of burnt
areas in natural vegetation types of India (Reddy
et al. 2017). Maximum-likelihood algorithm in super-

vised classi“cation method was used to extract
forest burnt area pixels on the shortwave infrared
composite image (band combination 4, 3, 2). Rep-

tected Areas has been established, extending over resentative training sets were selected manually

161,221.57 km (4.90% of total geographic area),
comprising 102 national parks, 515 wildlife sanc-
tuaries, 47 conservation reserves and 4 community
reserves (http://moef.nic.in/). The incidences of
forest “res can be considered as an indicator for
e ective management of protected areas. The inci-
dents of widespread forest “res in various Protected
Areas have received much public concern in the
recent past (Somashekaret al. 2008).

There are no comprehensive studies with respect
to the burnt area, “re incidences, amount of
biomass burnt and carbon emissions in natural veg-
etation types and the Protected Areas of India.
The present work of estimating burnt area and
carbon emissions from forest “res has been taken

representing burnt and unburnt area pixels for
supervised classi“cation. Visual image interpreta-
tion technique was used to improve the classi‘ed
burnt area map.

The preparation of the burnt area map from
AWIFS data involves the use of two existing spa-
tial databases. The land cover and forest type map
of 2013 and forest canopy density map of 2013 at
56 m resolution prepared as part of national car-
bon project has been used to estimate burnt area
in each category (“gure 1). Forest cover has been
categorised under two canopy density classes, i.e.,
dense forest with >40% tree crown closure and
open forest with 10...40% tree crown closure. Digi-
tal classi“cation methods have subjectivity to deal

up in order to assess the amount of trace gases with multi-sensor data, which can lead to misinter-
released in 2014, in India, as a baseline estimate pretation caused by radiometric resolution, envi-

based on AWIFS burnt area product. This study
is attempted to produce a nation-wide spatial
database on the distribution of “res in all vegeta-
tion types in the Protected Areas of India, using
remotely sensed information from Resourcesat-2
Advanced Wide Field Sensor (AWIFS) and MODIS
data in order to prioritise the management e orts
for ecological conservation.

2. Materials and methods

2.1 Mapping of burnt area: 2014

The Indian Space Research Organisationss (ISRO)
Polar Satellite Launch Vehicle (PSLV-C16) had
placed Indiass satellite Resourcesat-2, on 20th
April 2011 in orbit. Resourcesat-2 AWIFS data
were acquired from National Remote Sensing Cen-
tre, Hyderabad. The AWIFS satellite sensor has
a 56 m spatial resolution. AWIFS operates in
four spectral bands in the green (0.52...0.59m),
red (0.62...0.68 m), Near IR (0.77...0.86 m), and
Short-Wave IR (1.55...1.70 m). Its radiometric

ronmental conditions at the time of acquisition,
terrain shadow, phenological variations in forest
types and limitations in computational algorithms.

In addition to digital classi“cation methods, con-

junctive use of visual interpretation technique was
used in view of “eld information to be incorpo-
rated in terms of context, association, pattern,
tone, and texture to delineate di erent vegetation

type and land cover classes (Reddyet al. 2015,
2016).

The random sample approach was followed in
allocating the sample points based on the propor-
tional contribution in terms of aerial extent for the
forest burnt area. Accuracy assessment was per-
formed on the classi“ed forest burnt area map of
2014 on the basis of 500 GPS based ground control
points collected during 2014. The overall classi-
cation accuracy achieved was 92.28%. The kappa
statistic was 0.89. Comparison of the MODIS-
derived “re products with AWIFS data has been
carried out to analyse spatial agreement of “re
locations. Forest fire incidences were calculated using
NASA Fire Information for Resource Management
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India has been evaluated by training area confusion
matrix to obtain classi“cation accuracy. The spa-
tial data of 614 Protected Area boundaries were
obtained from the Wildlife Institute of India,
Dehradun.

2.2 Monitoring of “res: 2006...2015

To maintain long-term records of “res, coarse
resolution active fire detection products from MODIS
were used. MODIS is an instrument on board the
polar-orbiting Terra and Aqua satellites, with a
revisit cycle of 1 to 2 days. Terraes orbit around the
Earth is timed so that it passes from north to south
across the equator in the morning, while Aqua
passes south to north in the afternoon. The MODIS
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biomass/fuel load (kg/dry matter/m 2), is the
burning e ciency of above-ground biomass and EF

is emission factor (mass of species per mass of dry
matter burnt in g/kg).

Above-ground biomass density in Indian forests
ranged from 12 to 230 Mg h&! with a mean of
72.3 Mg ha’®. The values 3.64, 4.0, 4.76, 3.52, 2.94
and 2.7 kg dry matter/m 2 for closed broadleaf deci-
duous forest, closed needle leaf evergreen forest,
closed to open broadleaf evergreen-semi-deciduous
forest, closed/open mixed broadleaf/needle leaf
forests, mosaic forest/grassland/shrubland and
open broadleaf deciduous forest, respectively, were
adopted from Badarinath and Prasad (2011), who
derived these values by averaging the dry mat-
ter values of di erent forest types. The study by

active ‘re product uses a contextual algorithm  pragaqet al. (2001) found 20...30% combustion fac-
based on the strong emission of middle infrared 5, ¢, tropical secondary dry mixed forests dur-

radiation from “res, captured from MODIS 4 m
and 11 m radiances (Giglio et al. 2010). The
MODIS “re products were downloaded from NASA
Fire Information for Resource Management Sys-
tem (FIRMS) data from January 2006 to Decem-
ber 2015. (https://“rms.modaps.eosdis.nasa.gov/
download/request.php). This product contains the

ing the initial phase of slash and burnt agricul-
ture. Badarinath and Prasad (2011) have used
combustion e ciency of 40% and expected that
this value as a conservative estimate. Srivastava
and Garg (2013b) have used combustion e cien-
cies of 25%, 85% and 95% for forest, scrub and
grassland respectively. Venkataramaret al. (2006)

geographic coordinates, bands 21 and 31 brightness jj5ye ysed combustion e ciencies of 48%. 50% and

temperature, “re radiative power, and detection
con“dence level for all Terra and Aqua MODIS “re
pixels (Oliveras et al. 2014). In the spatial analy-
sis, only “re location points with a brightness value

of 320 K and con“dence level more than 70% were

41% for open, dense and very dense forest types,
respectively. The emission factor (EF) is the ratio
of carbon content of a carbonaceous gas and the
carbon loss after burning (Levine 1991). In the
present study, carbon emission factor values were

retained. This was necessary as air temperature in yarived from IPCC (2006) and Andreae and Mer-
India could reach up to 45...4T (318...320 K) dur- 1ot (2001). According to 2006 IPCC guidelines for
ing hot summer days, in the period March...June National Greenhouse Gas Inventories, emission fac-

(Srivastava and Garg 2013a). Fire location points

of 2006...2015 were clipped with land cover and for-

est type map of India to estimate year-wise count
of “re incidences (Reddyet al. 2015).

2.3 Estimation of carbon emissions

The burnt area of forest, scrub and grassland burning
and related emissions are typically estimated from
the area burnt, fuel load and combustion e -

ciency, along with appropriate emission factors.

To calculate emissions, the burnt area observed

in the India, for 2014, is taken into consideration.

The parameters considered for the estimation of

emissions are the amount of land area burnt, the
amount of fuel load (emission ratio), the burn-
ing e ciency and the emission factor for the gas
(smoke) emitted.

CO, emissions were estimated following Seiler

and Crutzen (1980) as:
=A B EF,

where is the emissions (CQ in grams), A is
the total land area burnt (m?2), B is the average

tor (g kg®?1) of CO, is 1643 in tropical forest and
1637 in temperate forest. According to a recent
study by Akagi et al. (2011), the emission factor (g
kg®?') of CO, is 1580 in tropical forest and 1569 in
temperate forest. The combustion e ciency of 40%
for north-east India and 25% for the rest of India
has been applied to estimate carbon emissions.

3. Results and discussion

3.1 Burnt area in 2014

The natural vegetation cover (forest, scrub and
grassland) was estimated to be 965,128 kfn It
constitutes 29.36% of the total geographical area
of India (Reddy et al. 2015). The total burnt
area has been estimated as 57,127.75 Kmin
natural vegetation types. The burnt area of dry
deciduous forest and moist deciduous forest are
found as 26,634.40 krh(46.63%) and 18,717.95 krh
(832.77%), respectively. The burnt areas of each
vegetation type are shown in table 1. Of the total
vegetation burnt area, 988.57 knt (1.73%) has
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Figure 3. CO, (Tg) emissions from February to May months due to “res in India in 2014.

Table 5. Summary of trace gases emitted for India in

Vegetation CO, CO CHs4 NOx N0  Total

Forest 67.83 4.47 0.29 0.01 0.07 72.67
Scrub 22.33 0.90 0.03 0.00 0.05 23.32
Grasslands 795 0.32 0.01 0.00 0.02 8.30

Grand total 98.11 5.69 0.33 0.01 0.14 104.29

Estimation of carbon emissions in India reveals
that about 98.11 Tg yr°! of CO, has been emitted
due to “res. Among di erent forests, dry decidu-
ous type of forest contributes about 50%, followed
by the moist deciduous type of forest with 39.3%
of CO, emissions. The amount of emissions of CO,
CH., N,O and NOy released due to “res has also
been calculated in the study. Emissions of other
trace gases through forest “res, viz.,, CO, CH,
N,O, NO, were estimated to be 5.69 Tg yr* CO, 0.33

and dry grass. Dense dry deciduous forest, open Tg yr! CH,, 0.01 Tg yr°! NO, and 0.14 Tg

dry deciduous forest, dense moist deciduous forest, yrS1

N,O (table 5). Venkataraman et al. (2006)

open moist deciduous forest, dense semi-evergreenhave estimated an average of 10,101 kfn of

forest, scrub and grassland are the major vegetation
types contributing to a high amount of emis-

burnt area annually based on MODIS 2001..
2003 data and reported the release of 49...100 QO

sions. On a monthly basis, emissions were calculated Tg yrS® from forest “res in India. The study by

to be as high at 9.04 Tg yf! in dense dry decid-
uous forests during March 2014 (table 4). It has
been observed that tropical dry deciduous forests
are contributing high emissions of about 33.88
Tg yr>! followed by the tropical moist decidu-
ous forests (26.65 Tg yP1), tropical semi-evergreen
forests (4.19 Tg yrS 1) and tropical wet evergreen
forests (1.73 Tg y1). Among the non-forest types,
tropical dry scrub and grassland were estimated
with high emissions of 20.49 and 22.33 Tg V',
respectively.

Badarinath and Prasad (2011) has used SPOT
L3JRC product at a resolution of 1 km and esti-
mated the release of 6.34 C@Tg yrS?! from forest
“res. The study by Srivastava and Garg (2013b)
has reported that CO, emissions for dierent
forest types range from 74.95 to 123.84 Tg over
“ve time periods (2003, 2005, 2007, 2009 and
2010).

3.4 Burnt area in Protected Areas: 2014

Emissions from forests were calculated as 0.77,
21.03, 24.71 and 21.32 Tg whereas scrub emitted The natural vegetation cover in Protected Areas
0.85, 9.31, 5.54, 6.63 Tg and grasslands 0.64, 3.19,0ccupies an area of 110,596.89 Knand represents
1.9 and 2.22 Tg during February, March, Apriland 11.46% of total natural vegetation cover of India.
May, respectively. Fire incidences are more during As per the natural vegetation database on 614
March...May due to high temperature, air humidity Protected Areas of India, forests occupy 82,757.98
and low fuel moisture, which contribute to increa- km?, followed by 14,205.99 km of scrub and
sed emissions. Total emissions during these four 13,632.92 kni of grasslands (Reddyet al. 2015).
months have been calculated as 2.26, 33.53, 32.150f the 614 Protected Areas of India, 509 are occur-
and 30.17 Tg yr** of CO, emissions (“gure 3). ring in Indian mainland (excluding Andaman &



