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Abstract—This study is based on the processing of satellite imagery in the wave range 3.93—3.99 um
(Terra/Modis satellite) and numerical simulation results. It has been found for combustion conditions in
Siberian forests that the observed fire radiative power (FRP) is 15% of the total fire power. Variations between
10 and 30% depend on both the fire development scenario (specific burnup rate of 0.01—0.1 kg/m? s and fire
front velocity of 0.01—0.1 m/s) and the conditions for remote imaging. Instrumental estimates for the ratio of
fire areas by given intensity quantiles for Siberian forests are presented. The share of low-, medium-, and
high-intensity fires is 41.2—58.9, 35.0—46.5, and 6.10—13.44% of the total area. Refined estimates of fire
emissions have been obtained taking into account the amount of biomass burnt and variable burning intensity.
The proposed method allows the mass of burned forest fuel materials (FFM) and direct fire emissions to be esti-
mated quantitatively at a level 14—21% lower than the values calculated with the help of standard approaches.
The estimates of direct carbon emissions in the given time interval of 2002—2016 were 83 + 21 Tg/year on aver-
age, which is 17% lower than the value 112 £25 Tg/year obtained with the standard method.
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INTRODUCTION

Data available on vegetation fires, including long-
term instrumental satellite observations, allow one to
fix a significant trend of fire activity growth in Siberia
(Ponomarev and Kharuk, 2016). According to annual
fire statistics of Russia, the forest fires in the Siberian
boreal zone are predominant: 70—90% of total annual
burned area. As the most significant factor of forest
degradation, the Siberian fires largely determine the
carbon balance on a planetary scale. According to
forecasts, the pyrogenic carbon emissions in Siberia,
which currently amount to 120—140 Tg/year (Bondur
et al., 2016; Shvidenko et al., 2011; Soja et al., 2004),
may increase twofold to 240 Tg/year in the second half
of the 21st century (Zamolodchikov et al., 2011).

At present, the problem of instrumental quantita-
tive estimates for fire emissions is not reliably solved.
A number of studies discuss both the direct emission
estimates (Bondur et al., 2016; Baldocchi et al., 2017,
Conard et al., 2002; Ivanova et al., 2007; Shvidenko
et al., 2011; Yurova et al., 2013) and the factors limiting
the accuracy of the results (Glagolev and Sabrekov,
2014; Kukavskaya et al., 2013; McRae et al., 2006;

Ponomarev and Shvetsov, 2015; Soja et al., 2004;).
Existing approaches allow one to obtain qualitative
estimates and averaged extrapolated data without the
ability to instrumentally determine and take into
account the differences in combustion parameters for
each fire site. In view of the scale of fire processes both
around the world and at the regional level (in Siberia),
the development of approaches to make estimates on
the basis of remote satellite methods is both important
and promising (Ichoku and Kaufman, 2005; Safronov
et al., 2015; Vermote et al., 2009).

This study addresses the development of methods for
a quantitative estimation of direct emissions from fires.
We propose using the remote monitoring data pro-
cessed to determine the energy characteristics of fires
and the subsequent classification of burned areas from
the level of burning intensity. The main goal of this study
is to develop a method for determining the amount of
burned forest fuel materials (FFM) and to calibrate the
estimates of fire emissions on the basis of remotely
recorded parameters of the active zone of fires.

In this regard, we have considered the following
aspects of the problem: (1) analysis of the recorded
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combustion parameters coupled with fire scenarios,
(2) classification of fire areas by intensity, and
(3) characterization of the accuracy of quantitative
estimates of burned forest fuel materials and direct fire
emissions.

INITIAL DATA AND METHODS
Research Area

In this study, we consider all the Siberian forest
fires that are spatially localized within 50°—67° N,
60°—150° E. The study area includes the main forest
regions of Siberia: the Middle Siberian Plateau (a taiga
forest region), the Angara forest region, the West Sibe-
rian plain marshland—taiga region, the Trans-Baikal
mountain forest region, the East Siberian taiga perma-
frost, and the East Siberian region of tundra forests
and light taiga.

Fire Data

The analysis was based on the forest fire database of
the V.N. Sukachev Institute of Forest, Siberian
Branch, Russian Academy of Sciences, Federal
Research Center KSC SB RAS (Ponomarev and
Shvetsov, 2015; Sukhinin, 1996). The source data were
obtained from processed NOAA/AVHRR, Terra, and
Aqua/Modis satellite imagery from 1996 to 2016. The
database contains more than 2 % 10° records for the
Asian part of the Russian Federation.

The sample used in the analysis is statistically sig-
nificant and included 985 fire polygons with a pre-
dominance of dark conifers, 424 in deciduous, 1646 in
pine, and 4339 in larch stands for 2002—2016. The
areas of the considered fire polygons were 1000 ha or
more due to limitations imposed by the spatial resolu-
tion (1000 m) of the initial data on the further polygon
classification. Each fire polygon was assigned an attri-
bute characterizing its belonging to the prevailing forest
stand (Bartalev et al., 2011) on the basis of geoinforma-
tion (GIS) combination of the fire layer and the vegeta-
tion map layer.

The data on the radiation power of active burning
zones were taken from the MOD14/MYD14 product
(Giglio, 2013) collection 5 obtained from the Modis
radiometer (from Terra and Aqua satellites) for 2002—
2016. The integral signal generated by the active burn-
ing zone was calculated from calibrated imagery in the
mid-IR range (21 channels of the Modis radiometer in
an operating range of 3.93—3.99 um) from Terra and
Aqua satellites—MOD 14 and MYDI14 products,
respectively. A technique for calculating the Fire Radi-
ative Power (FRP), which characterizes the power of
heat radiation and the combustion intensity (Wooster
et al., 2005; Kumar et al., 2011), was used. The tech-
nique for calculating the radiation power at the fireline
according to combined data of a wide range of radiom-
eter channels (operating ranges of 4 and 11 um) is
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based on the bispectral method (Dozier, 1981). The
combustion intensity at the fireline was calculated
using well-known approaches (Byram, 1959) taking
into account FRP data.

Normalization to the actual pixel area calculated
according to the formulas given in (Ichoku and
Kaufman, 2005) was performed taking into account
possible geometric distortions to normalize the over-
estimated heat radiation. Thus, the initial data were
converted to heat-radiation power per unit area.

Forest Fuel Loads

Estimates of forest fuel loads for individual territo-
ries of the research area were generalized from data of
the studies (Tsvetkov, 2005; Kurbatsky and Ivanova,
1987; Volokitina and Sofronov, 2002; Andreev et al.,
2015; de Groot et al., 2013; Ivanova et al., 2007, 2016;
Valendik et al., 2006). At the stage of numerical mod-
eling, a generalized indicator was used an input
parameter, characterizing the amount of on-ground
cover with a predominance of larch, pine, dark conif-
erous, and deciduous stands.

Further, the heat-radiation power measured in the
mid-IR range was taken to be linearly related to the
amount of burned biomass (Wooster et al., 2005).
Thus, the amount of burned vegetation was analyti-
cally calculated as well, using heat radiation from the
active burning zone (FRP) as input data.

Numerical Simulation

An unsteady model fire was calculated using
authorial SigmaFire software package (certificate
no. 2010613073) based on computational fluid
dynamics and heat- and mass-transfer methods. The
model fire is based on two main empirical characteris-
tics: burnout rate and flame-front propagation veloc-
ity. Varying these parameters made it possible to eval-
uate the potential effect of fire intensity on the radia-
tion power recorded by the satellite. To solve these
tasks, we developed a simplified model of conjugate
heat transfer that includes one-dimensional heat trans-
fer in the solid phase. To calculate the coefficient of
radiation absorption in the gas phase, we used the “gray
gas” approximation on the basis of the Weighted Sum of
Gray Gases (WSGG) model (Smith et al., 1982), which
describes the gas combustion of hydrocarbon fuels
rather well. A two-parameter Menter’s Shear Stress
Transport (M-SST) model of turbulence was used to
describe the turbulent flow (Menter, 1993).

Methods for Calculating the Amount of Burned Biomass
and Direct Emissions

To calculate the amount of burned biomass and to
estimate direct carbon emissions, one normally uses
the technique (Seiler and Crutzen, 1980)
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M = AxBXB, (D
C=AxBxBxCE, (2

where M is the mass of forest fuel burned during the
fire (kg), C is direct carbon emissions (g), A is the
burned area (m?), B is the coefficient of combustion
completeness, B is the prefire forest fuel load (kg/m?),
and CFE is a coefficient for the fraction of carbon in the
burning biomass (g/kg).

Based on remote measurements of heat release
from the active combustion zone and on empirical
coefficients, one can calculate the intensity of fuel
combustion (Wooster et al., 2005):

Ver = 0.358(20.015) X FRP, A3)

where v, is the mass burnup rate (kg/s), FRP are the
values of heat radiation (MW) recovered from satellite
measurements in the range of 3.93—3.99 um, and
0.358 (+0.015) (kg/J) is an experimentally obtained
coefficient (Wooster et al., 2005).

From (3), one can obtain the fraction of FRP in the
integral fire power:

FRP/Q = 1/(0.358¢), (3a)

where Q is the integral fire power (MW) and ¢ is the
specific heat of combustion (MJ/kg).

This approach is also applicable for alternative esti-
mates of fire emissions (Safronov et al., 2015). How-
ever, the empirical nature of the coefficients used in
relation (3), which were originally obtained by the
authors only for experimental conditions (Wooster
et al., 2005), limits its direct use. For example, the
case of Siberian forest fires with widely varying param-
eters requires a calibration of the coefficients for all
variants of forest growth and fire conditions. There-
fore, in this study, the FRP indicator was analyzed to
classify the fires and individual zones in terms of the
combustion intensity rather than used to directly cal-
culate the amount of burned biomass and emissions.

Differential Accounting for Fire Areas

The required estimates of the amount of burned
biomass and direct emissions were refined by the dif-
ferential accounting for differences in the combustion
parameters within each of the active burning zones
distinguished instrumentally. Specifically, the param-
eter A (m?) in relations (1) and (2) was represented as
the sum of the areas of all fires recorded by satellite
imagery taking into account the combustion intensity
A; (FRP)):

A=Y A(FRP). (4)

The threshold method was used to classify fire pix-
els with identified categories of combustion intensity.
The threshold values identifying the categories were
determined from statistical parameters of the radiation
power distribution calculated for all fire pixels. This
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was performed by excluding 5% of the minimum and
maximum values of the power and the average and
standard deviation were calculated over the remaining
sample. The intensity quantiles were given with
respect to the standard deviation from the average:
quantiles I, II, and III corresponded to fire areas with
FRP< FRP,,— o, FRP,,— 6 < FRP< FRP,, + G, and
FRP> FRP,, + o, respectively. The ranges of radiation
power (intensity quantiles) were used to identify the
fire polygon areas corresponding to low-, medium-,
and high-intensity combustion sections.

For each section 4; (FRP;), the amount of forest fuel
burned during the fire was estimated using relation (1)
and variable coefficients of complete combustion [3.
The value of B was obtained depending on the intensity
quantile from model values B = B(FRP,) = 0.35—0.60
(Tsvetkov, 2005; Glagolev and Sabrekov, 2014).

Then, we calculated the relative deviation refining
the estimates for the amount of burned fuel depending
on the fire category in terms of area and intensity from
the relation

AM,, =100x (M — M,)/ M, (3)

where AM,, is the relative deviation, M is the amount
of burned fuel calculated with technique (1), and M, is
the amount of fuel calculated with the differential
approach taking into account (4).

Thus, for each section, the number of fuel burned
at a given fire intensity was calculated. The total
amount of fuel combusted within each fire polygon
was calculated by summing the values for all sections
contained in the polygon. The estimates obtained in
this way were compared with the values calculated
without the differential approach, i.e., using the same
values of the coefficient of combustion completeness
and fuel load within the entire fire polygon.

Then, we recalculated the direct emissions (C)
using (1) taking into account the data of (4). The rela-
tive deviation was determined similarly from (5).

RESULTS AND DISCUSSION
Ratio of Fire Areas

FRP corresponds to the dynamics of the active burn-
ing zone in different observation periods. The radiation
powers in most of the measurements (up to 88% of their
total number) did not exceed 50 MW/km?. The average
value for the reliability level of 95% was 37.4 MW/km?
(0= 17.1 MW/km?). Two threshold values for intensity
quantiles were obtained: 20.3 and 54.5 MW/km?.

Based on the ranges of radiation power (intensity
quantiles), we classify the fire polygon areas corre-
sponding to low-, medium-, and high-intensity com-
bustion sections (Table 1).

The resulting ratios of fire areas were conjugated
using GIS according to intensity quantiles with the
prevailing forest stands coupled to the Siberian forest
Vol. 55

No.9 2019



1068

PONOMAREYV et al.

Table 1. Results of processing of data on the ratio of areas fires of varying intensity recorded in Siberian forests in 2002—2016

Share of total fire area

Prevailing tree stand Low intensity Medium intensity High intensity Number
of sample polygons
% c % o % o
Larch 42.28 15.8 46.04 11.48 11.68 7.88 4339
Pine 43.67 15.48 44.60 11.26 11.73 8.48 1646
Dark coniferous 47.32 12.76 41.74 8.00 10.94 7.1 985
Deciduous 43.64 17.25 42.92 13.20 13.44 10.15 424
Without consideration 47.04 13.6 42.46 10.50 10.50 6.90 7394
of stands

regions (Fig. 1). The analysis showed that the areas of
low-, medium-, and high-intensity fires were 41.2—
58.9, 35.0—46.5, and 6.10—13.44% of the total area,
respectively. The variation at the level of 6 = 13.6, 10.5,
and 6.9% is determined by differences in fire danger
scenarios in the given seasons of 2002—2016. With an
increase in the total area of the fire polygon, a decrease
in the fraction of low-intensity combustion areas was
observed, while, at the same time, the area of areas with
medium and high values of heat-radiation power
tended to increase (Fig. 2). The linear regression coef-
ficients k£ < 0 for low-intensity fires in larch, dark conif-
erous, and deciduous forests and k > 0 for all variants of
medium- and high-intensity fires. This regularity is

75 ¢ (@) - (b)
30F 4228 46.04 - 4367 4460
N L = T T
5
<251 L
11.68 11.72
0 1 1 ) 1 1 )
7S¢ (©) r (d)
47.32
© 50+ 1 41.74 - 143'64 T42.92
<& + T T
Z
25+ -
10.94 13.44
0 1 1 J 1 1 J
I 11 111 I 11 11

Intensity quantile/ FRP

Fig. 1. Ratio of burned areas of variable intensity in Sibe-
rian forests with a predominance of (a) larch, (b) pine,
(c) dark coniferous stands, and (d) deciduous/mixed
stands. The intensity quantiles are identified with respect
to FRP: (I) < FRP,, — o, (II) from FRP,, — 6 to FRP,,, and
(III) > FRP,, + ©.
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less true for the analysis of fire distributions in pine
stands, where the fraction of low-intensity burning
sites stays unchanged (k = —0.84), depending on the
total fire area (Fig. 2a).

The instrumental estimate for the ratio of the areas
burned by fires of different intensities for Siberia was
obtained for the first time. Earlier studies usually
reported empirical data at levels of 22.0, 38.5, and
38.5% for low-, medium-, and high-intensity fires,
respectively (Soja et al., 2004).

In this case, it was previously established by us
(Ponomareyv et al., 2017) that satellite tools can be used
to confidently detect part of high-intensity fires classi-
fied as crown fires; the area of this category reaches
8.5% of the area of fire damage in Siberian forests.

There are few works presenting data on the attribu-
tion of fires to the species composition of forests in
modern Siberia or Russia as a whole. Actual estimates
made by instrumental (satellite) tools can be found in
(Bartalev et al., 2015), where the fraction of fire areas in
larch (up to 50% of the total), dark coniferous (almost
5%), and light coniferous and deciduous (18 and 19%,
respectively) forests are given, which is consistent with
the results obtained by other authors (de Groot et al.,
2013; Ponomarey et al., 2016; Soja et al., 2004).

The results presented in our study are valid for the
most common forest stands of Siberia (particularly,
with a predominance of larch, pine, dark coniferous,
and deciduous stands). Due to the prevalence of
these forests in Siberia, at least 80—85% of all burned
areas per year are annually recorded in them. Thus,
the quantitative details obtained by us for fire areas in
Siberia for the first time significantly supplements
and elaborates the variability of the extent of dis-
turbed forests taking into account the effects of fires
of variable intensity.

Recorded Heat Radiation and Fire Parameters

The thermal radiation of fires and the radiation
intensity depend on surface temperature and smoke
particles. The signal recorded by the radiometer in the
range of 3.93—3.99 um and the subsequent FRP calcu-
Vol. 55
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lations depend on the fire scenario and the imaging
conditions.

In this study, we performed a numerical simulation
of the relationship of FRP values with the parameters
ofthe active burning zone. In relation to the estimates of
direct fire emissions, surface fires with a share of at least
92—-95% in Siberia make the largest contribution. In
model calculations, the values of the specific burnup
rate varied in the range of 0.01—0.1 kg/m? s and the
flame front propagation rate varied in the range of
0.01—0.1 m/s. For the given parameters, the numerical
experiment showed that the recorded FRP on average
is 15% of the integral fire power, which is very consis-
tent with the results presented in (Wooster et al.,
2005). Indeed, according to formula (3a), for specific
heat of fuel combustion ¢ = 17 MJ/kg (used in the
model fire), the ratio of FRP to the integral fire power
is 16.4%. In general, the calculated value of the
recorded radiation power was between 10 and 30% of
the integral power of heat generation in the active
zone. In addition, an analysis of the first results of the
numerical simulation indicated that there is a ten-
dency toward an increase in the FRP fraction with an
increase in the flame-front propagation rate.

The resulting estimates made it possible to analyti-
cally (based on model equations (Byram, 1959;
Wooster et al., 2005)) obtain the dependence of FRP
variation on fire parameters (Fig. 3). For example, an
increase in the specific burnup rate of fuel (kg/m? s)
doubles the range of recorded FRP values with a shift of
the maximum from 75—100 MW per pixel to 200 MW or
more (Fig. 3a). Here, the subpixel value of the active
combustion area within the active pixel was taken into
account (Dozier, 1981). Also, a quantitative description
was obtained for the dependence of FRP on the front
propagation rate (Fig. 3b), the fuel reserves in the active
combustion zone (kg/m?), and the coefficient of com-
bustion completeness (). The resulting range of the
values of combustion completeness is consistent with
the results of the experimental observations, where
[ varies in a wide range of 0.35—0.60 (Tsvetkov, 2005;
Glagolev and Sabrekov, 2014).

Calculation of the Amount of Burned Biomass
and Direct Carbon Emissions

The calculation of the amount of burned forest fuel
materials (FFM) and direct calculations of emissions
were conducted using (1), (4), and (5). The required
data on fuel reserves was generalized from studies
where the amounts of fuel reserves for larch, pine,
dark coniferous, and deciduous stands of Siberia var-
ied at 1.38—5.4 kg/m? (Tsvetkov, 2005; Kurbatsky and
Ivanova, 1987; de Groot et al., 2013; Ivanova et al.,
2016; Valendik et al., 2006). It was also taken into
account that the empirical estimates for fuel reserves
in fires of different intensities vary at 0.11-0.97, 0.86—
2.15, and 2.25—5.36 kg/m? for low-, medium-, and
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Fig. 2. Ratio of areas burned by fires of low (a), medium (b)
and high (c) intensity, depending on fire category by the
total area (thousands of hectares). Data on Siberian fires in
larch, pine, dark coniferous, and deciduous/mixed forests
for 2002—2016.

high-intensity combustion, respectively (Conard et al.,
2002; Kasischke and Bruhwiler, 2003; Soja et al., 2004).
The coefficient of combustion completeness varied
depending on the intensity quantile. For example, B was
taken to be in the range of 0.35—0.40, 0.40—0.45, and
0.45—0.5 for low-, medium, and high-intensity fires,
respectively.

The differential approach used for the areas burned
by fires of variable intensity mostly allowed us to quan-
tify the mass of burned fuel (M) and direct emissions
of fires (C) 14—21% lower than the results of calcula-
tions obtained with standard approach (1) and (2).
Under Siberian conditions, this depends on the pre-
dominance of areas burned by low-intensity fires,
which was also noted in related studies (de Groot
et al., 2013; Soja et al., 2004).

In 93% of cases, the proposed method recorded
lower masses of burned fuel; in only 7% of cases were
they the same or exceeded the results of calculations by
standard method (1). The same can be stated about
the estimates of direct fire emissions (C), which
directly depend on the accuracy of methods for esti-
mating the burned fuel mass. In the calculated series of
data, the absolute deviations of AM and AC decreased
Vol. 55

No.9 2019



1070

PONOMAREYV et al.

(a) (b)
200 200
1 @2
—-3 —Ah—4
150 150 |-
:
2;" 100 100 -
<Y
50 50
0 0.05 0.10 015 o0 0.05 0.10

Burnup rate, kg/m? s Front propagation rate, m/s

Fig. 3. Variation of recorded FRP from fire parameters in model equations: (a) recorded FRP values depending on the fuel burnup
rate (kg/m2 s) taking into account the area of active combustion in a pixel: (/) 1000 m?, (2) 500 m2, and (3) 250 m2; (b) depen-
dence on the front propagation rate and fuel loads in the active combustion zone (kg/mz): (I)for 1.5 kg/m2 and = 0.55, (2) for

1.5 kg/m? and B = 0.4, (3) for 2.5 kg/m? and B = 0.55, and (4) for 0.7 kg/m” and B = 0.4.

with respect to an increase in the total area of the fire
polygon.

The estimates obtained by us (Table 2) for direct car-
bon emissions from Siberian fires were 83 + 21 Tg/year,
which is on average 17% lower than the value 112 +
25 Tg/year obtained using methodology (1) and (2).
In the given time interval of 2002—2016, the direct fire
emissions varied from minimum values of 20—
40 Tg/year (2004, 2005, 2007, 2009, and 2010) to the
maximum value of 227 Tg/year in 2012 (Fig. 4). Tak-
ing into account the confidence interval, this corre-
sponds to the range of limiting values given in studies
for various scenarios of regional fire frequency
(Glagolev and Sabrekov, 2014; Bondur et al., 2016;
Shvidenko et al., 2011; Soja et al., 2004).

Previously, some results have been obtained that
describe the burning intensity and the relationship
between FRP and the amount of burned biomass for

nonforest and experimental fires (Boschetti and Roy,
2009; Kumar et al., 2011). However, for the first time,
the approach was implemented to combustion under
Siberian conditions. The results obtained by us and the
possibility of their wider use in practice, including the
near real-time estimation of emissions, are important
for understanding the fundamental planetary pro-
cesses where it is critically important to use the differ-
ential approach to the contribution of Siberian fires.

CONCLUSIONS

The method of fire-intensity parameterization was
tested for Siberian conditions on the basis of remote
sensing data on the fire radiative power from active
burning zones (FRP). For the first time under Siberian
conditions, a classification of fire areas was performed
taking into account combustion intensity. It has been

Table 2. Long-term average mass of burned fuel and direct carbon fire emissions calculated by methods (1) and (2) and
using the proposed technique with (4). Siberian fires for 2002—2016

M C . L
Relative deviation
Calculation long-term average long-term average
method confidence confidence confidence
12
10%keg) © interval (o= 0.1) Tg/year ° interval (a0 = 0.1) % ° interval (o = 0.1)
(1), (2) 0.192 | 0.131 0.067 111.9 68.4 25.4 73| 16 0.8
(1), (2), and (4) | 0.159 | 0.108 0.055 83.1 |56.5 21.0 e '
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Fig. 4. Variation of direct carbon emissions from Siberian
fires in 2002—2016: (/) calculated using standard tech-
nique (1) and (2) calculated from remote sensing data on
intensity using techniques (1) and (4).

quantitatively established that low-, medium-, and
high-intensity fires account for 41.2—58.9, 35.0—46.5,
and 6.10—13.44% of the total area of fires in the sea-
son. With an increase in the total area of the fire poly-
gon, a decrease in the fraction of low-intensity com-
bustion sites was observed, and the areas with medium
and high values of heat radiation tended to increase.

A technique was developed for calibrating the esti-
mates of the amount of burned fuel and their use in the
calculation of direct fire emissions. This approach is
based on differential use of the contributions of indi-
vidual fire sites characterized by variable intensity. For
the first time, based on refined instrumental measure-
ment data, estimates for burned fuel (M) and direct
fire emissions (C) in Siberia were obtained. The rela-
tive deviations of AM,, and AC,, were found to be at a
level of 14—21% below the results of calculations
obtained with standard approaches.

The estimates for direct emissions from Siberian
fires in a time interval of 2002—2016 were on average
83 £ 21 Tg/year, or 17% lower than 112 + 25 Tg/year,
which was obtained using the standard technique. In
this case, the recorded range of the variation of direct
carbon emissions in different years was 20—227 Tg/year.
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