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Abstract

A newly developed method, which involves the use of satellite measurements of energy released by fires, was used to

estimate smoke emissions in the United States (US) Southern Great Plains (SGP). This SGP region was chosen because

extensive agricultural and planned burning occurs there annually. Moderate resolution imaging spectroradiometer

(MODIS) aerosol optical depth (AOD) and fire radiative energy (FRE) release rates (RFRE), acquired in 2004 from the

Terra and Aqua satellites, were used to derive a FRE-based smoke emission coefficient (Ce kgMJ�1), which when

multiplied by RFRE (MJ s�1) gives the rate of smoke emission (kg s�1). Correlations between the smoke emission rates and

the RFRE were significant for Terra-MODIS (R2
¼ 0.645, n ¼ 146, po0.0001) and Aqua-MODIS (R2

¼ 0.752, n ¼ 178,

po0.0001). Furthermore, the Ce values derived independently from Terra and Aqua were in close agreement, and the

average Ce for this area is 0.04970.024 kgMJ�1. A Monte Carlo (MC) probabilistic approach was used to approximate

uncertainties from the smoke emission and resulting Ce. For the first time, smoke emission estimates have been derived for

the US SGP using observations of energy released by fires. Although more work is necessary, the present study

demonstrates the feasibility of using RFRE for smoke emission estimation in that region. Burning peaked during the spring

and fall seasons. Moreover, qualitative examination of smoke emission patterns side-by-side with local air-quality

measurements indicated that the impact of smoke from local biomass burning activities was significant on the regional air-

quality.

r 2008 Elsevier Ltd. All rights reserved.

Keywords: Fire radiative energy (FRE); Smoke; MODIS; Emissions

1. Introduction

Biomass burning is the combustion of organic
matter from natural or man-made activities.

For anthropogenic uses, it serves as a tool for an
array of land-use changes and agricultural manage-
ment activities (Crutzen and Andreae, 1990;
Levine et al., 1995). Humans predominantly initiate
burning across the globe, while fires from natural
events (lightning induced) occur on a less frequent
basis. There are repeating seasonal cycles of
biomass burning episodes, but the exact location
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of fires varies each year (Levine, 1991; Levine et al.,
1995).

Biomass burning has received attention in the last
three decades due to several global and regional
concerns about the impact of fire emissions on
climate and the environment (Crutzen and Andreae,
1990; Christopher et al., 1998; Kaufman et al., 2003).
Although not completely quantified and understood,
a strong consensus exists within the scientific
community regarding the influence of smoke from
biomass burning on climate, health, and air quality
(Andreae and Merlet, 2001; Houghton et al., 2001;
Kaufman et al., 2002; Lighty et al., 2000). Studies
have shown that biomass burning is a major source
of atmospheric pollutants (responsible for �40% of
gross carbon dioxide and 38% of tropospheric
ozone; Levine et al., 1995). Products such as carbon
dioxide, carbon monoxide, methane, nitric oxide,
non-methane hydrocarbons, methyl chloride, and
primary and oxygenated organic aerosols (POA) are
readily emitted from the combustion of vegetation
(Levine et al., 1995; Andreae and Merlet, 2001;
Kaufman et al., 2002; Keene et al., 2006). These
combustion particulates and gases affect the Earth’s
radiation budget and climate (Levine et al., 1995;
Houghton et al., 2001), and several groups have
studied the radiative and optical properties of some
fire-emitted aerosol species (e.g., Eagan et al., 1974;
Penner et al., 1992; Kaufman and Fraser, 1997;
Hobbs et al., 1997). Furthermore, aerosols from
biomass burning events can affect visibility (Malm,
1999) and do pose a threat to human, animal, and
vegetation health (Lighty et al., 2000).

Approximations of fire emission have been
frequently derived from estimates of the mass of
biomass combusted times an emission factor for the
emitted species of interest. Before the satellite era,
estimates of smoke emissions were made with the
use of models that primarily relied on in-situ/field-
based inputs (Robinson, 1989). A key study by
Wilson and Matthews (1971) offered the first major
estimates of total suspended particulate emissions
from fire. Similar studies followed (e.g. Wong, 1978;
Olson, 1981; Logan et al., 1981), but the work done
by Seiler and Crutzen (1980) has been the most cited
widely. Robinson (1989) inferred that the study was
well received because of detailed documentation and
inclusion of necessary parameters. Eq. (1) represents
the traditional method for smoke emission estima-
tion (Andreae and Merlet, 2001):

Mx ¼ EFxMbiomass, (1)

where Mx (g) is the mass of the emitted species of
interest X, EFx (g kg�1) is the emission factor for X,
and Mbiomass (kg) is the amount of dry fuel
consumed.

Emission factors (EFx) of specific trace sub-
stances are generally determined in contained
laboratory experiments. However, even if estimates
of the emission factor are perfect, one still needs to
determine the amount of dry biomass burned
(Mbiomass) before the mass of emitted species (Mx)
is known (Andreae and Merlet, 2001). The formula
first suggested by Seiler and Crutzen (1980) and still
commonly used for estimates of biomass combusted
takes the form

Mbiomass ¼ ABab, (2)

where Mbiomass is the biomass burned (kg), A the
total land area burned (m2), B the biomass loading
or fuel density (kgm�2), a the fraction of the
average above-ground biomass burned, and b the
burn efficiency. The high uncertainty in determining
each of these parameters makes it difficult to
accurately estimate Mbiomass in the natural environ-
ment (Seiler and Crutzen, 1980).

With recent advancement in remote sensing
capabilities, interest has been growing on estimating
smoke emissions using data from space-borne
sensors, which possess the ability to view vast and
remote areas. However, implementing fire detection
and deriving smoke emissions from satellite ob-
servations can be challenging for several reasons.
Fires can be missed if they (1) start and end between
satellite overpasses, (2) are obstructed by clouds, or
(3) are not large or hot enough to be detected by the
satellite sensor (Kaufman and Justice, 1998; Kauf-
man et al., 1998b; Fuller, 2000). Also, many space-
borne environmental sensors used to detect fires,
such as the Advanced Very High Resolution
Radiometer (AVHRR) and the Along Track Scan-
ning Radiometer (ATSR), saturate above 320 1K in
the middle infrared and thermal channels, because
they were originally designed to measure surface
temperatures and cloud radiances, rather than for
fire detection. Since most fire events typically range
from 400 to 1200 1K (Fuller, 2000), such sensors
cannot distinguish between low and high intensity
fires. Newer space-borne instruments, such as the
moderate resolution imaging spectroradiometer
(MODIS) and the bi-spectral infrared detection
(BIRD) (an experimental satellite specifically de-
signed to target high temperature events), include
specific enhancements for fire detection, which

ARTICLE IN PRESS
N.S. Jordan et al. / Atmospheric Environment 42 (2008) 2007–20222008



Author's personal copy

enables the measurement of fire radiative energy
(FRE) release rates (or RFRE), making it possible to
distinguish a wide range of fire strengths (Kaufman
et al., 1998b, 2003; Justice et al., 1998; Fuller, 2000;
Wooster et al., 2003).

The focus of this present study is to estimate the
smoke mass flux emitted from biomass burning in
the United States (US) Southern Great Plains (SGP)
using MODIS RFRE and aerosol optical depth
(AOD) measurements. The approach involves im-
plementing the technique developed by Ichoku and
Kaufman (2005) to derive the RFRE-based smoke
emission coefficients (Ce) for smoke particulate
matter (PM), such that measurements of RFRE in
the study region at any time can be simply multi-
plied by the Ce to calculate the rate of PM emission
directly. Similarly, if the total FRE released over a
given period of time can be estimated from
continuous measurements of RFRE, it may be
multiplied by Ce to derive total emitted PM for
the considered time period (Ichoku and Kaufman,
2005). This technique, also referred to as the ‘‘direct
approach’’ for smoke emission estimation, is further
described in Section 3. Analysis of the uncertainties
associated with this technique has been conducted
with careful attention by using the Monte Carlo
(MC) approach, which is addressed in Section 4.
Lastly, a quantitative assessment of the impact of
smoke on air quality within the study region was
attempted by examining reconstructed extinction
and particle concentrations from the Interagency
Monitoring for PROtected Visual Environments
(IMPROVE) network.

2. Indirect method of estimating smoke emissions

using satellite data

Burned area (parameter A in Eq. (2)) is difficult to
determine in the field when using the traditional
emission-factor approach for smoke emission esti-
mation (Seiler and Crutzen, 1980). Determination
of burned area is also a challenge when using
remotely sensed data. It is important to note that
burned-area products differ among sensors, result-
ing in different estimates of smoke emission
(Boschetti et al., 2004; Korontzi et al., 2004).
Nevertheless, satellite-derived burned-area products
and fire pixel counts have been used to indirectly
estimate smoke emissions based on Eqs. (1) and (2)
(Hely et al., 2003; Simon et al., 2004; Ito and
Penner, 2004; Hoelzeman et al., 2004; van der Werf

et al., 2006; Soja et al., 2004; Li et al., 2004;
Korontzi et al., 2004; Giglio et al., 2006).

Currently, MODIS is showing great potential for
providing enhanced burned-area products due to
recent improvements in the algorithms (Giglio et al.,
2003, 2006). Although that product will likely
improve burned-area estimates, improvement in
the estimation of the three remaining parameters
in Eq. (2) is very difficult (via space borne, in situ, or
modeling techniques) due to the complexity of the
characteristics being quantified (i.e. variability in
fuel moisture, loading, and type) (Seiler and
Crutzen, 1980; Andreae and Merlet, 2001; Hely
et al., 2003; Ichoku and Kaufman, 2005; Roberts
et al., 2005; Wooster et al., 2005). Thus, a major
issue is that several of those parameters (Eq. (2)) are
often estimated with large uncertainties, resulting in
inaccurate smoke emission estimation (Wooster
et al., 2003, 2005; Korontzi et al., 2004; Roberts et
al., 2005; Ichoku and Kaufman, 2005).

Andreae and Merlet (2001) performed a critical
analysis of currently available emission data and
presented a set of emission factors for a variety of
species emitted from burning vegetation. They used
extrapolation techniques to estimate values for
regions where data were unavailable and concluded
that considerable progress has been made for
biomass burning emission estimates, although more
work is needed (Andreae and Merlet, 2001). The
problem is that estimates of the amount of dry fuel
consumed (Mbiomass) contain significant errors,
which have not been statistically quantified, while
EFx for even fairly well-known species such as CO
and CH4 still have 20–30% uncertainty (Andreae
and Merlet, 2001; French et al., 2004). Andreae and
Merlet (2001) generalized the uncertainty to be
750% or greater. Furthermore, correct estimates of
regional and inter-annual variations of smoke
emissions are necessary before conclusive evalua-
tions can be made of the effects on climate and
environment (Scholes and Andreae, 2000; Duncan
et al., 2003; Wooster et al., 2003; Ichoku and
Kaufman, 2005).

3. A direct method of estimating regional US smoke

emissions

Actively burning biomass releases radiative en-
ergy, which can be sensed remotely (Kaufman et al.,
1998a, b; Wooster, 2002). Fire radiative power
(FRP) is its radiative energy rate of release per unit
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time (or RFRE), which when integrated over a fire’s
lifetime yields the total FRE (Wooster et al., 2005).

MODIS is an instrument aboard two NASA
satellites, namely Terra and Aqua, launched into
orbit on 19 December 1999 and 4 May 2002,
respectively. The potential of measuring RFRE using
the MODIS instrument was first demonstrated by
Kaufman et al. (1998a, b), based on experimental
measurements with the MODIS Airborne Simulator
(MAS), which flies on a high-altitude aircraft
(Kaufman et al., 1998a, b, 2003; Justice et al.,
2002). Encouraging results pertaining to the relation
of radiative energy to the release of smoke
particulates were reported. Also, relationships
between RFRE and the spectral properties of fires
in the middle and longwave infrared (IR) documen-
ted by MAS were exploited to develop an adequate
algorithm for the MODIS Earth Observing System
(EOS) spaceborne sensor (Giglio et al., 2003).

The energy radiated by a fire is directly propor-
tional to the amount of biomass combusted
(Mbiomass) (Roberts et al., 2005; Wooster et al.,
2005). Wooster (2002) first showed, in a small-scale
field study, the linear relationship (R2

¼ 0.78)
between FRE and Mbiomass. FRE was derived using
hyper-spectral observations within the wavelength
region of 0.4–2.5 mm (Wooster, 2002). The result of
that study was not fully applicable to satellite
remote sensing data since derivation of FRE was
different from the mid-infrared (MIR)-based ap-
proach used for Earth observing missions (Wooster
et al., 2003). Recent research by Wooster et al.
(2005) was more relevant to EOS sensors like
MODIS, because RFRE was derived via hyperspec-
tral and single-waveband (MIR radiance) algo-
rithms using a field-based spectroradiometer and
MIR thermal camera. The relationship between the
biomass combustion rate (kg s�1) and RFRE (MW or
MJ s�1) was linear and highly significant
(R2
¼ 0.90). Also, the relationship between biomass

combusted (kg) and FRE (MJ) was statistically
significant (R2

¼ 0.98) (Wooster et al., 2005). Thus,
FRE and RFRE are proportional to the combustion
of vegetation. The linearity of the radiative energy
and biomass consumed makes physical sense. For a
fixed burn efficiency, a given mass of biomass will
release a proportional caloric output upon combus-
tion. FRE and RFRE is a measure of that heat
released (albeit the radiant component).

Ichoku and Kaufman (2005) presented a method
to determine smoke emissions from biomass burn-
ing using MODIS RFRE and AOD measurements.

They suggested that given the relationship between
the rate of radiative energy release and biomass
combusted, Eq. (1) could be rewritten as

Qx ¼ CeRFRE, (3)

where Qx (kg s�1) is the satellite-derived smoke
emission rate for a given species x, Ce (kgMJ�1) is
its RFRE-based emission coefficient, and RFRE

(MJ s�1) is the rate of release of FRE. The work
presented in this paper closely follows the method
described by Ichoku and Kaufman (2005) for smoke
emission estimation. A synopsis of that approach
will be given here. The idea was to test an existing
algorithm, in the study area, for RFRE smoke
emission estimation to better determine the asso-
ciated strengths and weaknesses. The method relies
on the determination of Ce based on AOD and
RFRE data, since AOD can be used to estimate the
emitted smoke mass density (SMD). We have,
however, been able to pay more attention to quality
assurance of the aerosol pixels-containing fire in this
assessment, since our study area is smaller and
perhaps more homogeneous than most of the
regions studied in the prior work. In that study,
Ichoku and Kaufman (2005) presented regional
analysis results for different parts of the world,
which did not include the area of interest in this
study: the US SGP. The area is bounded by the
coordinates 32.01N, 40.01N, 102.01W, 90.01W
(delineated with the black box in Fig. 1) and was
chosen due to the frequent occurrence of annual
biomass burning (Reid et al., 2004). The fuel type of
this region primarily consists of grasslands, crop-
lands, and deciduous broadleaf trees (Fig. 1), fire
events are mostly due to prescribed and agricultural
burning activities (planned burning), which parti-
cularly occur in the spring season (late February–
May). These events are significant contributors to
smoke dominated haze (Reid et al., 2004) in the
region and can also be transported downwind of the
events.

3.1. Satellite data analysis

In this study, data from the MODIS instrument
aboard the Aqua and Terra satellites were acquired
and analyzed for 2004. Both Terra-MODIS and
Aqua-MODIS achieve almost a full global coverage
once in the daytime and once at night. Only the
daytime data will be used in this study, since
MODIS measures AOD only during the day. It is
important to note that observations made by these
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polar orbiting satellites are near instantaneous.
More specifically, Terra-MODIS views the SGP in
the mid morning (�11:00 am CST) and Aqua-
MODIS views the surface in the early afternoon
(�1:00 pm CST). The MODIS Level 2 fire product
(MOD14-Terra and MYD14-Aqua) was used to
identify fire occurrence, location, and intensity.
Fires are observed by MODIS at a spatial resolution
of 1 km at nadir (Kaufman and Justice, 1998;
Kaufman et al., 2003). The MODIS AOD product
(MOD04-Terra and MYD04-Aqua), provided at
10-km resolution at nadir (Kaufman and Tanre,
1998), was used to determine smoke aerosol column
loadings. AOD is a measure of light attenuation by
aerosols along a vertical column. Values typically
range from 0.0 to 5.0. Measurements greater than
one indicate significant haze and greater than two
indicate extremely intense haze or smoke events
(Chu et al., 2003). All instances of fire (at
1� 1 km2 resolution) within each aerosol pixel (at
10� 10 km2 resolution) were counted and the rate of
FRE (RFRE) related to each fire pixel was also
totaled. Therefore, every aerosol pixel containing
fire(s) has an associated subtotaled measure of RFRE

and fire occurrence. The next step was to use the
AOD in conjunction with the wind speed near the

source to determine a flux of smoke from the source.
The wind field data used were obtained from the
National Center for Environmental Prediction/
National Center for Atmospheric Research
(NCEP/NCAR) reanalysis system (Kalnay et al.,
1996; Kistler et al., 2001).

Estimating smoke emission from fires via the
Ichoku and Kaufman (2005) method continues by
determining the column SMD. To do this, the AOD
of aerosol pixels surrounding the central aerosol
pixel that contains fire were determined. The aerosol
pixel that contains the smallest AOD value was
considered the relative background (ta

background) and
the aerosol pixel with the highest AOD value was
considered to contain the total smoke emitted from
the fire plus the relative background (ta

total). Thus,
the AOD of smoke emitted as a result of fire(s)
within an aerosol pixel is

tsmoke
a ¼ ttotala � tbackgrounda , (4)

where ta
smoke is the optical depth of emitted smoke,

ta
total is the maximum loading of smoke, which
includes the relative background, and ta

background is
the optical thickness of the background.

For estimation of column SMD, it is important to
determine an appropriate smoke mass extinction
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Fig. 1. Land cover map of the contiguous US regions generated by Boston University and NASA Goddard Space Flight Center, which is

based on MODIS (November 2000–October 2001) data. The map was sourced from the NASA Earth Observatory (NASA News Archive,

Release NO: 02-126, 13 August 2002, http://earthobservatory.nasa.gov/Newsroom/LCC/) and edited to show the region studied in this

research.
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efficiency ae (m2 g�1) for the biomass type in the
area of interest. Smoke mass extinction efficiency, ae
(m2 g�1), is the sum of the smoke mass scattering
(as) and absorption (aa) efficiencies (Reid et al.,
2005a, b). A critical study by Reid et al. (2005b)
presented a detailed review of the optical properties
of biomass burning particles. In that study, Reid et
al. (2005b) reported the likely optical properties for
dry burning of grasslands/savannas at the 550 nm
wavelength. For ‘‘fresh smoke’’ (�5min old) the
efficiencies were as�3.670.4m2 g�1 and aa�0.87
0.3m2 g�1. Optical measurements for ‘‘aged smoke’’
(ranges from 1 h to several days) were as�
4.070.4m2 g�1 and aa�0.6570.3m2 g�1. Conse-
quently, the smoke mass extinction efficiency for
fresh smoke would be 4.470.5m2 g�1 and for aged
smoke 4.6570.5m2 g�1. In this study, we adopted
the value of ae ¼ 4.570.5m2 g�1 because it is the
median measure for fresh and aged smoke for fuel
types similar to the US SGP. Furthermore, a recent
study by Wang and Christopher (2006) used
ae ¼ 4.5m2 g�1 for this area. Thus, SMD on a
pixel-by-pixel basis was calculated as follows
(Ichoku and Kaufman, 2005):

SMD ¼ tsmoke
a =ae, (5)

where SMD is in gm�2, ta
smoke (unitless) is the

optical depth of emitted smoke shown in Eq. (4) and
ae (m

2 g�1) is the smoke mass extinction efficiency.
In order to determine the flux of smoke out of each

aerosol pixel-containing fire for which the SMD was
determined, wind fields from the NCEP/NCAR
reanalysis data set were used to determine the
clearance time, tclear (or the time for a pixel to be
cleared of smoke), L/juj, where L is the length of the
pixel (i.e. the travel path of the wind across the pixel)
and juj is the mean wind speed at plume altitude. A
simple box model will show that the smoke PM (or
aerosol) column mass density times the pixel area
divided by the clearance time will be the mass
emission rate, QPM (kg s�1) (see Eq. (9)), which is
equivalent to RSA in Ichoku and Kaufman (2005).

3.2. Quality control (QC)

At this point of analysis, four parameters for
every aerosol pixel-containing fire have been deter-
mined. The next step was to incorporate QC to
strengthen the analysis.

The MODIS fire product includes a detection
confidence estimate for every 1 km2 fire pixel. It was
developed to help users assess the confidence of

detected fires. However, the latest version of
MODIS fire product available at the time of this
work (Collection 4) does not effectively recognize
highly questionable fires. Therefore, the fire con-
fidence parameter was not utilized for QC measures
in this study. Issues with this parameter will be
rectified in the MODIS Collection 5 fire product
(Giglio, 2005). Careful analysis of some MODIS
true color images of fire scenes in the area showed
that there were fire pixels for which no smoke was
evident even at the 1� 1 km2 scale. This was
particularly noted at the edges of the MODIS
swath. While it is beyond the scope of this work to
analyze why the fire detection algorithm identified
these pixels as fire, it is noteworthy that glint over
small lakes, hot surfaces, and other types of noise
could all give false positives in the fire detection
(Giglio, 2005).

The primary QC strategy applied here was to
remove all fire pixels that did not have an associated
SMD. This means that there was an aerosol pixel
that contained fire(s) but the column SMD could
not be derived since AOD was not retrieved
(missing data). It is believed that derivation of Ce

based only on coincidences of smoke emission and
FRE will help reduce errors due to fire-detection
false alarms. The results derived before and after
QC measures are reported in Section 5.

3.3. Deriving the smoke aerosol emission coefficient

Ce

To derive Ce for our study area, all aerosol pixels-
containing fires were clustered on a daily basis. It is
important to note that all the satellite observations
were acquired almost instantaneously during each
overpass. For each overpass time, the total number
of aerosol pixels that had fire(s) with aerosol
retrieval is denoted by Naero, and the total RFRE

(MW or MJ s�1) is given by

RFRE ¼
XNaero

i¼1

RFREi
, (6)

where the subscript i is a counter that designates the
RFRE values for individual fire-containing aerosol
pixels. The total area (AT km2) of fire influence
within the region of interest was derived by
summing the areas of these pixels:

AT ¼
XNaero

i¼1

Pareai
. (7)
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The total column SMD (described in Section 3.1)
associated with all aerosol pixels-containing fire was
calculated on a daily basis. Dividing it by Naero

yields /SMDTS (kg km�2), which is the average of
column SMD at the time of overpass for the region
of interest:

hSMDTi ¼
ð
PNaero

i¼1 SMDiÞ

Naero
. (8)

Multiplying the average SMD (/SMDTS) by
total area (AT) of observed fire and dividing by the
average time of emission (tclear) yields the average
smoke PM emission rate (QPM in kg s�1):

QPM ¼
hSMDTi � AT

htcleari
. (9)

The final step in determining Ce was to generate a
scatter plot of QPM against RFRE and perform a
zero-intercept linear regression fit (Ichoku and
Kaufman, 2005).

4. Error analysis

It is obvious from this study and many others that
the accuracy achieved in evaluating the impact of
smoke on air quality, health, and climate is
dependent on the accuracy of estimation of smoke
emissions. Since there are primarily two (direct and
indirect) methods used to estimate smoke emissions
from spaceborne fire observations, a comparison of
the percentage error associated with each method
will provide a quantitative measure of the rela-
tive uncertainties. The focus of this section is to
analyze the errors associated with each smoke
emission technique (direct and indirect) in an effort
to evaluate their reliability. The most challenging
part of the error analysis is the ability to achieve
accurate determination of errors associated with
each parameter before performing the error propa-
gation. In the present analysis, appropriate logical
assumptions and previously published errors will
be used.

4.1. Indirect method

According to Andreae and Merlet (2001), the
uncertainties associated with the EFx for many
significant species (i.e. CO and CH4) have improved
since the Seiler and Crutzen (1980) study, and they

estimated them to be presently around 20–30%. At
the time of their study, Andreae and Merlet (2001)
noted that there was not enough information
available to determine a statistically valid error
related to Mbiomass. Therefore, a general assumption
of 750% uncertainty was made (Andreae and
Merlet, 2001).

Recent studies (e.g., Korontzi et al., 2004; Li
et al., 2004) have used MODIS-derived burned
area (parameter ‘‘A’’ in Eq. (2)) in conjunction
with other inputs (i.e. fuel load and combustion
completeness) to estimate Mbiomass. Unfortunately,
none of these studies critically documented the
average error associated with MODIS-derived
burned area (i.e. 7percentage uncertainty
was not given). The MODIS-derived burned area
(via the bidirectional reflectance model-based
change detection algorithm) product will not
become available to the community until late
2007. Thus, research is currently underway to
investigate caveats and known problems (Roy
et al., 2006).

4.2. Direct method

A Monte Carlo (MC) probabilistic approach
(Penman et al., 2000) was used to approximate
calculated smoke mass flux uncertainties related to
this study. Furthermore, the uncertainty related to
the calculated smoke mass flux (Eq. (9)) was
determined using different combinations of ran-
domly sampled values from the input para-
meters. More specifically, the idea was to sample
randomly from the known and measured probabil-
ity distributions of the input variables and to feed
combinations of the sampled values into the
function (Eq. (9)). This process was repeated
10,000 times.

A program based on the Statistical Analysis
Software (SAS) system was created to implement
the uncertainty model. SAS is a statistical software
package developed for analytic research (Fan et al.,
2002). Almost all of the input parameters, which
include, ta

smoke, L, u, and tclear had lognormal
distributions. After reviewing the MODIS geoloca-
tion error analysis results presented by Wolfe et al.
(2002), random errors associated with AT were
assumed to be at least 10%. The smoke extinction
efficiency (ae�4.570.5m2 g�1) used from published
literature (Reid et al., 2005b; Wang and Christo-
pher, 2006) was assumed to follow a normal
distribution.
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5. Results

5.1. Smoke mass flux and RFRE-based smoke

emission coefficients (Ce)

Measurements of RFRE and AOD from both
Aqua- and Terra-MODIS were used to determine
smoke emitted in the US SGP. Emission estimates
were derived for the entire year of 2004. Fig. 2a
(Terra) and 2b (Aqua) illustrate the regional RFRE-
based smoke PM emission coefficient (Ce). These
plots represent the data set after QC measures and
correspond to wind speeds at 850mb (�1.5 km)

atmospheric pressure. The vertical error bars shown
in Fig. 2a and b correspond to the standard error of
smoke emission (standard deviation/

ffiffiffi
n
p

).
Before QC, the Terra data set contained 196 daily

observations (n ¼ 196) of fire and smoke. After QC
this number was reduced to 146 (n ¼ 146). Thus, the
reduction due to QC is 25%. Aqua MODIS had
more daily observations of fire and smoke. More
specifically, n ¼ 230 before QC and decreased to
n ¼ 178 after QC. For this data set, the reduction in
daily averaged sample size due to QC is 22%.

Correlations between QPM and RFRE were sig-
nificant (0.46oR2o0.75, po0.0001) at the three

ARTICLE IN PRESS

Fig. 2. (a) Terra and (b) Aqua MODIS after quality control measures. Shown is the regional comparison of daily FRE release rates (MW

or MJ s�1) and smoke emission (kg s�1) at 850mb (1.5 km). The slope of the regression line represents the FRE-based smoke emission

coefficient (Ce). Vertical error bars represent the standard error of smoke emission.
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wind levels considered (700, 850, and 925mb,
equivalent to �3, �1.5, and 0.75 km heights,
respectively). Variability in both data sets (Terra
and Aqua) decreased after the QC measures (Table 1).
The slope of the linear regression fit represents
the Ce as determined from each data set. It was
evident that the Ce’s were similar with wind speeds
at 850 and 925mb pressure levels (Table 1). Fires
observed in this area are not likely to inject smoke
high into the atmosphere (we expect these plumes to
be within the Planetary Boundary Layer (PBL)),
because their sizes are limited by the burning
practice. Therefore, the Ce’s derived with wind
speeds at 850mb are assumed to be suitable for
estimating smoke emission in the study region. It is
noteworthy that although the Ce values were
calculated independently from Terra and Aqua,
they show a very strong agreement. The overall
average Ce (at 850mb) for the US SGP region
studied, based on the 2004 Terra- and Aqua-
MODIS Collection 4 data used in this work, is
0.04970.024 kgMJ�1.

Ichoku and Kaufman (2005) first described the
method employed in this study for smoke emission
estimation in different regions of the world, and
noted that the RFRE-based coefficient of smoke
emission (Ce) differed from region to region. The
primary cause for this variation was due to the

dominant ecosystem (i.e. land cover types) asso-
ciated with each region. As explained earlier, the
major vegetation types of the region analyzed (US
SGP) consist of grasslands, croplands, and decid-
uous broadleaf trees. Ichoku and Kaufman reported
a range of Ce (0.048oCeo0.076) values for savanna
and grassland regions. The average Ce

(0.04970.024 kgMJ�1) derived in this study was
within that estimate made by Ichoku and Kaufman
(2005).

Time series plots of QPM (Eq. (9)) and RFRE

(Eq. (6)) for both data sets (Terra and Aqua) show a
prominent seasonal pattern, with burning peaking
during the spring and fall seasons (Fig. 3), which
coincided with other fire analysis studies for this
region (Reid et al., 2004). Agricultural and planned
burning activities are the major drivers of this
pattern. More precisely, prescribed burning is
conducted during the spring and fall seasons due
to favorable biological and climatological condi-
tions, while agricultural burning occurs before seeds
are sown in the spring and after the fall harvest
(Reid et al., 2004).

In general, Aqua-MODIS observed more fires
and smoke than Terra-MODIS (Fig. 3), implying
that there is more burning activity in the afternoon
than in the morning. Terra first views the US SGP
in the morning (�17:00UTC or �11:00 am CST),
while Aqua follows with an afternoon overpass
(�19:00UTC or �1:00 pm CST). Fig. 4 displays all
2004 aerosol pixels-containing fire(s) for both Terra-
and Aqua-MODIS, showing that fires are more
frequent in the eastern half of Kansas and
Oklahoma. Extensive burning is also evident in
Arkansas. Fires, due to burning of private range-
lands, occur more frequently in Oklahoma and
Kansas. Prescribed burning of publicly managed
grasslands and forest were likely the primary causes
for fire activity in Arkansas (Reid et al., 2004).

5.2. Uncertainty model

Uncertainties associated with the calculated
smoke emission estimates (Eq. (9)) were, on
average, 47%. Error linked to the estimation of
tclear (time for a pixel to be cleared of smoke) and
column SMD is the most significant. The coefficient
of variation (standard deviation/mean� 100) was,
on average, 30% for each of these parameters.
Thus, tclear and SMD errors dominated the un-
certainty related to the calculated smoke mass flux.
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Table 1

Calculated Terra and Aqua MODIS RFRE-based coefficients of

smoke emission (Ce) and corresponding R2 for wind speeds taken

at different pressure levels (alts)

Ce R2

Terra MODIS

After quality control

925mb (�0.75 km) 0.045 0.457

850mb (�1.5 km) 0.047 0.645

700mb (�3 km) 0.062 0.709

Before quality control

925mb (�0.75 km) 0.052 0.474

850mb (�1.5 km) 0.051 0.549

700mb (�3 km) 0.063 0.669

Aqua MODIS

After quality control

925mb (�0.75 km) 0.044 0.749

850mb (�1.5 km) 0.050 0.752

700mb (�3 km) 0.086 0.726

Before quality control

925mb (�0.75 km) 0.045 0.703

850mb (�1.5 km) 0.051 0.705

700mb (�3 km) 0.083 0.681
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Fig. 3. Comparison of 2004 regional fire and smoke emission from Terra (top panel) and Aqua MODIS (bottom panel). The time series

graphs on the left display the instantaneous daily FRE release rates (MW or MJ s�1) and the plots on the right show the daily

instantaneous average smoke emission rates QPM (kg s�1). In most cases, Aqua observed twice as much fire and smoke emission as Terra.

Fig. 4. All aerosol pixels-containing fire(s) observed by Terra and Aqua MODIS for 2004.
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Propagating errors connected to QPM (47%) and
RFRE yielded the Ce uncertainty. Ambiguity asso-
ciated with MODIS RFRE observations has not been
critically quantified for the US SGP. However,
simulations have been used to show the sensitivity
of the MODIS fire algorithms to RFRE (Kaufman
and Justice, 1998). According to the MODIS fire
algorithm technical background document (ATBD)
the relative percent error in RFRE ranges from 7%
to 38%, of which the larger uncertainties were
related to smaller fires (Kaufman and Justice, 1998).
Thus, the average error of MODIS RFRE is 16%,
which therefore indicates that the average RFRE-
based smoke Ce is 0.04970.024 or 49%. Therefore,
error related to predicting QPM (Eq. (3)) from the
model, using the derived Ce, ranges from 49% to
62%. This range of uncertainty is directly related to
fire size.

6. Qualitative assessment of the impact of smoke on

local air quality

Measurements from the IMPROVE program
were analyzed to investigate agreement between
ground-based particulate observations and the
satellite-derived smoke emission estimates presented
in this study. More precisely, IMPROVE recon-
structed fine particulate mass and extinction values
are reported to provide an enhanced understanding
of surface air quality. The IMPROVE reconstructed
extinction equation used to estimate light scattering
and absorption as a result of particles in the
atmosphere is further explained by Malm et al.
(1994, 2004) and Malm and Hand (2007). Similarly,
a description of the protocols used to determine
reconstructed fine particulate mass (aerodynamic
diameter o2.5 mm or PM2.5) concentrations is
provided (Malm et al., 1994, 2004; Malm and
Hand, 2007). The IMPROVE data used in
this study are available online at http://vista.cira.
colostate.edu/views/Web/General/DataResources.htm
and were obtained on 3 April 2007.

Three IMPROVE protected sites were chosen
within the area studied for smoke emission estima-
tion, namely, Upper Buffalo Wilderness (UPBU1),
Hercules-Glades (HEGL1), and Tallgrass (TALL1),
as shown in Table 2 and Fig. 5. A time series plot of
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Table 2

Coordinates of protected IMPROVE sites within the study region

Site name Site

code

State Latitude

(DD)

Longitude

(DD)

Tallgrass TALL1 KS 38.43 �96.56

Hercules Glades HEGL1 MO 36.61 �92.92

Upper Buffalo

Wilderness

UPBU1 AR 35.82 �93.20

Fig. 5. Region analyzed for smoke emission estimation. Local Interagency Monitoring for PROtected Visual Environments (IMPROVE)

sites are also displayed.

N.S. Jordan et al. / Atmospheric Environment 42 (2008) 2007–2022 2017



Author's personal copy

ARTICLE IN PRESS

Fig. 6. Protected IMPROVE sites within the study region: (a) Hercules-Glades, (b) Upper Buffalo Wilderness, and (c) Tallgrass with daily

measurements of organic carbon extinction for 2004.
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daily measurements of organic carbon (OC) extinc-
tion from the three sites was generated (Fig. 6). The
time series graph showed a similar seasonal pattern
to that of smoke emission rates as derived in this
study (Fig. 3). This suggests a significant impact of
the regional biomass burning smoke on the local air
quality. The coincidence of smoke-related particu-
lates was most significant on 6 April 2004 at
HEGL1 and TALL1. The estimated RFRE-related
smoke mass flux at 850mb for 6 April 2004 is
205 kg s�1. Furthermore, the IMPROVE OC ex-
tinction was 28.8Mm�1 at HEGL1 and 84.7Mm�1

at TALL1, while their corresponding OC fine PM
were 7.21 and 21.1 mgm�3, respectively (Malm et al.,
1994, 2004). Fig. 7 consists of pie diagrams for 6
April 2004 showing the percentages of IMPROVE
reconstructed light extinction for various aerosol
components at HEGL1 and TALL1, which include
OC, ammonium sulfate, soil, ammonium nitrate,
and elemental carbon (Malm et al., 1994). The
predominance of organic mass in the extinction
apportionment is rare and clearly indicates a smoke
source. Thus, the extinction values were indicative
of a smoky day in the region studied and
correspond to the observed peak of smoke emission
via the MODIS satellite technique used. A similar
coincidence was also evident during the fall burning
period.

7. Conclusion

For the first time, smoke emission estimates by
way of MODIS FRE release rates (RFRE) have been
presented for the US SGP. The methodology
follows the approach presented by Ichoku and
Kaufman (2005) for smoke emission estimation.
Results in this research showed that burning
peaked during the spring and fall seasons, which
agreed with other fire studies specific to this region
(Reid et al., 2004). The average Ce derived
(0.04970.024 kgMJ�1) was comparable to results
published by Ichoku and Kaufman (2005) for
similar fuel types. Results also indicated that fires
were most frequent in Kansas and Arkansas.

Several lessons were learned after the regional fire
analysis. First, it is better to study small areas with
minimum variability in fuel types rather than large
regions based on geographical convenience. In their
global study, Ichoku and Kaufman (2005) noted
that a RFRE-based smoke emission coefficient could
not be adequately derived for the entire US. This is
to be expected since fuel type and terrain (Fig. 1)
vary significantly across the US. Also, the accuracy
of MODIS AOD (Collection 4) used in this study
varies across the country; being particularly poor
over bright surfaces. Similarly, the accuracy of fire
detection and measurement by MODIS differs from
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Fig. 7. Extinction fraction for Hercules-Glades and Tallgrass for 6 April 2004.
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region to region (Giglio et al., 2003, 2006; Giglio,
2005).

Estimating smoke emissions via the direct ap-
proach is promising although more work is needed
to minimize error. A MC probabilistic approach
was used to propagate uncertainties. Moreover,
error related to predicting QPM (Eq. (3)) from the
model, using the derived Ce, ranges from 49% to
62%, which is similar to the smoke emission
uncertainty (750%) postulated by Andreae and
Merlet (2001) for the indirect technique. We found
that error related to the estimation of tclear (time for
a pixel to be cleared of smoke) and column SMD to
be the most significant. Minimizing errors in
transport wind speed and improving the AOD
retrieval will be most effective in improving the
reliability of the smoke mass flux approximations.

Lastly, for future studies, we also plan to extend
the presented method throughout the US (and
perhaps into other parts of North America), in
order to estimate Ce values, which will be beneficial
for air quality applications at least across the
contiguous US. Furthermore, since geostationary
satellites have a much higher temporal frequency
than polar orbiters such as MODIS, it may be
beneficial to integrate MODIS RFRE measurements
with Geostationary Operational Environmental
Satellites (GOES) observations, for the area studied.
This will likely enable estimation of total emissions
for any given period of time (as distinct from
instantaneous emission rates) and forms part of the
future plans for this work.
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