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Abstract Emissions of aerosols and trace gases from wildﬁres and their direct shortwave radiative forcing
(DSRF) at the top of atmosphere were studied using satellite observations from Moderate-Resolution
Imaging Spectroradiometer, Atmospheric Infrared Sounder, Clouds and Earth Radiant Energy System on
Aqua, and Ozone Monitoring Instrument on Aura. The dominant fuel types of the selected ﬁre cases in the
northeast of China (NEC), Siberia (Russia), and California (USA) are cropland, mixed forest, and needle-leaf
forest, respectively. For the cropland ﬁre case in NEC, the ﬁre radiative power-based emission coefﬁcients
(Ce) of aerosol is 20.51 ± 2.55 g/MJ, half that of the forest ﬁre cases in Siberia (40.01 ± 9.21 g/MJ) and
California (45.23 ± 8.81 g/MJ), and the carbon monoxide (CO) Ce (23.94 ± 11.83 g/MJ) was about one third
and half that of the forest ﬁre cases in Siberia and California, respectively. However, the NOx (NO2 + NO) Ce
(2.76 ± 0.25g MJ1) of the cropland ﬁre in NEC was nearly 3 times that of those forest ﬁre cases. Ratios
of NOx to aerosol, HCHO, and CO in the cropland case in NEC show much higher values than those in the
forest ﬁre cases. Despite the differences of the Ce and the composition ratios, the DSRF efﬁciency of smoke
aerosol at the top of atmosphere showed similar values among those ﬁre cases. Our results highlight the
large variability of emission rate and relative chemical composition but similar DSRF efﬁciencies among
wildﬁres, which would provide valuable information for understanding the impact of ﬁre on air quality
and climate.

1. Introduction
Large amounts of trace gases and aerosol particles are emitted into the troposphere during the biomass
burning processes (Crutzen & Andreae, 1990; Ichoku & Ellison, 2014; Langmann et al., 2009). This emission
makes great impacts on Earth climate, environment, ecosystem, and human health (Bergeron & Gauthier,
2017; Oris et al., 2013). Smoke aerosols can directly mediate the radiative energy balance in the Earth’s
climate by scattering and absorbing incoming solar radiation (the direct shortwave radiative forcing,
hereafter DSRF), and aerosols can also indirectly modify the incoming solar radiation by affecting the
microphysical properties of cloud and precipitation (Andreae et al., 2004; Christopher et al., 1996;
Langmann et al., 2009; Li et al., 2010; Li & Min, 2010; Min et al., 2009, 2014; Min & Li, 2010; Patadia et al.,
2008). Previous studies have pointed out that wildﬁres can signiﬁcantly enhance the column density of
nitrogen dioxide (NO2), formaldehyde (HCHO), and carbon monoxide (CO) in the tropospheric atmosphere
(Huijnen et al., 2012; Meyer-Arnek et al., 2005). Since HCHO and NO2 are important precursors of secondary
aerosol and tropospheric ozone, such enhancement may introduce large perturbations to the regional and
global atmospheric composition and chemistry (Andreae & Merlet, 2001). Because the optical properties,
such as absorption coefﬁcient and single-scattering albedo of aerosol particles, highly depend on their
chemical compositions, size distribution, and shapes, such perturbations may have further impacts on the
DSRF. In addition, those emissions are severe threats to human health: Fine particles can be breathed into
humans’ lungs and have a toxic effect (Goldammer et al., 2008). NO2 can cause inﬂammation of mucous
membranes, and HCHO can cause changes in the mechanics of respiration and lung function.
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Accurate emission information about trace gases and aerosols from ﬁres is necessary to evaluate the biomass
burning inﬂuence on the atmosphere (Langmann et al., 2009) and to improve the modeling of physical and
chemical processes in wildﬁre. Different methods of estimating ﬁre emissions have developed in the past
three decades. However, large variations and uncertainty exist (Jaeglé et al., 2005; Kaiser et al., 2012). For
example, methods based on burned area are severely constrained by the lack of information about area
burned, fuel load, and the emission factor and are not suitable for estimating the instantaneous emission rate
of the ﬁre (Akagi et al., 2011; Andreae & Merlet, 2001; Ichoku & Kaufman, 2005).
Ichoku and Kaufman (2005) ﬁrst developed a new method to link ﬁre emissions of aerosols to
satellite-derived ﬁre radiative power (FRP) using observations from the Terra and Aqua satellites. Using this
FRP-based method, Ichoku and Ellison (2014) obtained the gridded global aerosol emission coefﬁcients
(Ce, g/MJ) deﬁned as mass emission of aerosol per unit energy released from ﬁre. Mebust et al. (2011)
following this method retrieved the NOx (NO2 + NO) Ce in California and Nevada. The mean Ce of NOx was
obtained for global biomes (Mebust & Cohen, 2014). Schreier et al. (2014) applied this method in trace gas
emissions and derived NOx Ce for selected biomes and regions.
There is also strong consistency between time series of HCHO and ﬁre parameters such as ﬁre count and FRP
(De Smedt et al., 2015; Wooster et al., 2011). However, to our knowledge, there are very few studies on
estimating FRP-based Ce values of HCHO.
As for CO, ﬁre energy-based emission coefﬁcients from the laboratory (Freeborn et al., 2008) and emission
factors (EF expressed as g/kg; Akagi et al., 2011; Andreae & Merlet, 2001) are available, while research on
FRP-based Ce using satellite data is rare.
It is not easy to derive detailed chemical composition inside the smoke. However, the ratios between
different components in the smoke (e.g., NOx to aerosol, HCHO and CO, HCHO to aerosol) can be a good
indicator of its chemical composition. Veefkind et al. (2011) and Li et al. (2016) showed strong correlations
of NOx, sulfate dioxide (SO2) to aerosol optical depth (AOD). These ratios differ remarkably among pollution
sources in Asia, America, and Europe and between pollution in megacity areas and relatively rural areas in
China. The differences indicate that the ratio could be used to roughly evaluate the chemical composition
in the smoke and distinguish different emission sources (Li et al., 2016; Veefkind et al., 2011). In addition,
the ratios of active gases to reference specie (e.g., CO) are able to reveal their relative emission amounts
and represent the capability of changing the oxidation of the atmosphere to some extent.
Previous studies of emission parameters (e.g., EF and Ce) and the DSRF from smoke mainly focused on spatially and temporally averaged behavior of ﬁre. The huge variability among individual ﬁres has received less
attention (Akagi et al., 2011; Andreae & Merlet, 2001; Mebust, 2013; Mebust & Cohen, 2014; Yokelson et al.,
2003). Several factors such as vegetation type, meteorological conditions, and fuel conditions could be
responsible for the variations (Ichoku & Ellison, 2014; Ichoku & Kaufman, 2005; Mebust et al., 2011; Santos
et al., 2008; Schreier et al., 2014; Van Leeuwen & Van Der Werf, 2011).
Therefore, to assess the impacts of wildﬁre on atmospheric climate and environment, accurate estimation is
needed for the ﬁre emission parameters, the ﬁres’ chemical composition, the associated DSRF, and the ﬁres’
individual variabilities. Most importantly, it is necessary to understand the connections among these factors.
Satellite remote sensing and related technology can provide critical information to do these studies.
However, no single satellite system can meet all the above requirements. It is meaningful to combine observations from multiple satellites and multiple sensors to conduct an integrated analysis of the above features.
In this study, multiple ﬁre cases were selected with representative types of fuel in the northeast of China
(NEC), Siberia (in Russia), and California (in America) to conduct comprehensive investigations of the ﬁres’
impacts on atmospheric composition and DSRF. Using quasi-synchronous multiple-satellite observation,
FRP-based Ce values of aerosol, NOx, HCHO, and CO were determined. To the best of our knowledge, this
study is the ﬁrst to produce Ce from these four compositions simultaneously. Then we characterized the
correlations among smoke aerosols, NOx, HCHO, and CO and derived the ratios between each pair of them.
Variabilities of Ce and composition ratios between individual ﬁres were analyzed and discussed. From the
understanding of the ﬁre emissions and chemical composition, we further estimated the smoke DSRF at
the top of atmosphere (TOA). These results are compared with results published in the literature, and we
discuss factors, which may inﬂuence the ﬁnal results.
FU ET AL.
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2. Data and Methodology
2.1. Selection of Fire Cases and the Associated Dominant Fuel Type and Meteorology Conditions
Aqua MODIS detected a series of ﬁres in East Asia in October 2004. Large areas of forest were destroyed by
this series, and its widespread inﬂuence was mentioned by Goldammer et al. (2004, 2008). Among those ﬁres,
one of the largest, on 15 October 2004 in NEC, was selected as case F1. Another ﬁre case on 30 May 2006, also
in NEC, was selected as case F2. The ﬁre series containing F2 was the most severe in the NEC area since the
extreme strong ﬁre event in 1987. The F2 series (which lasted from 21 May to 2 June 2006) is listed in the 10
most remarkable meteorological disasters in 2006 in China by the China Meteorological Bureau (http://www.
gov.cn/fwxx/kp/2006-12/30/content_484190.htm).
A wave of forest ﬁres happened in middle and late July of 2006 in Siberia, and vast areas of Russia were
shrouded in thick smoke with heavy air pollution (Verma et al., 2009). The ﬁre on 22 July 2006 captured by
Aqua MODIS was selected as case F3.
Forest ﬁres frequently occur in California. During June and July 2008, hundreds of wildﬁres happened and
large areas of forest were burned due to record-breaking lightning activity and months of drought.
Hawkins and Russell (2010) chose this series of ﬁres as their research object. In this study, ﬁres detected on
25 June, 9 July, and 11 July by Aqua were selected as cases F4, F5, and F6. Since the individual ﬁre cases in
California have much less satellite observation data, and the amount for the individual ﬁres would not be
enough to get a convincing result, thus, the data for F4–F6 is combined for further quantitative analysis in
this work. All the selected ﬁre/smoke cases were conﬁrmed by the MODIS Rapid Response Project.
The dominant fuel type (Figure 1) and meteorology conditions (Table 1) associated with the ﬁre are critical to
determine the emission rate of aerosol and trace gases, and they also partially determine the strength and
size of the ﬁre. The MODIS land cover product MCD12C1 (0.05° × 0.05°; Friedl et al., 2010) with the
University of Maryland classiﬁcation scheme (UMD) and ERA-Interim weather data (0.125° × 0.125°) were used
to provide those information. For each MODIS-detected ﬁre pixel (1 km × 1 km), land cover type (Figure 1)
and meteorological parameters (Table 1) from the nearest grid of MCD12C1 and ERA-Interim are assigned.
The ERA-Interim reanalysis data set is produced by European Centre for Medium-Range Weather Forecasts
(ECMWF). To generate such data set, a four-dimensional variational analysis approach is used to assimilate
various input products including in situ measurements from satellite and conventional observations. In this
study, the major data used are wind vectors at 850 hPa as suggested by Ichoku and Kaufman (2005) and
Ichoku and Ellison (2014) for that most smoke plumes height are about 1.5 km ± 1 km (Ichoku & Ellison, 2014).
The major uncertainties involved in the parameters listed in Table 1 come from two sources. One is the
original uncertainty of the ERA-Interim reanalysis data set. The detailed discussion of the data quality of
ERA-Interim reanalysis data can be found in Dee et al. (2011). This measurement error is not reﬂected in
the results. The other uncertainty is from the areal variability. We calculated the mean value and the standard
deviation from all ﬁre pixels for each ﬁre case. For example, the averaged wind speed at 10-m height for case
F1 is 7.63 m/s, and the associated standard deviation due to areal variability is 1.01 m/s.
The fuel composition of ﬁre cases was shown in Figure 1. For the F1 case in NEC, 44.7% of burned vegetation
was cropland, followed by woody savannas 28.3%, grassland 12.9%, and a small percentage of forest. Most of
the burned fuels were relatively ﬁne stems and branches. For the other cases, the dominant fuel type was
forest, and the percentages were 53.4% (50.7% mixed forest) for the F2 case, 66.4% (36.0% mixed forest)
for the F3 case, and 80.6% evergreen needle-leaf forest for the F4–F6 cases. Generally, forest fuel types have
bigger stems and branches than cropland, savannas, and grassland.
Weather conditions were also very different among those ﬁre cases (see Table 1). The near-surface (10-m
altitude) wind speed was the highest (7.63 ± 1.01 m/s) in F1, which was 1.75–2.0 times the values in other
cases. The temperature was highest in the F4–F6 cases and lowest in F1. The differences between
temperature and dew point temperature were about 20 and 30 K in cases F2 and F4–F6, indicating that
the relative humidity was the lowest in those cases.
In brief, F1 was a cropland dominant case, featuring relatively high near-surface wind speed. F2 and F3 were
mixed forest dominant cases, and F4–F6 were evergreen needle-leaf forest dominant cases. Moreover, cases
F2 and F4–F6 occurred in relatively dry atmospheres. In all cases, there were considerable areas of woody
savanna and savanna.

FU ET AL.
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Figure 1. The land cover percentage (%) for (a) ﬁre case F1 in the northeast of China, (b) ﬁre case F2 in the northeast of
China, (c) ﬁre case F3 in Siberia, Russia, and (d) ﬁre cases F4–F6 in California, USA. Based on MODIS land cover product
MCD12C1.

2.2. Satellite Observations of Fire, Aerosols, Trace Gas, and Upwelling Radiation Flux
The A-train satellite constellation can provide quasi-synchronous observations of ﬁre, aerosols, and trace
gases. It provides researchers with a unique opportunity to study the intensity and size of a ﬁre, the ﬁre emissions, and the relationships among different compositions in the smoke. The multiple-platform and multiplesensor satellite observation products and ancillary atmosphere reanalysis data set utilized in this study are
listed in Table 2.
Aqua MODIS identiﬁes hot spots by applying the contextual algorithm (Giglio et al., 2003), which is based on
the contrasts of brightness temperature at 4 and 11 μm between ﬁre and nonﬁre pixels. The validation and

Table 1
Basic Information of Selected Fire Cases

Fire cases (MODIS ﬁre pixels)
Geographic region
Geo-location
Detection time (UTC)
Dominant fuel type
10-m wind speed (m/s)
2-m dew point temperature (K)
2-m mean temperature (K)

FU ET AL.

F1

F2

F3

F 4–F6

2,385
Northeastern China
40–55°N, 120–145°E
15 October 2004
Cropland
7.63 ± 1.01
262.97 ± 4.68
282.10 ± 4.47

1,089
Northeastern China
48–57°N, 120–135°E
30 May 2006
Mixed forest
4.00 ± 1.41
281.74 ± 2.00
301.02 ± 2.11

1,194
Siberia
50–70°N, 75–115°E
22 July 2006
Mixed forest
4.35 ± 1.57
284.08 ± 2.09
298.98 ± 1.27

782
California
35–45°N, 110–125°W
25 June, 9 July, and 11 July of 2008
Evergreen needle-leaf forest
3.69 ± 1.08
277.89 ± 5.42
307.16 ± 5.50
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Table 2
Satellite Products and Reanalysis Data Sets Used in This Study
Main parameters (unit)

Data products

Reﬂectance
Fire Radiation Power (MW)
AAOD
2
NO2 (molecules/cm )
2
HCHO (molecules/cm )
2
Total column CO (molecules/cm )
2
Shortwave Radiation Flux (MW/m )
Weather data

MYD02HKM
MYD14
OMAERUV
OMNO2
OMHCHO
AIRX2RET
SSF
ERA Interim

Sensors

Level

Resolution

Aqua MODIS
Aura OMI

L1
L2
L2

500 m*500 m
1 km*1 km
13 km*24 km

Aqua AIRS
Aqua CERES
ECMWF

L2
L2
~

41 km*41 km
20 km
0.125°*0.125°

accuracy of Aqua MODIS ﬁre detection have been examined by Hawbaker et al. (2008) with detection rate of
73%. FRP was estimated for each ﬁre pixel using the empirical method of Kaufman et al. (1998) with minimum
detectable ﬁre of 10–20 MW. In this study, the latest ﬁre product MYD14 version 6 (Giglio & Justice, 2015) with
the pixel size of 1 km × 1 km is used.
Aura Ozone Monitoring Instrument (OMI) is an ultraviolet/visible (UV/VIS) nadir solar backscatter spectrometer. It provides measurements of aerosol optical depth and column density of ozone and trace gases with
nominal resolution of 13 km × 24 km.
In product of OMAERUV (Torres, 2006), the aerosol absorption optical depth (AAOD) was retrieved at the nearultraviolet spectrum, which is very sensitive to smoke-absorbing aerosol with root-mean-square error ~0.01.
The aerosol optical depth (AOD) has been proved to be reliable under the cloud-free condition, and the retrieval mean square error over land is expected to be about 0.1 or 30%, whichever is larger (OMI Team, 2012).
In product of OMNO2 (Krotkov & Veefkind, 2016), the tropospheric column mole density of NO2 was retrieved
at the OMI visible spectrum ranging from 405 to 465 nm, using the differential optical absorption spectroscopy method. As a reference, the noise of NO2 tropospheric column density is about 0.45 ± 0.04 × 1015 molecule/cm2 over the tropical South Paciﬁc region (Krotkov et al., 2017).
In product of OMHCHO (Kelly, 2007), the vertical column density of HCHO is retrieved from the OMI spectrum
of 306–364 nm and the typical uncertainties range from 50% to 105% (OMI Team, 2012).
The total column density of CO (molecules/cm2) was provided by the Aqua Atmospheric Infrared Sounder
(AIRS) level 2 product AIRX2RET (AIRS Science Team/Joao Texeira, 2013). It has been validated by McMillan
et al. (2011), and the accuracy of observation is typically 10%.
In addition, the upwelling shortwave radiation ﬂux (0.3–5 μm, W/m2) at the top of atmosphere (TOA) estimated from the Clouds and the Earth Radiant Energy System (CERES) on Aqua satellite (Patadia et al.,
2008; Wielicki et al., 1996) was used to estimate the shortwave (SW) radiative forcing effect of smoke aerosol
(showed in Figure 8). The overall bias of CERES estimation is less than 0.2 W/m2, and the root-mean-square
errors range from 0.70 to 1.4 W/m2 (Loeb et al., 2007).
The reﬂectance products from MODIS MYD02HKM are used for RGB (red, green, blue) images composition
(Figures 2a–2c).
2.3. Calculation of Mass Emission Rate of Aerosol and Trace Gases
The basic concept and method used here was ﬁrst developed by Ichoku and Kaufman (2005) for aerosols Ce
estimation. Mebust et al. (2011) and Schreier et al. (2014) applied it to trace gas NO2. We followed those methods and applied it to estimate Ce of aerosol and more trace gases including NO2, HCHO, and CO. The method
and its major assumptions are introduced here brieﬂy.
Satellite observations of aerosol optical depth or column concentration of trace gases are the results of cumulated emissions over a ﬁnite period of time in the pixel area. Therefore, the mass emission rate (g/s1) can be
obtained by dividing the total emitted mass of aerosol and those trace gases (g) by the accumulative time (s).
For certain pollutant, the total emitted mass from ﬁre can be estimated by timing the mass area density of Mf
(g/cm2 or g/m2) with the area of the satellite observing pixel Apixel (m2). The accumulative time Tpixel can be
determined by the Apixel and the mean wind speed at the smoke injection height.
FU ET AL.
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Figure 2. From left to right: selected ﬁre cases F1, F3, and F5. From top to bottom: the RGB composite true color images from MODIS, AAOD, tropospheric vertical
columns density of NO2, vertical column density distribution of HCHO from OMI retrievals, and total column density distribution of CO from AIRS retrievals. All
observations are shown in UTC time.

First, the satellite-observed aerosol optical depth or column molar density (molecule/cm2) needs to be
converted to mass area density.
Mf ¼ ðPamax  Pamin Þk

(1)

where Pamax and Pamin is the maximum and minimum satellite observations of pollutants among the
considered satellite pixel and its surrounding eight pixels (for aerosol) or its three downwind pixels (for
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NO2, HCHO, and CO), respectively. Parameter k stands for mass conversion coefﬁcient, which is different for
each pollutant.
For aerosol, k = 1/β, where β (m2/g1) is the aerosol mass absorption efﬁciency. Based on the work of Reid et al.
(2005), the value β = 0.4m2/g1 for smoke of temperate/boreal forest ﬁres was used in the current work
because all of the ﬁre cases occurred in the temperate/boreal forest region.
For NO2, k = [MM * (1 + NO/NO2)]/NA, where MM (g/mol) is the molar mass of NO and Avogadro’s constant is
NA = 6.022 × 1023 (molecules/mol). The term 1 + NO/NO2 (without unit) is the inverse of NO2/
NOx(NOx = NO + NO2). The ratio of NO2/NOx is set as 0.75 as suggested by Mebust et al. (2011) and
Schreier et al. (2014).
For HCHO and CO, k = MM/NA, where MM (g/mol) is the associated molar mass of HCHO and CO.
Second, the cumulative time Tpixel (in seconds) of the aerosol and trace gases in the satellite pixel is
estimated by
T pixel ¼

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Apixel = u2pixel þ v 2pixel

(2)

where upixel and vpixel are the zonal and meridional wind speed (m/s) at 850 hpa (for cases F1, F2, and F3) and
800 hpa (for cases F4, F5, and F6) derived from ERA-Interim reanalysis data. Although the smoke injection
height varied from case to case, globally, most ﬁres inject smoke to height less than 3.0 km. The global average injection height of 1.5 km (around 850 hpa) therefore was suggested by Ichoku and Kaufman (2005).
Sensitive tests of wind speed for all study cases were conducted by comparing the results of using the wind
speed at 900 hPa level, and it was found that most of the Ce change only less than 10% (refer to the supporting information).
Finally, the mass emission rates Rpixel (in g/s) were obtained by dividing the total mass of emission by the
accumulative time:
Rpixel ¼ Mf Apixel =T pixel

(3)

The setting of aerosol absorption coefﬁcient β as 0.4 m2/g, the setting of the ratio of NO2/NOx as 0.75, and the
selection of 850 and 800 hpa as the averaged smoke injection layer are the three major assumptions in this
method.
It should be noted that the original spatial resolutions of satellite observations were about 13 km × 24 km for
aerosol, NO2, and HCHO and 41 km × 41 km for CO. However, in the study of FRP-based emission efﬁciency Ce
(section 3.2), the spatial resolution was adjusted to 1° × 1° resolution. This was done by collocating all satellite
pixels into their associated 1° × 1° grid and summing up the FRP and ﬁre emission rates Rpixel in it to represent
the total FRP and Ce of the grid. This is helpful to reduce the spatial variability based on the works by Ichoku
and Ellison (2014) and Schreier et al. (2014).

3. Results
This section provides summary of the results for the studied six ﬁre cases. The discussion and explanation of
the differences among cases are presented in section 4.2.
3.1. Spatial Distributions of Fire, Aerosol, and Trace Gases
RGB composite true color images of ﬁre cases F1, F3, and F5 (F2, F4, F6, and map of dominant vegetation type
are shown in the supporting information) occurring in China, Russia, and California are shown in Figure 2. The
number of ﬁre points (red dots) in the cropland ﬁre F1 is 2,385, which is twice that in the mixed forest case F3
(1,194) and about 7 times that in the needle-leaf forest case F5 (371). The number of ﬁre points indicates the
size of the ﬁre and that F1 is the largest. In addition, those ﬁre points in the cropland ﬁre F1 are denser than
other cases and this indicates that the FRP of F1 is the greatest as well. Over the ﬁre points and in their downwind area, the smoke is in gray and blue colors. In the contiguous areas, higher values of AAOD, NO2, HCHO,
and CO are presented. Generally, there are good spatial correlations among them. The source of atmospheric
aerosol is complicated. For example, in the studying area in Northeastern China, the AOD can be signiﬁcantly
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affected by mineral dust from the upstream Gobi and Taklimakan desert (Li et al., 2017; Wang, Liu, et al., 2018;
Wang, Wen, et al., 2018), and in that case, AOD has no correlations with trace gases. Therefore, the good correlation shown in Figure 2 indicated that those pollutants were mainly emitted from the ﬁre and transported
downwind. On the other hand, because those satellite retrievals were made from different algorithms independently, the results also indirectly proved their validity.
Remarkable differences of ﬁre emissions among those cases are seen in Figure 2. Considering aerosols, AAOD
is the lowest in the cropland case F1 compared to the forest cases of F3 and F5, regardless of the fact that the
size and intensity of the ﬁre is greatest in F1. Meanwhile, it is noteworthy that the column density of NO2 in F1
is much larger than those in the other cases.
The HCHO spread to a larger area in F3 compared to others, but the accumulated concentration of HCHO is
the highest in F5. For CO, the regional difference is relatively smaller than for the other three trace gases.
The associated mass emission rate combining both satellite retrievals and horizontal wind ﬁeld information is
shown in Figure 3. Generally, the spatial pattern of mass emission rate of each component is similar to
satellite observations shown in Figure 2. However, differences between satellite-observed concentration
(or optical depth) of pollutants and the mass emission rate (g/s) can be seen in some areas. For example,
in the ﬁre pixels in Figure 2n around 65°N and 105°E, the satellite-observed column density of CO is high;
however, the mass emission rate of CO from this area in Figure 3k actually is very low due to the slow wind
speed and thus has long accumulative time Tpixel there. This proved the advantages of converting the direct
satellite observations of pollutants to associated mass emission rate using the method described in
section 2.3.
3.2. The Relationships Between Fire Emissions and FRP
In Ichoku and Kaufman (2005), it was pointed out that the FRP can represent the combined information of the
burned area, the biomass density, the fraction of above-ground biomass, and the burn efﬁciency. This means
that FRP is a good proxy parameter to estimate the ﬁre emission rate at an instantaneous time.
As shown in Figure 4, the emission rates of aerosol, NOx, HCHO, and CO using a 1° × 1° grid cell showed the
consistent trend of increasing with FRP. Generally, the emission of all pollutants increases with increasing
FRP. For given FRP, the emission rate shows considerable scattering, particularly at low FRP ranges. Such
scattering represents the spatial variability in the FRP-Ce relationships. One possible reason of such variability
is due to fuel type. And the other possible reason is due to the stages of combustion at different places when
satellite overpassing. From the plot, in each case, when FRP is low, the spatial variability of ﬁre emission rate is
large (Figures 4b, 4c, and 4l), but when FRP gets larger, the positive correlation between them becomes
stronger and the spatial variability of ﬁre emission rate becomes relatively small. Therefore, it is expected that
the uncertainty of ﬁre emission rate is large for small FRP than that for large FRP. A statistical study for
deriving the FRP-ﬁre emission rate relationship at classiﬁed spatial locations, fuel type, and combustion
stages using more samples is undergoing. The spatial variability will be taken better care of in that study.
The correlation between the emissions and the FRP all passed the 95% conﬁdence level of the Student’s T test
(except for Figure 4p, which may be due to the small grid samples). Here are some ﬁndings from this study
that help to characterize this correlation: (1) The correlation is stronger when FRP is larger. This is particularly
clear in case F3 (most samples have FRP less than 2,000 MJ/s). Actually, in each case, when FRP is small, the
dependence of emission rate on FRP is more scattered, but when FRP gets larger, the positive correlation
between them becomes stronger. (2) Comparing the correlation between FRP and different pollutants, the
NOx-FRP correlation is the strongest (R = 0.64–0.84), followed by the aerosol-FRP correlation (R = 0.45–0.83).
In addition, it is worth to note that the CO-FRP correlation (0.26) in the cropland case F1 is much weaker than
those found in the other cases (R = 0.44–0.53). This is due to some samples that showing very high emission
rates of CO of 750 kg/s with very weak FRP of ~1,000 MW.
The FRP-based emission coefﬁcients Ce, deﬁned as the linear regression slope between mass emissions rate
against FRP, are summarized in Figure 5. Signiﬁcant differences were found among cases.
In the cropland ﬁre case F1 in NEC, the FRP is the strongest among all the cases but the estimated Ce value of
smoke aerosol is only 20.51 ± 2.55 g/MJ, which is half of that in Siberia (40.01 ± 9.21 g/MJ) and in
California (45.23 ± 8.81 g/MJ).
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Figure 3. From left to right: selected ﬁre cases F1, F3, and F5. From top to bottom: spatial distributions of mass emission rates (g/s) of aerosol, NOx, HCHO, CO, and
FRP (MW). Overlapping arrows are horizontal wind vectors derived from ERA-Interim. Red dots indicate ﬁre points, and the red and black boxes deﬁne samples near
or distant from ﬁres.
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Figure 4. Scatterplots of (a–d) aerosol emission rates against FRP, (e–h) NOx emission rates against FRP, (i–l) HCHO emission rates against FRP, and (m–o) CO emission
rates against FRP for ﬁre cases F1, F2, F3, and F4–F6, respectively. Open circles represent one 1° × 1° grid data sample, and vertical error bars are emission standard
errors of each 1° × 1° grid cell. K is the ﬁtting slope (g/MJ) and its 1-sigma uncertainty estimates, and R is the correlation coefﬁcient.

Contrary to the aerosol emission observations, the highest NOx Ce value (2.76 ± 0.25 g/MJ) is found in the
cropland ﬁre in NEC, while much lower Ce values are observed in Siberia (0.80 ± 0.09 g/MJ) and California
(0.84 ± 0.23 g/MJ; see Figures 3e–3h).
No signiﬁcant difference of HCHO emissions exists in the ﬁre cases, since the Ce values of F1, F2, F3, and
F4–F6 are 0.77 ± 0.12 g/MJ, 0.55 ± 0.20 g/MJ, 1.08 ± 0.21 g/MJ, and 0.56 ± 0.21 g/MJ, respectively.
The lowest Ce of CO values (23.94 ± 11.83 g/MJ and 21.40 ± 7.53 g/MJ) appeared in the cases of F1 and F2 in
NEC, while much higher Ce values of 70.21 ± 11.00 g/MJ and 40.38 ± 21.87 g/MJ appeared in Siberia and
California, respectively. Detailed information was summarized in Table 3.
3.3. The Relationships Among Multiple Components in Smoke
The quantitative relationships among different smoke compositions can carry important information about
the emission source and the combustion process. For example, Veefkind et al. (2011) indicated that the
AOD to NO2 ratios of biomass burning are about 2 orders of magnitude higher than that over industrialized
region; Yokelson et al. (2003) used the excess mixing ratios between CO and CO2 to estimate the relative
amount of ﬂaming and smoldering combustion of ﬁres. CO as an important emission composition from
biomass burning is generally used as the reference gas for estimating the emission of other trace gases.
Here we explored the relationship between CO and other three compositions.
As shown in Figure 6, strong positive correlations between the Rsa, RNOx, RHCHO versus RCO were found. All
correlations are statistically signiﬁcant based on the Student’s T test (95% conﬁdence level). Among them,
the correlation between RHCHO and RCO is the strongest.
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Figure 5. Histograms of Ce (in g/MJ) of (a) smoke aerosol, (b) NOx, (c) HCHO, and (d) CO for ﬁre cases F1, F2, F3, and F4–F6.
The error bars are 1-sigma uncertainty estimates of Ce.

The ratios of Rsa to RCO ranged from 0.078 to 0.147 among those ﬁres, and the ratios of HCHO to CO
(0.002–0.003) presented no signiﬁcant differences among cases. However, the ratios of NOx to CO show huge
discrepancies, with the highest value of 0.005 in the cropland case F1 in NEC is about 25 (10) times that of the
forest cases in Siberia (California).
Other relationships between different components in the smoke are shown in Figure 7, in which we separate
the samples into two groups: the group near the ﬁre source (NS) indicated by the red rectangles in Figure 3
and the group distant from the ﬁre source (DS) indicated by the black rectangles in Figure 3.
The ratios of NOx to smoke aerosols (RNOx to Rsa) are much larger in the near-ﬁre source regions than in the far
ﬁre source regions in cases F1, F2, and F3 (Figures 7a–7c), and similar results are also seen in the ratios of NOx
to HCHO (Figures 7i–7k). However, the ratios of HCHO to aerosol (RHCHO to Rsa) showed no noteworthy
difference between the two kinds of regions (Figures 7e–7g). The above characteristics did not appear in
the California cases (Figures 7d, 7h, and 7l). This is most likely due to the smoke regions in California being
too small to clearly distinguish the near-ﬁre source and far ﬁre source areas.
It should be notiﬁed that we simply separate the NS and DS visually based on the satellite image. Instead of
making a quantitative comparison between NS and DS, only qualitative discussions are made to help
understanding the lifetime effect of trace gas on observation.
Regional differences are another noteworthy characteristic. The slopes of the scatterplots between Rsa and
RNOx are 0.105 and 0.031 for F1 and F2 in the NEC, and these are much higher than in the Siberia and
California cases (Figures 7a–7d). Similar results are revealed between RNOx and RHCHO (Figures 7i–7l).
Discussion and explanation of those differences are given in section 4.
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Table 3
FRP-Based Emission Coefﬁcients (Ce) Derived From This Study and Results in Literature

Rsa- FRP

RNOx-FRP

RHCHO-FRP

RCO-FRP

Fire
case

Ce
1
[g MJ ]

R

rc

1-sigma

F1
F2
F3
F4-F6
F1
F2
F3
F4-F6
F1
F2
F3
F4-F6
F1
F2
F3
F4-F6

20.51
24.65
40.01
45.23
2.76
1.05
0.80
0.84
0.77
0.55
1.08
0.56
23.94
21.40
70.21
40.38

0.78
0.55
0.45
0.83
0.84
0.70
0.64
0.70
0.66
0.45
0.43
0.43
0.26
0.45
0.53
0.44

0.29
0.37
0.23
0.53
0.27
0.34
0.18
0.50
0.27
0.35
0.18
0.34
0.25
0.34
0.19
0.50

2.55
7.20
9.21
8.81
0.25
0.20
0.09
0.23
0.12
0.20
0.21
0.21
11.83
7.53
10.97
21.87

Referenced
1
Ce [g MJ ]
a

6.28–50.80
a
7.34–37.50
a
1.63–109.00
a
20.5–37.90
b
0.24 ± 0.07–0.61 ± 0.08
b
0.25 ± 0.03–0.36 ± 0.02
b
0.28 to 1.56
0.11–1.07

c

b

32.88 and 45.58
c
26.65 ± 8.2–43.87 ± 15.17

Note. R presents the Pearson correlation coefﬁcient, rc presents the critical correlation coefﬁcient, and sigma is 1-sigma
uncertainty estimates.
b
Ce extracted from Ichoku and Ellison (2014) over the near-source areas. Ce collected from Mebust et al. (2011),
c
Mebust and Cohen (2014), Schreier et al. (2014), and Freeborn et al. (2008). Ce converted from EF (g/kg) with the
EMC of 0.41 kg/MJ.

a

Figure 6. Scatterplots of (a–d) aerosol against CO emission rates, (e–h) NOx against CO emission rates, and (i–l) HCHO against CO emission rates for ﬁre cases F1, F2,
F3, and F4–F6.
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Figure 7. Scatterplots of (a–d) NOx against smoke aerosol emission rates, (e–h) HCHO against smoke aerosol emission rates, and (i–l) NOx against HCHO emission
rates for cases F1, F2, F3, and F4–F6. Red (blue) lines and red (blue) dots represent samples near (distant from) the ﬁre source.

3.4. Direct Shortwave Radiative Forcing (DSRF) at the Top of Atmosphere
Previous study (Patadia et al., 2008) showed that the CERES shortwave (SW) ﬂuxes in pixel level detected by
SW channel can be used to assess the DSRF effect of smoke. In this sector, the nearly coincident satellite
observations of upwelling SW ﬂuxes (W/m2) at TOA from Aqua CERES SSF and aerosol optical depth (AOD)
at 500 nm from Aura OMI were combined together to explore the smoke aerosol SW radiative forcing effect.
Figures 8a–8d show the spatial distributions of upwelling SW radiation ﬂux at TOA in cases of F1, F2, F3, and
F5, respectively (F4 and F6 are not shown here). As the ﬁgure shows, the upwelling SW ﬂux at the TOA over
smoke regions is signiﬁcantly larger than that over clear sky, indicating the strong SW radiation forcing from
smoke aerosols.
The direct shortwave radiative forcing (DSRF) is deﬁned as
DSRF ¼ ½SW Fluxsmoke  ½SW Fluxb

(4)

The [SW Flux]smoke stands for upwelling SW radiation ﬂux at the TOA (in W m2) from the smoke area. The [SW
Flux]b presents the background upwelling SW ﬂux at TOA over the clear-sky area (in W/m2), which is deﬁned
as the minimum SW radiation ﬂux value extracted from 100% clear-sky CERES footprints in the selected
studying area (i.e., the red dots in Figures 8a–8d).
Strong linear correlations between DSRF and AOD (500 nm) are presented in all cases. Instantaneous DSRF
coefﬁcients of F1, F2, F3, and F4–F6, respectively, are 20.09 Wm2τ 1 (τ represents AOD at 500 nm),
FU ET AL.

8338

Journal of Geophysical Research: Atmospheres

10.1029/2017JD027927

Figure 8. (a–d) Upwelling shortwave radiation ﬂux (SW) at TOA measured by Aqua CERES for ﬁre cases F1, F2, F3, and F5. Red boxes are the selected study areas for
bottom scatterplots, and red dots are the 100% clear-sky CERES pixels. (e–h) Scatterplots of shortwave radiative forcing at the TOA versus aerosol optical depth
(AOD). The KSW is ﬁtting slope, RSW is 1-sigma uncertainty of the ﬁtting slope.

21.62 Wm2τ 1, 22.93 Wm2τ 1, and 21.59 Wm2τ 1, showing good consistencies among each other. The
1-sigma uncertaintyof estimations of DSRF efﬁciency is 1.40 Wm2τ 1for ﬁre cases F1 and F2 in the
Northeastern of China, 1.01 Wm2τ 1 for ﬁre case in Siberia, and 2.41 Wm2τ 1 for ﬁre cases in California.

4. Discussion
The above results all came from case studies, so evaluation of the reliability of those results is necessary. In
this section, we compare our results with previous works and attempt to explain the remarkable differences
of ﬁre emissions and composition ratios among cases.
4.1. Comparison of Ce With Results in Literature
For FRP-based Ce of aerosol, Ichoku and Kaufman (2005) yielded Ce values in a range 20–100 g/MJ, which is
similar to our values (20.5–45.23 g/MJ). They also obtained the Ce values of 48 g/MJ (Terra) and 66 g/MJ
(Aqua) in the Siberia region, which is slightly higher than the current Siberia ﬁre case (40.01 g/MJ).
Moreover, Ichoku and Ellison (2014) developed the global aerosol Ce data set in 1° × 1° grids with the Ce
ranges from 0 to 477 g/MJ and most of those data points were less than 100 g/MJ, which also shows good
consistency with our result. To compare Ce values in the same region, the Ce values in this data set within
the near-ﬁre source regions of above ﬁre cases are extracted in Table 3. In the NEC and Siberia ﬁres, the Ce
values are in good consistency with the data set, while in California our result shows a much higher value.
Pereira et al. (2009) found a Ce value of 30 g/MJ for the Amazon forest and Brazilian cerrado biomes and
20 g/MJ for Atlantic forest biomes in South America, which are less than the result presented in this study.
The NOx Ce values derived by Mebust et al. (2011) in the California and Nevada range from 0.24 ± 0.07 to
0.61 ± 0.08 g/MJ, which are lower than our result from the California cases (0.84 ± 0.23 g/MJ). Moreover, they
also obtained the mean Ce values for all biomes falling between 0.25 ± 0.03 and 0.36 ± 0.02 g/MJ (Mebust &
Cohen, 2014). For different biomes, most of their emission coefﬁcients are below 1.2 g/MJ. Our results are
higher than their mean value but generally fall in their valid ranges. Good consistency is shown when compared with the prior work by Schreier et al. (2014), for in their study the Ce ranged from 0.28 to 1.56 g/MJ.
To the best of our knowledge, there are few Ce values of HCHO derived from satellite observations available.
To objectively assess the current HCHO Ce, emission factors (EF, expressed as g/kg) collected from previous
literature were converted into Ce values by simply multiplying by an energy-mass-conversion (EMC) factor,
which is a constant for conversion from FRP to dry matter burned. In the current study, the EMC of
0.41 kg/MJ (Vermote et al., 2009) was adopted. The mean EF values of HCHO extracted from the previous
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works (Andreae & Merlet, 2001; Wooster et al., 2011) range from 0.26 to 2.60 g/kg, and the corresponding
converted Ce fall between 0.11 and 1.07 g/MJ, which is highly consistent with our results (0.55 ± 0.20–1.08± 0.21 g/MJ).
Ce values of CO retrieved from satellite observation are also rare in the literature. Freeborn et al. (2008)
obtained the mean Ce values of CO from laboratory biomass ﬁres by using two different middle infrared
thermal imaging systems, determining values of 45.58 and 32.88 g/MJ. Andreae and Merlet (2001) listed a
table of EF of various species including the CO with values ranging from 65 ± 20 to 107 ± 37 g/kg. The same
as for HCHO, we converted the data into the expression expressed as g/MJ and obtained the corresponding
values of 26.65 ± 8.2 to 43.87 ± 15.17 g/MJ. The Ce values in our results obtained from Siberia are signiﬁcantly
higher than these two results.
In conclusion, our results are in reasonable ranges and show good consistency with prior published research.
4.2. Possible Reasons for the Differences of Fire Emissions Among Cases
From the above analysis, we know that the ﬁre case F1 features a strong FRP, low FRP-based aerosol emission
rate, very high NOx emission rate, and very low CO emission rate (refer to Figure 5) compared to those in
forest ﬁres in Siberia and California. Those noteworthy differences could be explained as follows.
First, the major biome types burned in F1 are cropland and woody savannas (Figure 1) rather than forest as in
the other cases. F1 may have more thin branches and stems compared to trees in a forest (cases F2–F6), and
this type of fuel (particularly with high near-surface wind speed as shown in Table 1) may favor fast
combustion and thus release more FRP; that is, it has stronger ﬁre intensity. However, the burned biomass
of such a ﬁre may be relatively lower than that burned in a forest; therefore, it released a smaller amount
of aerosol for given FRP (i.e., weak ﬁre severity). In addition, it is speculated that the crops and the soil
underneath contain a high content of nitrogen due to agricultural fertilization. The nitrogen was released
during the combustion process and led to a high emission rate and Ce of NOx.
Fire emissions are highly related to fuel type in the literature. As Schreier et al. (2014) demonstrated, woody
savanna and cropland ﬁres have a relatively higher NOx Ce than forest ﬁres, and this could result from woody
savanna and cropland biomes having higher N content than forests, providing more N content to be oxidized
into NOx. Meanwhile, for smoke aerosols, Vadrevu et al. (2015) pointed out that forest ﬁres emitted more
absorptive aerosols than cropland. Differences among ﬁres in the current work showed good consistencies
with their descriptions.
Second, the combustion phase is another major factor, which could affect the ﬁre emissions remarkably.
Mebust and Cohen (2014) mentioned that ﬂaming combustion with a higher temperature than smoldering
is believed to oxidize the N more effectively. Hardy et al. (2001) indicated that the amount of smoke particles
emitted from per dry mass consumed in smoldering phases is more than double that of the ﬂaming phase.
Besides aerosols, CO is also efﬁciently produced by incomplete combustion (smoldering).
The cropland case F1 in NEC, with the highest Ce of NOx and low Ce of aerosol and CO, may have a smaller
smoldering proportion than the forest cases in Siberia and California. This is possible because (1) cropland
and wood savannas have more thin branches and stems than a forest; thus, smoldering combustion is less
prevalent (Hardy et al., 2001). (2) F1 occurred in October (the dry season), whereas the other cases were in
June and July, the wet season. Vegetation in the dry season generally has a lower vegetation water content
and burns more efﬁciently. And (3) smaller wind speed means less oxygen could be obtained, leading to
higher percentage of smoldering.
4.3. The Direct Shortwave Radiative Forcing (DSRF) at TOA
Based on Figure 8, the absolute values of DSRF of this study vary from 0 to ~180 W/m2 under different aerosol
loadings in different cases. However, after being normalized by the associated AOD, the DSRF per unit AOD is
very consistent among all cases (20.09 ± 0.89 to 22.93 ± 1.01 Wm2τ1).
Santos et al. (2008) estimated the average DSRF efﬁciencies at TOA of forest ﬁre smoke of 28 Wm2τ1 and 33
Wm2τ1 (550 nm) over two regions in Portugal. Christopher et al. (2000) retrieved the DSRF efﬁciencies
ranging from 20 to 60 Wm2τ1 in biomass burning smoke dominated region in South America. Patadia
et al. (2008) obtained a 5-year mean value 44 Wm2τ1 from biomass burning aerosol at TOA in
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Amazonia. Compared with their results, the values in our works are slightly smaller but within their
reasonable range.
The above results imply that there are large variations of ﬁre intensity, ﬁre emissions, and relative chemical
compositions among individual ﬁre cases, but the DSRF per unit AOD shows similar values, at least among
our selected cases. Our results are generally consistent with those in the literature. This is a good sign that
we can use the observed AOD in other ﬁre cases to roughly estimate the induced DSRF. Of course, this
speculation needs solid validation studies, particularly from long-term statistical studies.

5. Summary
The emissions of aerosol, trace gases, and the associated direct shortwave radiative forcing from multiple
wildﬁres in the northeast of China (NEC), Siberia, Russia, and California, USA, with dominant fuel types of cropland, mixed forest, and needle-leaf forest, respectively, are studied based on state-of-the-art satellite observations. The FRP-based emission coefﬁcients (Ce) of aerosol, NOx (NO2 + NO), formaldehyde (HCHO), and
carbon monoxide (CO) were derived from combined products from Aqua Moderate-Resolution Imaging
Spectroradiometer (MODIS), Aqua Atmospheric Infrared Sounder, Aura Ozone Monitoring Instrument
(OMI), and AquaCloud’s and the Earth’s Radiant Energy System (CERES) using the method of Ichoku and
Kaufman (2005). The cropland ﬁre case in NEC featured relatively higher ﬁre intensity (FRP), lower Ce of aerosol and CO emissions, and signiﬁcantly higher Ce of NOx emissions comparing to those in forest ﬁre cases.
The relative chemical compositions of the smoke were examined by analyzing the relationships among
different trace gas species and aerosols. Strong spatial correlations were found among aerosol optical depth
(AOD), NOx, HCHO, and CO. The three ratios of NOx to AOD, HCHO, and CO in the cropland case in NEC show
much higher values than those in other cases.
Although huge differences of ﬁre intensity, ﬁre emissions, and composition ratios were found among the
cases of this study, the DSRF per AOD of smoke at the TOA showed good consistency, with the shortwave
radiative forcing efﬁciency values of 20.09 Wm2τ1, 21.62 Wm2τ1, 22.93 Wm2τ1, and 21.59
Wm2τ1, respectively.
Our results reveal the noteworthy variations of the FRP-based emission coefﬁcient and relative chemical
composition, which might be due to the difference of biomes type burned, the combustion states (ﬂaming
or smoldering), and/or the weather conditions. Findings here would provide useful information to the
estimation of ﬁre emission and radiative forcing effect, and associated statistical study is undergoing.
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