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Abstract Fire frequency, extent, and size exhibit a strong linkage with climate conditions and play a vital
role in the climate system. Previous studies have shown that the frequency of large ﬁres in the western United
States increased signiﬁcantly since the mid-1980s due to climate warming and frequent droughts. However,
less work has been conducted to examine burned area and ﬁre emissions of large ﬁres at a national scale,
and the underlying mechanisms accounting for the increases in the frequency of large ﬁres are far from clear. In
this study, we integrated remote-sensed ﬁre perimeter and burn severity data sets into the Dynamic Land
Ecosystem Model to estimate carbon emissions from large ﬁres (i.e., ﬁres with size larger than 1000 acres or
4.05 km2) in conterminous United States from 1984 to 2012. The results show that average area burned by large
ﬁres was 1.44 × 104 km2 yr1 and carbon emissions from large ﬁres were 17.65 Tg C yr1 during the study
period. According to the Mann-Kendall trend test, annual burned area and pyrogenic carbon emissions
presented signiﬁcant upward trends at the rates of 810 km2 yr1 and 0.87 Tg C yr1, respectively. Characteristic
ﬁre size (ﬁre size with the largest contribution to the total burned area) in the period of 2004–2012 increased by
176.1% compared to the period of 1984–1993. We further found that the larger ﬁres were associated with
higher burn severity and occurred more frequently in the warmer and drier conditions. This ﬁnding implies that
the continued warming and drying trends in the 21st century would enhance the total burned area and ﬁre
emissions due to the contributions of larger and more severe wildﬁres.

1. Introduction
As a natural disturbance in the Earth system, ﬁre plays a critical role in climate changes [Bowman et al., 2009;
Randerson et al., 2006; Ward et al., 2012] by modifying vegetation composition and distribution [Bond et al.,
2005], greenhouse gases and aerosol concentrations [Bousquet et al., 2006; Kasischke et al., 2005; Langmann
et al., 2009; van der Werf et al., 2004], the terrestrial carbon budget [Bond-Lamberty et al., 2007; Houghton
et al., 2000; Li et al., 2014; Prentice et al., 2011; Yang et al., 2015], and land surface water and energy balance
[Beck et al., 2011; Bond-Lamberty et al., 2009]. In conterminous United States (CONUS), wildﬁres have been
intensively studied at various temporal and spatial scales [e.g., Houghton et al., 2000; Liu, 2004; Schoennagel
et al., 2004; Westerling et al., 2006; Zhang et al., 2014]. It was reported that burned area in CONUS declined by
98% from the 1700s to the late twentieth century mainly due to human activities (i.e., ﬁre suppression, grazing,
and cropland expansion) [Houghton et al., 2000]. However, since the mid-1980s, the frequency of wildﬁres in the
western U.S. increased substantially owing to the elevated temperature, earlier spring, and more frequent
droughts [Dennison et al., 2014; Littell et al., 2009; Westerling et al., 2006].
Large ﬁres accounted for a majority of the total burned area despite comprising only a small fraction of total
ﬁres [Urbanski et al., 2011; Barbero et al., 2014; North et al., 2015]. Satellite observations showed that the
frequency of large ﬁres in the western U.S. presented an increasing trend in recent decades [Barbero et al.,
2014; Dennison et al., 2014], which substantially modiﬁed the pattern of energy, water, and carbon exchanges
between land and the atmosphere [e.g., Dore et al., 2012]. Previous studies put emphasis on ﬁre frequency,
burned area, and ﬁre emissions [e.g., Urbanski et al., 2011], while relatively less effort was devoted to studying
the temporal changes in ﬁre size and burn severity of large ﬁres at a national level in the United States.
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To investigate the changes of ﬁre size from 1959 to 1999 in boreal North America, Kasischke and Turetsky
[2006] analyzed the frequency and burned area of ﬁres in four size categories (i.e., small, large, very large,
and ultra large) and found a signiﬁcant increase in the frequency of large ﬁres in the 1980s and the 1990s,
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comparing with the 1960s and the 1970s. Barbero et al. [2014] found an increase in the probability of very
large ﬁres (>5000 ha) in the western U.S. from 1984 to 2010 based on a statistical model. Lehsten et al.
[2014] developed the concept of “characteristic ﬁre size” to describe the relative contribution of ﬁres in
different size categories to the total burned area and investigated the spatial distribution and temporal
variation of ﬁre sizes across the boreal ecoregions. However, the changes in ﬁre size in CONUS have not been
well studied and need to be examined urgently.
The term “burn severity” is generally used to describe the magnitude of aboveground and belowground organic
matter consumed by ﬁres [Keeley, 2009]. Fires with different levels of burn severity can induce divergent ecological consequences [Schoennagel et al., 2004]; low-severity ﬁres usually do not kill trees and produce less ﬁre
emissions, while high-severity ﬁres are either very hot surface ﬁres or crown ﬁres and often kill trees and alter
vegetation composition. Larger and more severe ﬁres produce higher ﬁre emissions, generate a higher risk of
soil erosion, and slow down postﬁre plant recovery. At the landscape level, biomass consumption was found
to be determined by weather conditions, fuel characteristics, and topography [Dillon et al., 2011]. However, a
general relationship between burn severity and ﬁre size has not been demonstrated at a national scale.
The emissions of gases and particulates from ﬁres are one major pathway through which ﬁres inﬂuence
atmospheric greenhouse gas concentrations and air quality. Currently, two primary approaches are used to
estimate pyrogenic carbon emissions, i.e., satellite-based approach and ﬁre emission modeling. Basically,
satellite-based approach estimates pyrogenic carbon emissions based on ﬁre radiative power (FRP) and
biomass combustion rate [Kaiser et al., 2012; Wooster et al., 2005; Zhang et al., 2014], while ﬁre models
estimate pyrogenic carbon emissions based on burned area, fuel loading, and combustion completeness
[Seiler and Crutzen, 1980]. Burned area can either be obtained from input data sets [e.g., van der Werf et al.,
2010] or from model simulations [e.g., Li et al., 2012]. Input burned area data sets employed in most ﬁre
models are from satellite-based observations [e.g., van der Werf et al., 2010; Wiedinmyer et al., 2011;
Urbanski et al., 2011; French et al., 2014]. The representation of combustion completeness and tree mortality
in ﬁre emission models can either be retrieved from a ﬁxed vegetation parameter table [e.g., Li et al., 2012;
Thonicke et al., 2010] or be simulated according to fuel characteristics and meteorological conditions [e.g.,
French et al., 2014; Urbanski et al., 2011; Larkin et al., 2014; Veraverbeke et al., 2015].
In the U.S., national-scale remote-sensed ﬁre perimeter and burn severity have been developed by the
Monitoring Trends in Burn Severity (MTBS) project [Eidenshink et al., 2007] and applied to estimate ﬁre emissions
and forest mortality across various landscapes and regions [Dennison et al., 2014; Dillon et al., 2011; Ghimire et al.,
2012; Hicke et al., 2013; Meigs et al., 2011; Miller et al., 2012]. The MTBS ﬁre products mapped ﬁre perimeters and
burn severity of large ﬁres with size over 1000 acres (4.05 km2) in the western U.S. and size over 500 acres
(2.02 km2) in the eastern U.S. In this study, we examined ﬁre size, burned area, and burn severity in CONUS by
using the spatially explicit MTBS ﬁre products spanning from 1984 to 2012. Then, we incorporated the MTBS ﬁre
products into a process-based ecosystem model, the Dynamic Land Ecosystem Model (DLEM) [Tian et al., 2010a],
to estimate ﬁre-induced carbon emissions by considering temporal and spatial variations of remote-sensed burn
severity. The speciﬁc objectives of this study are the following: (1) to investigate the changing trends of ﬁre size
and burned area in CONUS, (2) to provide a new estimation of pyrogenic carbon emissions in CONUS by
coupling remote-sensed burn severity, and (3) to probe the relationship between ﬁre size and burn severity.

2. Method and Data
2.1. Data Sets
2.1.1. Climate Data Sets and Indices
In this study, climate data from 1979 to 2012 were obtained from North American Regional Reanalysis (NARR)
data set at the spatial resolution of 32 km [Mesinger et al., 2006] (available at http://www.esrl.noaa.gov/psd/
data/gridded/data.narr.monolevel.html). We interpolated the NARR climate product to the geographic coordinate system at 0.25° resolution by using ArcInfo 10.0. The z scores of annual temperature and precipitation
(Tz and Pz) were computed to represent the year-to-year climate variations from 1984 to 2012,
T T
σT
PP
Pz ¼
σP

Tz ¼
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where T is the annual mean temperature (°C), T is the 29 year average annual mean temperature (°C), σ T is the
standard deviation of 29 year annual temperature (°C), P is the annual total precipitation (mm yr1), P is the
29 year average precipitation (mm yr1), and σ P is the standard deviation of 29 year annual precipitation
(mm yr1).
2.1.2. MTBS Fire Database
The MTBS is a multiyear project designed to consistently map the burn severity and perimeters of ﬁre across
all the lands of the United States from 1984 and beyond (http://www.mtbs.gov/). The satellite-based burned
severity index, i.e., differenced normalized burn ratio (dNBR), was used to retrieve ﬁre perimeters and burn
severity [Eidenshink et al., 2007]. The dNBR compared well with ground-based composite burn index (CBI)
in CONUS [Cocke et al., 2005; Key and Benson, 2006; Miller and Thode, 2007; Veraverbeke et al., 2011] and
has been recognized as an effective approach to map burn severity [Brewer et al., 2005]. Based on the relationship between dNBR and CBI, satellite pixels within ﬁre perimeter were classiﬁed into four severity levels, namely,
“unburn to low,” “low,” “medium,” and “high.” Negative dNBR indicates increased photosynthesis activities of
postﬁre vegetation, and therefore, pixels with negative dNBR were classiﬁed as “increased greenness” in the
MTBS. We grouped these pixels into the severity level of unburn to low. Pixels labeled by “nonprocessing area
mask” refer to pixels within the gaps between satellite imaging swaths or the pixels contaminated by cloud.
MTBS burn severity was provided in the raster format at the spatial resolution of 30 m, and ﬁre perimeters were
provided in the format of ArcGIS shapeﬁle (see the example of the “North Fork” ﬁre in Figure S1 in the supporting information). In this study, we used the area within ﬁre perimeter to denote burned area, which could be
slightly larger than the actual area burned owing to the existence of unburnt vegetation islands (see the
uncertainties in section 3.5).
The MTBS project includes ﬁres larger than 1000 acres (4.05 km2) in the western U.S. (west of 97°W longitude)
and ﬁres larger than 500 acres (2.02 km2) in the eastern U.S. (east of 97°W longitude) [Eidenshink et al., 2007].
In this study, we only investigated the emissions and burn severity of large ﬁres (>1000 acres) and excluded
ﬁres less than 1000 acres in size. In total, 14,495 large ﬁres during 1984–2012 were included in this study
(Figure 1). We further separated these ﬁres into three size categories: large (L), very large (VL), and ultralarge
(UL), based on the ﬁre size (in acre) as below
Category L:

3≤ log10 ðfire

sizeÞ < 4

Category VL:

4≤ log10 ðfire

sizeÞ < 5

Category UL:

log10 ðfire sizeÞ≥5

The statistics of ﬁre count and average burned area in each size category are shown in Table S1. We extracted
monthly ﬁre perimeters and burn severity according to ﬁre starting dates and locations. Burn severity of one
speciﬁc ﬁre event was represented by the fractions of ﬁre pixels in different severity levels. For example, in the
North Fork ﬁre (Figure S1), 869,025 pixels (34.2%) were burned in unburn to low severity; 167,398 pixels (6.6%)
were burned in low severity; 294,284 pixels (11.6%) were burned in “Moderate” severity; 1,150,086 pixels
(45.3%) were burned in high severity; increased greenness took 52,283 pixels (2.1%); and nonprocessing area
mask took 7781 pixels (0.3%).
2.2. The Dynamic Land Ecosystem Model (DLEM)
The DLEM is a highly integrated, process-based land ecosystem model, which simulates the water, energy,
and biochemical cycles between terrestrial ecosystem and atmosphere under the impacts of multiple environmental factors, including climate, ambient CO2, nitrogen deposition, land use/land cover change, and ﬁre
disturbances [Pan et al., 2014; Ren et al., 2012; Tian et al., 2010a, 2010b, 2012]. The DLEM consists of ﬁve core
components: (1) biophysics, (2) plant physiology, (3) soil biogeochemistry, (4) dynamic vegetation, and
(5) land use, disturbance, and land management. Recently, we improved the DLEM by coupling the river
routing, water quality, and ﬁre disturbance submodules [Liu et al., 2013; Tian et al., 2015; Ren et al., 2015;
Tao et al., 2014; Yang et al., 2014a, 2015].
2.2.1. Parameterization of Pyrogenic Carbon Emissions
Similar to Global Fire Emissions Database (GFED3) [van der Werf et al., 2010], available fuel in the DLEM
includes vegetation biomass (leaf and stem), litter, coarse woody debris, and peat. Speciﬁcally, leaf refers
to foliage; stem includes bole, bark, and branches; litter includes dead leaf and ﬁne woody debris (<7.6 cm
in diameter); and coarse woody debris refers to dead roundwood > 7.6 cm in diameter [Zhang et al., 2010].
YANG ET AL.
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Figure 1. (a) Spatial distribution of ﬁres by size category in conterminous United States and (b) the histogram of ﬁre
frequency in ﬁre size intervals. The ﬁre size intervals were created according to the logarithm of ﬁre size (in acre).

However, the current version of DLEM did not explicitly simulated duff layer but treated duff layer as a part of
soil carbon storage. Fuel loading is estimated according to a series of physiological processes (e.g., photosynthesis, respiration, and turnover) and biogeochemical processes (e.g., decomposition) (see the brief description in
Text S2). The DLEM-simulated fuel loading has been validated against site level observations (such as Forest
Inventory and Analysis plot data) in our previous studies [Zhang et al., 2010; Chen et al., 2013; Tian et al.,
2012]. In this study, we compared the DLEM-simulated vegetation carbon with the Intergovernmental Panel
on Climate Change Tier-2 vegetation biomass data set at a national scale (Figure S2). The burned area and combustion completeness in the DLEM can either be obtained from input data or be simulated according to anthropogenic and environmental driving forces [Yang et al., 2014a]. In this study, MTBS ﬁre perimeter and burn
severity data sets were incorporated into the DLEM to estimate pyrogenic carbon emissions (Cbt, g C m2),
C bt ¼

4
4 
X
X

C ipft; ifuel CCipft;ifuel BFipft f ipft



(2)

ipft¼1ifuel¼1

where ipft is the index of natural vegetation types within one model grid (DLEM allows a maximum of four
natural vegetation types to coexist in one grid; see the major vegetation type in Figure S3); ifuel is the index
of fuel types (1 = leaf, 2 = stem, 3 = litter, and 4 = coarse woody debris); BFipft is the monthly burned fraction of
each natural vegetation type (%), which is assumed to be equal to burned fraction at grid level; fipft is the
fraction of vegetation area; Cipft, ifuel is the DLEM-simulated fuel loading of each fuel types (g C m2); CCipft,ifuel
YANG ET AL.
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Table 1. Parameters of Combustion Completeness in Four Levels of Burn Severity (CCipft,ifuel,ibseve,%) Used in This Study
Vegetation
Forest

Shrub

Grass

MTBS Burn Severity

Leaf

Stem

Litter

Coarse Woody Debris

Unburnt to low
Low
Moderate
High
Unburn to low
Low
Moderate
High
Unburn to low
Low
Moderate
High

3
31
54.5
80
20
25
50
95
70
75
76
100

1
10
45
70
20
25
50
95
-

57
64
64
99
57
64
64
99
57
64
64
99

26
35
42
55
26
35
42
55
-

is the combustion completeness (%), estimated according to the percentage of ﬁre pixels in unburn to low,
low, moderate, and high burn severity within one model grid (fibseve, %); and burn severity corresponded to
combustion completeness (CCipft,ifuel,ibseve, %) in Table 1,
CCipft;ifuel ¼

4
X


f ibseve CCipft;ifuel;ibseve



(3)

ibseve¼1

where ibseve is the index of four burn severity levels. Combustion completeness in the DLEM is related to
vegetation types, MTBS burn severity classes, and fuel types. The derivation of combustion completeness
(%) from MTBS burn severity is illustrated in Table 1, which were compiled from some recent published literatures regarding burn severity in CONUS and across the globe [Campbell et al., 2007; Ghimire et al., 2012; Liu
et al., 2011; Meigs et al., 2009; van Leeuwen et al., 2014].
It should be noted that the stem combustion completeness for moderate and high-severity ﬁres is higher
than ﬁeld observations [Campbell et al., 2007; Meigs et al., 2009]. Based on Table 1, the effective stem combustion completeness is estimated to be 16.6% for ﬁres in category L, 20.9% for ﬁres in category VL, and 22.7% for
ﬁres in category UL, which falls within the range of stem combustion completeness used by large-scale land
models [van der werf et al., 2010; Li et al., 2012; Kloster et al., 2010]. The discrepancy of stem combustion
completeness between ﬁeld observation and large-scale ecosystem models requires further investigation.
The overestimation of ﬁre emissions associated with higher stem combustion is offset to some extent by
the absence of duff combustion.
2.2.2. Input Data to Drive the DLEM
In this study, the DLEM was run at a daily time step and a spatial resolution of 0.25° during 1979–2012. The
pyrogenic carbon emissions were computed at a monthly time step. Georeferenced data sets driving the
DLEM include daily climate data sets (downward solar radiation, precipitation, average/maximum/minimum
temperature, and relative humidity), monthly burned fraction and burn severity, atmospheric CO2 concentration, nitrogen deposition, land cover and land use, and soil texture and topography (elevation, slope, and
aspect) for the entire CONUS. Climate conditions from 1979 to 2012 were derived from the NARR data set (see
section 2.1.1). Time series of MTBS ﬁre data were extracted from the ﬁre perimeters according to ﬁre start
dates and then converted to fraction of burned area at the spatial resolution of 0.25°. For each grid, we estimated the percentages of burned area in unburn to low, low, moderate, and high burn severity levels based
on the 30 m burn severity data (see example in Figure S1). When estimating the percentages of burn severity,
satellite pixels labeled by increased greenness were merged into unburn to low severity group, and the pixels
labeled by nonprocessing area mask were excluded. Other data sets (CO2 concentration, nitrogen deposition,
land use and land cover, soil texture, and topography) are consistent with our previous North America studies
[Liu et al., 2013; Yang et al., 2014b].
2.2.3. Model Implementation
The implementation of the DLEM simulation is composed of three stages: equilibrium run, spin-up, and transient run. The equilibrium run aims to determine the initial status in the year 1979. During this stage, the
DLEM was fed with the 10 year average climate conditions from 1979 to 1988, while other input data sets
(atmospheric CO2 concentration, nitrogen deposition, and land cover) were kept at the level of 1979. The
YANG ET AL.
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disturbances (such as ﬁres, harvest, and land use change) were excluded in the equilibrium run. The equilibrium state for each grid cell was assumed to be reached when the differences in grid carbon, nitrogen,
and water pools were less than 0.1 g C m2, 0.1 g N m2, and 0.1 mm between two consecutive 50 year
periods. The equilibrium run was followed by a 100 year model spin-up. In the spin-up stage, the DLEM
was driven by the detrended time series of all input data sets including ﬁre disturbances. The detrended
input data sets were constructed through random selection from the ﬁrst 10 years (1979–1988). In the
transient mode, the DLEM was driven by the time series of all the input data from 1979 to 2012. We simply
assumed that ﬁre conditions during 1979–1983 were the same as those in 1984 since the MTBS data records
begin in 1984. We designed four experiments (Sim0, Sim1, Sim2, and Sim3) to investigate pyrogenic carbon
emissions from large ﬁres in different size categories. The reference simulation (Sim0) includes all the large
ﬁres with size over 1000 acres, while the other three simulation experiments include only ﬁres in each size
category, corresponding to ﬁres in size category L, category VL, and category UL, respectively.
2.2.4. Evaluation of the DLEM-Simulated Pyrogenic Carbon Emissions
To evaluate the DLEM-simulated pyrogenic carbon emissions, we collected ﬁve ﬁre products covering the entire
CONUS, namely, Wildland Fire Emissions Information (WFEIS) v0.4 [French et al., 2014], Global Fire Emissions
Database (GFED) v3.1 [van der Werf et al., 2010], Fire INventory from NCAR (FINN) v1 [Wiedinmyer et al., 2011],
Global Fire Assimilation System (GFAS) v1 [Kaiser et al., 2012], and Geostationary Operation Environmental
Satellites (GOES) [Zhang et al., 2014] (see their availabilities in the supporting information). Year-to-year
variation of the DLEM-simulated pyrogenic carbon emissions was compared with these ﬁre products.
2.3. Statistical Analysis
The concept of characteristic ﬁre size is designed to describe the relative contribution of ﬁres in different sizes
to the total burned area [Lehsten et al., 2014]. The ﬁre size with the largest contribution is deﬁned as the
characteristic ﬁre size. We estimated the characteristic ﬁre sizes in the entire study period (1984–2012) and
three subperiods (1984–1993, 1994–2003, and 2004–2012), respectively. First, ﬁres were separated into 20 bins
with an equal width of logarithms of ﬁre size (in acre). Then, unnormalized Gaussian curve (equation (4)) was
used to ﬁt the total burned area within each bin (dependent variable) against the midpoints of ﬁre size in that
bin (independent variable),
y ¼ Ne

ðxμÞ2
2σ 2

(4)

where N is the height of the curve’s peak, μ is the position of the peak, and σ is the standard deviation and
controls the width of the Gaussian distribution. The three distribution parameters were acquired by using the
least squares regression analysis. The ﬁtted Gaussian curve is used to summarize the distribution of burned
area against ﬁre size, and the characteristic ﬁre size is equal to 10μ acres or 4.047 × 10μ  3 km2.
The Mann-Kendall (MK) trend test is a nonparametric test to examine the trend signiﬁcance of a time series. In
this study, we applied the MK trend test to detect the signiﬁcance of the trends in ﬁre size, burned area, and
ﬁre-induced carbon emissions from 1984 to 2012. The slopes of annual burned area and ﬁre-induced carbon
emissions were estimated by using the least squares linear regression analysis.

3. Results and Discussion
3.1. Burned Area and Fire Size
From 1984 to 2012, there were 14,495 large ﬁres included in MTBS across CONUS (Table S1), most of which
occurred in the western U.S. (Figure 1a). Fire frequency decreases rapidly as ﬁre size increases. The UL ﬁres
were only 0.81% of total ﬁre numbers but accounted for 22.18% of the total burned area in CONUS
(Figures 1b and 2a). During the study period, annual burned area derived from all the large ﬁres was
14,431 ± 10,317 km2 yr1 (average ± 1 standard deviation, same hereafter) with a signiﬁcant upward trend
at the rate of 810 km2 yr1 (P < 0.001; Figure 3a). The highest annual burned area (40,474 km2) was in
2011, while the lowest annual burned area (2499 km2) was in 1997. Signiﬁcant increasing trends were found
for burned area in each of the three size categories (Table 2). Compared to the period of 1984–1993, annual
burned area of all the large ﬁres increased by 187.3% during 2004–2012, while the area burned by ﬁres in
category UL increased by 361.7%. Further analysis shows that the percent of area burned by category UL ﬁres
increased from 16.8% to 27%, while the percent of area burned by ﬁres in category L decreased from 39.9% to
32.6% (Figure 3b).
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Figure 2. Contributions of ﬁres by size category to (a) total ﬁre counts, (b) total burned area, and (c) total pyrogenic carbon
emissions in conterminous United States.

During 1984–2012, the characteristic ﬁre size was estimated to be 80 km2 (i.e., 104.3 acres) (Figure 4). In the
three subperiods of 1984–1993, 1994–2003, and 2004–2012, the characteristic ﬁre sizes were estimated to
be 48.3 km2 (i.e., 104.08 acres), 74.2 km2 (i.e., 104.26 acres), and 133.4 km2 (i.e., 104.52 acres), respectively.
Compared to the ﬁrst period (1984–1993), the characteristic ﬁre size in the last period (2004–2012) increased
by 176.1%. These results indicated that the size of ﬁres with the maximum contribution to burned area was
increasing over the recent three decades. Nevertheless, it is worth mentioning that no signiﬁcant trend was
found for the arithmetic annual mean of ﬁre size from 1984 to 2012 (P > 0.05, Figure S4 in the supporting
information) because burned area and ﬁre frequencies increased simultaneously.

Figure 3. (a) Interannual variation of burned area in conterminous United States during 1984–2012 and (b) contributions of
ﬁres by size category to burned area during 1984–1993, 1994–2003, and 2004–2012.
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Table 2. The Means and Trends of Burned Area and Pyrogenic Carbon Emissions in Conterminous United States
Burned Area
2

1

Mean (km yr
All categories
Category L
Category VL
Category UL

14,430.51
5,026.01
6,203.34
3,201.16

)

2

1

Trend (km yr
810.29
231.30
317.02
261.97

)

Pyrogenic Carbon Emissions
P Value in MK Trend Test
<0.001
<0.001
<0.01
<0.01

1

Mean (Tg C yr
17.65
5.68
7.7
4.9

)

Trend (Tg C yr
0.87
0.25
0.39
0.29

1

)

P Value in MK Trend Test
<0.01
<0.001
<0.01
<0.01

3.2. Pyrogenic Carbon Emissions
During 1984–2012, annual pyrogenic carbon emissions from large ﬁres were simulated to be 17.65
± 12.68 Tg C yr1 with a signiﬁcant increasing trend at the rate of 0.87 Tg C yr1 (Figure 5a and Table 2). The
largest annual pyrogenic carbon emissions (48.11 Tg C) were in 2007, and the lowest pyrogenic carbon
emissions (1.6 Tg C) were in 1984. Carbon emissions from UL ﬁres accounted for 26.8% of the total carbon emissions from all the large ﬁres (Figure 2). It should be noted that the sum of pyrogenic carbon emissions in Sim1,
Sim2, and Sim3 experiments was slightly higher than those estimated by Sim0 experiment, although the sum of
burned area in Sim1, Sim2, and Sim3 was equal to that of Sim0 (Figure 5a). This mismatch was primary because
Sim1, Sim2, and Sim3 only considered ﬁres in single size category. Therefore, more fuel was accumulated in
Sim1–Sim3 than that in Sim0. Compared to the period of 1984–1993, mean annual carbon emissions from UL
ﬁres simulated by Sim3 increased by 1.16 Tg C yr1 during 1994–2003 and increased by 5.55 Tg C yr1 during
2004–2012; the percent of UL ﬁre-induced carbon emissions increased from 26.6% in the period of
1984–1993 to 29.6% in the latest period of 2004–2012 (Figure 5b). It can be concluded that the UL ﬁres were
becoming more important in term of ﬁre emissions in recent decades. Between the period of 1984–1993
and the period of 2004–2012, the contribution of UL ﬁres to burned area increased by 10.2 percentage points
(see section 3.1), while contribution to carbon emissions only increased by 3 percentage points. This is possibly due
to the high pyrogenic carbon emissions from UL ﬁres in the period of 1984–1993, especially in 1988 when the UL
ﬁres emitted 21.8 Tg C to the atmosphere, equivalent to 66.4% of the total annual ﬁre emissions.
The interannual variation of the DLEM-simulated pyrogenic carbon emissions was compared with other ﬁve
ﬁre emission products (Figure 6). The results indicated that the DLEM-simulated pyrogenic carbon emissions

Figure 4. Characteristic ﬁre size in the entire study period (1984–2012) and three subperiods (i.e., 1984–1993, 1994–2003,
and 2004–2012). The plots were ﬁtted with nonnormalized Gaussian distribution curve, and μ, σ and N in the legends are
ﬁtting parameters.
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Figure 5. (a) Interannual variation of pyrogenic carbon emissions in conterminous United States during 1984–2012 and (b)
contributions of ﬁres by size category to pyrogenic carbon emissions during 1984–1993, 1994–2003, and 2004–2012,
respectively.

were signiﬁcantly correlated with each of the ﬁre products (Table 3), which was partially due to the fact that all
the ﬁre products incorporated satellite information (either satellite-based burned area or FRP). During
2003–2010 (a period that all ﬁre products covered), the DLEM-estimated mean annual pyrogenic carbon
emissions were 23.8 Tg C yr1, which were close to the average of the other ﬁve ﬁre products
(26.1 Tg C yr1). However, GFED v3.1 pyrogenic carbon emissions were 69% lower than the average of the

Figure 6. Intercomparison of annual pyrogenic carbon emissions in conterminous United States estimated by the DLEM,
WFEIS v0.4, GFED v3.1, GFAS v1, GOES, and FINN v1.
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Table 3. The Estimates of Pyrogenic Carbon Emissions Derived From Five Fire Emissions Products and Their Correlations With the DLEM Simulations (Values in the
Parentheses Are Estimated by the DLEM)
Fire Products
WFEIS v0.4
GFED v3.1
FINN v1
GFAS v1
GOES

Available Period
1984–2010
1997–2011
2002–2012
2003–2012
1995 and 1997–2011

Pyrogenic Carbon Emissions (Tg C yr

1

)

Pearson’s Correlation Coefﬁcient

Signiﬁcance

0.94
0.92
0.66
0.95
0.91

p < 0.001
p < 0.001
p < 0.05
p < 0.001
p < 0.001

20.9 (16.1)
9 (22)
33.2 (27.3)
35 (26.9)
23.5 (20.9)

other ﬁve ﬁre products. This is consistent with Kaiser et al. [2012] and Zhang et al. [2014], who argued that ﬁre
emissions estimated by GFED v3.1 were likely underestimated in CONUS. Kasischke et al. [2011] found a lower
burned area estimate of GFED v3.1 than that reported by land management agencies, which may account for
the lower pyrogenic carbon emissions in GFED v3.1.
Combustion completeness varies with locations, time periods, and climate conditions and is one of major
uncertainties in the ﬁre emissions estimation [Yang et al., 2015]. Fire emission models using a set of combustion completeness parameters could overestimate/underestimate carbon emissions during ﬁre events with
extreme low/high severity. For example, as indicated by the MTBS data set, 45.3% of ﬁre pixels within the
North Fork ﬁre perimeter were associated with high severity, which was much higher than the average burn
severity in CONUS (on average, 8.64% of burned area was associated with high severity). Using a set of
combustion completeness parameters could inevitably underestimate ﬁre emissions caused by the North
Fork ﬁre. In this study, the DLEM considered the temporal and spatial variations of burned severity by
incorporating satellite-derived burn severity data. This strategy enables the DLEM to better represent the
large spatial and temporal variations in combustion completeness, particularly for the ﬁres with a large
portion of high burn severity.
3.3. Impacts of Climate and Fuel Loading on Large Fires
Fire spread rate and ﬁre intensity are determined by the “ﬁre behavior triangle,” i.e., weather conditions, the
amount and arrangement of fuel, and the topography. In this study, we focus on climate and fuel loading
impacts on large ﬁres. We examined ﬁre frequency in four climate conditions, which are deﬁned based on
the z scores of annual temperature and precipitation: (i) dry and cool (Pz < 0 and Tz < 0), (ii) dry and warm
(Pz < 0 and Tz > 0), (iii) wet and cool (Pz > 0 and Tz < 0), and (iv) wet and warm (Pz > 0 and Tz > 0). If ﬁre
occurrence is completely random, same possibilities of ﬁre frequency are expected in the four climate
conditions. However, the results showed that 44.8% of L ﬁres, 49.3% of VL ﬁres, and 59.3% of UL ﬁres occurred
in the relative dry and warm years (Pz < 0 and Tz > 0) (Figure 7), which is consistent with lower annual
precipitation and higher annual temperatures facilitating large ﬁre occurrences, particularly for the UL ﬁres.
This result is in line with previous literatures. Westerling et al. [2006] reported that the increases in wildﬁre
activities in the western U.S. are associated with higher spring and summer temperature. Dennison et al.
[2014] found that the regions in the western U.S. with most signiﬁcant increases in ﬁre activities are
coincident with trends toward increased drought severity. Riley et al. [2013] found a strong correlation
between ﬁre activities and monthly precipitation in the western U.S. Combining these ﬁndings and our
analysis, we can conclude that warm and dry climate condition is one factor controlling the increased
frequency of large ﬁres. It is noteworthy that decreased precipitation was also found to reduce the
occurrence of large ﬁres in some rangeland areas by suppressing vegetation growth and fuel accumulation
[Barbero et al., 2014].
In CONUS, contemporary burned area is approximately 2% of the level in the pre-European settlement era
[Houghton et al., 2000]. Annual burned area in California in the pre-European settlement is about 88% of the
total burned area in CONUS in recent decades [Stephens et al., 2007]. In the twentieth century, a large
portion of ﬁre activities were suppressed as a result of the ﬁre exclusion policies in CONUS [Houghton
et al., 2000]. The Weeks Act of 1911 established a framework between the states and federal government
for cooperative ﬁreﬁghting and was greatly extended with the Clark-McNary Act of 1924 and the
McSweeney-McNary Act of 1928 [Houghton et al., 2000]. The successful ﬁre suppression policies promoted
tree regeneration and fuel accumulation across all the forest types [Agee and Skinner, 2005]. The dense
small trees ﬁlled the forest openings, increased the risk of crown ﬁres, and facilitated ﬁre spread. The
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Figure 7. The plots of ﬁre counts in size (a) category L, (b) category VL, and (c) category UL against the z scores of annual precipitation (y axis) and annual mean
temperature (x axis). (d) The probability of ﬁre occurrence in four climate conditions: (i) dry and cool (Pz < 0 and Tz < 0), (ii) dry and warm (Pz < 0 and Tz > 0),
(iii) wet and cool (Pz > 0 and Tz < 0), and (iv) wet and warm (Pz > 0 and Tz > 0).

accumulation of surface fuel (such as litter and woody debris) increased ﬁre intensity and ﬂame length.
Changes in fuelbed properties and vegetation structure resulting partially from ﬁre suppression can
facilitate ﬁre spread and increase ﬁre intensity, thereby contributing to the occurrence of large ﬁres in
the recent years [Williams, 2013].
3.4. The Relationship Between Fire Size and Burn Severity
Our results show that burn severity varies among different ﬁre size categories. For the area burned by ﬁres in
categories L, VL, and UL, the percentages of “high severity” were 5.11%, 9.37%, and 12.84%, respectively
(Figure 8). The sum of unburn to low and low severity was 79.3% for category L ﬁres, comparing to 70%
for category VL ﬁres and 67.1% for category UL ﬁres. These results indicated that fuel combustion completeness was lower for L ﬁres than VL and UL ﬁres, and ﬁres in larger size were generally associated with higher
burn severity in CONUS.
The general relationship between ﬁre size and burn severity is a new ﬁnding and has not been investigated at
a national scale in previous studies. At a smaller scale in northwestern California, Miller et al., 2012 reported
that the proportion of area with high severity was related to the overall ﬁre size by analyzing 132 MTBS ﬁre
records from 1987 to 2008. This is consistent with our results in spite of the different study domains. However,
it should be pointed out that this general relationship was obtained based on the average condition of all the
large ﬁres in CONUS and may not be true for one speciﬁc ﬁre event.
This relationship might be explained by the environmental factors that inﬂuence ﬁre size and burn severity
simultaneously. As we discussed above, ﬁre size could be affected by changes in climate conditions and fuel
loading. Meanwhile, climate and fuel loading also have strong inﬂuences on burn severity. For ﬁres in
extreme ﬁre weather, more energy is released, and the surface ﬁre more likely makes the transition to crown
ﬁre and leads to more severe consequences [Dillon et al., 2011]. Fire suppression activities in the twentieth
century altered fuel status by promoting the establishment of small ﬁre-intolerant trees under the forest
canopy, which formed “ladder fuel” to carry the surface ﬁre into the continuous canopy and enhanced the
probability of catastrophic crown ﬁres [Schoennagel et al., 2004]. The surface fuel accumulation enhanced ﬁre
intensity and caused more complete fuel consumption. Both ﬁre size and burn severity are affected by
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Figure 8. The burn severity (unburn to low, low, moderate, and high) distribution of burned pixels within three ﬁre size
categories.

climatic conditions and fuel loading, which explains the phenomenon that the larger ﬁres are generally
associated with higher burn severity in CONUS.
3.5. Uncertainties
Our study provided a practical approach for the ecosystem model to estimate large-scale ﬁre emissions by
incorporating satellite-based burn severity. This method might improve the accuracy of the model-based
assessment of ﬁre emissions. Nonetheless, uncertainties from both input data sets and model parameterizations should be beard in mind. First, in the MTBS, the threshold to classify burn severity in each satellite pixel
is a quality control issue. Members of the mapping team discussed and designed feasible dNBR threshold for
classifying burn severity under various environmental conditions (see the detailed processes in Eidenshink
et al. [2007]). Therefore, subjectivities were inevitably introduced into the burn severity identiﬁcation, and
the MTBS classiﬁcations may suffer from some inconsistencies and unknown biases. When estimating burned
area, we did not exclude unburned islands within ﬁre perimeters, which might induce an overestimation in
simulating ﬁre emissions. However, it is difﬁcult to provide an accurate estimation of the area of unburned
islands at a national scale based on current available data sets. Second, the simulated fuel loading by the
DLEM is another major source of uncertainty, although the simulated vegetation biomass has been validated against benchmarks. The DLEM simulates the average fuel loading at grid level by a series of physiological and biogeochemical processes (see Text S2 in the supporting information). Model parameterization
affecting each of these processes contributed to the uncertainties in estimating fuel loading, ﬁre emissions,
and forest regrowth. Many disturbances, such as insect, tornado, and forest management, were not considered in this study, which might affect the accuracy of the DLEM-simulated fuel accumulation rate and fuel
loading. Duff is an important component of surface fuel in CONUS [Keane et al., 2013]. However, it was not
explicitly simulated by the DLEM. According to Campbell et al. [2007], the absence of duff combustion can
cause an underestimation of about 30% of ﬁre emissions. To accurately estimate ﬁre emissions, there is a
research need to address the fuel loading simulation by explicitly representing duff layer in ecosystem
models. The assumption regarding the relationship between MTBS burn severity classes and fuel
combustion (Table 1) is an important uncertainty source in simulating ﬁre emissions. Third, scaling issue
contributes another uncertainty source. To be compatible with the DLEM simulation, the 30 m MTBS burn
severity was scaled up to 0.25°. Therefore, the subgrid variation in burn severity was neglected in the
scaling-up process.
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At the global scale, time series of dNBR have been developed based on Moderate Resolution Imaging
Spectroradiometer data set [Veraverbeke et al., 2011]. The method to estimate ﬁre emissions by integrating
satellite-sensed burned severity should be used with caution when the study domain shifts to other regions.
For example, in boreal regions, the relationship between dNBR and ground-based burn severity measurements has not been fully established. Some studies showed good relationship between dNBR and CBI
[Epting et al., 2005; Rogers et al., 2014], while others found that their correlation is weak [Hoy et al., 2008;
Kasischke et al., 2008; Murphy et al., 2008]. Prior to applying satellite-based burn severity, it is necessary to validate satellite-based burn severity indices against in situ measurement. In CONUS, a strong correlation was
found between the dNBR and ground-based CBI [e.g., Cocke et al., 2005; Key and Benson, 2006; Miller and
Thode, 2007; Holden et al., 2009; Wimberly and Reilly, 2007]. Therefore, burn severity derived from dNBR could
be used in CONUS to quantify ﬁre emissions [e.g., Liu et al., 2011; Hicke et al., 2013; Campbell et al., 2007;
Ghimire et al., 2012].

4. Conclusions and Implications
In this study, we investigated the magnitude and changing trends of burned area and pyrogenic carbon
emissions from large ﬁres in conterminous United States during 1984–2012. We found that both burned
area and pyrogenic carbon emissions presented signiﬁcantly upward trends in the study period. The contributions of larger ﬁres to total burned area and pyrogenic carbon emissions have been becoming higher in recent
decades. We also found that the larger ﬁres were generally associated with higher burn severity. This study
provides the ﬁrst attempt to couple a process-based land ecosystem model with combustion completeness
estimates derived from high-resolution satellite burn severity for estimating pyrogenic carbon emissions over
conterminous United States. The accuracy of model-simulated ﬁre emission and fuel consumption in historical
and contemporary periods can be improved by incorporating the remote-sensed spatiotemporal variations in
burn severity.
Climate model projections indicate that the warming and drying trends would continue throughout the 21st
century in conterminous United States, particularly under the high greenhouse gas emissions scenario [Dai,
2011; Wuebbles et al., 2014]. The increased temperature and drought will cause more ﬁres and larger burned
area in the future [Westerling et al., 2011; Spracklen et al., 2009]. According to our analysis that dry and warm
conditions enhance the frequency of large ﬁres (see section 3.3), it is rational to expect that the frequency of
large ﬁres will likely increase in the future, resulting in higher fuel combustion rate and more ﬁre emissions.
To obtain an accurate ﬁre emission estimate, both burned area and fuel combustion completeness should be
well represented by the process-based land ecosystem model. Further improvement in the parameterization
of combustion completeness is required to reduce uncertainties in projecting future ﬁre emissions.
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