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Abstract One component of climate‐fire interactions is the relationship between weather conditions
concurrent with burning (i.e., fire danger) and the magnitude of fire activity. Here daily environmental
conditions are associated with daily observations of fire activity within ecoregions across the continental
United States (CONUS) by aligning the latter 12years of a 36year gridded fire danger climatology with the
Moderate Resolution Imaging Spectroradiometer fire products. Results reveal that although modern
relationships (2003–2014) vary regionally, fires across the majority of CONUS are more likely to be present
and burning more vigorously as fire danger increases. Applying modern relationships to the entire
climatology (1979–2014) indicates that in the absence of other influences, changes in fire danger have
significantly increased the number of days per year that fires are burning across 42–49% of CONUS (by area)
while also significantly increasing daily fire growth and daily heat release across 37–45% of CONUS.
Increases in the fire activity season length coupled with an intensification of daily burning characteristics
resulted in a CONUS-wide +0.02Mhayr−1 trend in burned area, a 10.6gm−2yr−1 trend in the amount of
fuel consumed per unit burned area, and ultimately a +0.51Tgyr−1 trend in dry matter consumption.
Overall, the results demonstrate regional variations in the response of fires to changes in fire danger and
that weather conditions concurrent with burning have a three‐pronged impact on the magnitude of fire
activity by affecting the seasonal duration, spatial extent, and combustion intensity.

1. Introduction

Climate and land use changes since Euro‐American settlement have altered wildland fire regimes across the
continental United States, CONUS [Grissino‐Mayer and Swetnam, 2000; Heyerdahl et al., 2002; Marlon et al.,
2012; Nowacki and Abrams, 2008]. Deviations from natural and indigenous fire regimes are evidenced by
changes over time in attributes such as fire size, intensity, seasonality, and return interval [Heyerdahl et al.,
2001;Miller et al., 2009;Westerling et al., 2006]. Shifting fire regimes beyond their historical range and variability
redirects successional pathways [Keane et al., 2009; Keane et al., 2004], affects terrestrial carbon sources and sinks
[Hurteau and Brooks, 2011; Kashian et al., 2006], perturbs the Earth’s radiative balance through atmospheric and
land cover changes [Liu et al., 2014], and impacts ecosystem services [Hurteau et al., 2014; Rocca et al., 2014].
Such consequences have forced the rethinking of ecologically sustainable fire management [Keeley et al.,
2009] and, in light of an expanding wildland fire‐urban interface [Theobald and Romme, 2007], have forced
the reevaluation and reshaping of U.S. wildland fire risk [Finney, 2005] and policy [Stephens and Ruth, 2005].

The ecological, economic, and health and safety concerns surrounding wildland fires are driving the need to
better understand climate‐fire relationships. Independent of land use and landmanagement practices, a shift
in climatological conditions can influence wildland fire regimes in three ways: first, by altering the environ-
mental gradients that determine the distribution of vegetation fuel types and densities [Bachelet et al.,
2001; Reeves et al., 2009]; second, by affecting the atmospheric conditions that promote cloud‐to‐ground
lightning strikes and thus natural ignition sources [Goldammer and Price, 1998; Krause et al., 2014; Price and
Rind, 1994]; and third, by dampening or amplifying the weather and fuel moisture conditions concurrent with
majority of burning that influence the probability of new ignitions and subsequent fire behavior [e.g.,
Abatzoglou and Kolden, 2013]. The relative importance of each of these climatic controls on wildland fire
activity varies across CONUS [Littell et al., 2009; Schoennagel et al., 2004].

Most if not all recently developed climate‐fire relationships include associations between the environmental
conditions at the time of burning and the magnitude of wildland fire activity [Abatzoglou and Kolden, 2011;
Gedalof et al., 2005; Trouet et al., 2009]. Concurrent weather conditions (e.g., solar radiation, air temperature,
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precipitation, relative humidity, and wind speed) influence the drying and wetting rates of fuel particles,
and wildland fires will not spread if fuel moisture contents exceed the moisture of extinction [Nelson,
2000]. Thus, weather and fuel moisture conditions regulate the time of year when it is possible for wildland
fires to ignite and spread. A greater number of days per year with conducive weather conditions implies
more opportunities for wildland fires to be present on the landscape [Jolly et al., 2015], and if burning,
weather and fuel moisture conditions further affect fire behavior. Lower fuel moisture contents promote
faster spread rates, higher reaction intensities, and longer flame residence times [Anderson, 1969;
Rothermel, 1972] as well as less patchy burn patterns [Slocum et al., 2003] and greater fuel consumption
[Kauffman and Martin, 1989; Knapp et al., 2005]. Thus, climatic shifts in the weather and fuel moisture con-
ditions immediately preceding ignition and concurrent with burning can alter the seasonal duration, extent,
and intensity of wildland fires.

Despite the influences of daily surface weather conditions on multiple, interrelated burning characteristics,
most climate‐fire relationships only include associations between monthly or seasonally averaged meteoro-
logical conditions and total accumulated burned area. To date, the inability to synchronize fire weather with
burning characteristics on a daily basis and the use of total burned area as the sole indicator of wildland fire
activity largely stems from the fact that fire records such as the Fire Program Analysis‐Fire Occurrence
Database [Short, 2014] and the Monitoring Trends in Burn Severity project [Eidenshenk et al., 2007] only con-
tain fire discovery dates and estimates of final fire sizes. In contrast, multispectral imaging systems on board
polar orbiting satellites offer repetitive observations of recently burned areas and radiant heat release rates as
often as every 3–8h [Justice et al., 2002], enabling daily meteorological conditions (via fire danger indexes) to
be aligned with daily fire presence and daily burning characteristics [e.g., de Groot et al., 2006; Dymond et al.,
2005; Podur and Wotton, 2011; Wang et al., 2014]. Although modern satellite‐based fire records offer esti-
mates of several wildland fire attributes unavailable from agency fire reports, the potential of merging daily
atmospheric and fuel moisture conditions with coincident satellite observations of wildland fires to elucidate
climate‐fire relationships remains largely unfulfilled.

The following work reimagines the scope, resolution, and utility of the associations between environmental
conditions at the time of burning and the magnitude of wildland fire activity. In section 2 we present a well‐
known set of equations linking dry matter consumption with burned area, fuel load reduction, and heat
release and then reformulate these equations as functions of the location and environmental conditions
on the day of burning. In section 3, we describe the use of the U.S. National Fire Danger Rating System
(USNFDRS), and specifically the Energy Release Component (ERC), to characterize daily fire weather condi-
tions and also describe the ability of theModerate Resolution Imaging Spectroradiometer (MODIS) to observe
and record daily wildland fire activity across CONUS. In section 4, we use the framework established in
section 2 to build empirical relationships between fire danger and fire activity and then use these modern
relationships in conjunction with a long‐term fire danger climatology to reconstruct regional fire histories
across CONUS since 1979. In section 5, we examine geographic variations in the relationships between fire
danger and fire activity and examine the isolated impacts of changing fire weather conditions on long‐term
trends in annual fire activity season length, burned area, fuel consumption, and the amount of fuel consumed
per unit area. Finally, in section 6, we discuss the caveats and limitations of this work and highlight the poten-
tial of this work to enhance our understanding of climate‐fire relationships.

2. Background

The amount of dry matter (DM; kg) consumed during open biomass burning is often estimated using the
approach of Seiler and Crutzen [1980]:

DM ¼ TBA� FL� β (1)

where TBA is total burned area (m2), FL is the preburn fuel load (kgm−2), and β is consumption completeness
(%). Early inventories typically applied equation (1) over large domains and long time frames using annual
burned area, an average fuel loading, and an average consumption completeness [Leenhouts, 1998].
Following Urbanski et al. [2011], however, dry matter consumption varies spatially across the landscape
and seasonally throughout the year so that equation (1) is more appropriately expressed as a function of loca-
tion, k, and time, t, as follows:
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DMk;t ¼ TBAk;t�FLCk;t (2)

where the last two terms on the right‐hand side of equation (1) have been consolidated to yield fuel load con-
sumption (FLC; kgm−2). Note that the size, k, and interval, t, can be as small as 500m grid cells and as short as
daily time steps but can be aggregated into larger administrative or ecological units and annual estimates [e.
g., Urbanski et al., 2011].

Using equation (2) to express dry matter consumption as a function of location and time coincides with the spa-
tiotemporal framework for reporting greenhouse gas emission inventories [U.S. Environmental Protection Agency,
2016] and for generating time series maps of source strengths required by smoke injection and transport models
[e.g., Larkin et al., 2009]. More precisely, however, DM consumption depends on the weather and fuel moisture
conditions at the time of burning, represented by the subscript c, and equation (2) can be rewritten accordingly:

DMk;c ¼ TBAk;c�FLCk;c (3)

Rather than enumerate all of the environmental conditions encapsulated by c, we hereafter refer to c as fire dan-
ger. Fire danger is typically calculated using several surface weather variables (e.g., air temperature, relative
humidity, and solar insolation) andmay incorporate a fuel model, a fuel moisture model, or a broad‐scale topo-
graphic classification [Bradshaw et al., 1983; Noble et al., 1980; Van Wagner and Pickett, 1985]. In the context of
this work, c represents the fire environment at the time of burning, which includes the current state of the atmo-
sphere as well as the moisture content of large‐diameter dead fuels influenced by weather conditions over the
previous several weeks before ignition. Since weather and fuel conditions fluctuate daily and seasonally, fire
danger, c, is also a function of time. Although the terms in equation (3) can be considered as continuous func-
tions of fire danger, from a computational standpoint, c in this work represents an interval of fire danger.

The first term on the right‐hand side of equation (3) represents the distribution of total burned area as a func-
tion of fire danger, which can be expanded as follows:

TBAk;c ¼ nk;c � Prk;c �―DBAk;c (4)

where nk,c is a number distribution representing the number of days at location k that fall within the fire dan-
ger interval, c; Prk,c is a location‐specific function relating fire danger to the daily probability that a fire is pre-
sent on the landscape; and

―
DBAk;c (m

2d−1) is the relationship between fire danger and average daily burned
area, calculated using only the days when fires are present on the landscape. In essence, equation (4) is for-
mulated such that the total burned area in a particular location is determined by the following: (i) the clima-
tological distribution of fire danger, (ii) the unconditional probability of fire presence as a function of fire
danger, and (iii) the average daily fire growth as a function of fire danger, conditional on the presence of a fire.

If it is assumed that fuel consumption is proportional to the radiant heat released during combustion
[Wooster et al., 2005], then DM can alternatively be estimated by multiplying the fire radiative energy (FRE)
by a radiant consumption factor (RCF), as such,

DMk;c ¼ FREk;c � RCF (5)

where FRE (MJ) is obtained from a time series of radiant heat flux measurements and RCF (kgMJ−1) is deter-
mined from laboratory or field measurements [e.g., Dickinson et al., 2016; Freeborn et al., 2008; Kremens et al.,
2012]. Although equation (5) is attractive since it circumvents uncertainties in the preburn fuel load and con-
sumption completeness [Urbanski et al., 2011], it nevertheless assumes that RCF is independent of fuel type,
fuel moisture content, and combustion phase. In reality, RCF at the very least also varies with fuel moisture
[Smith et al., 2013] and thus fire danger.

Similar to equation (4), the radiant energy emitted from wildland fires burning on days within an interval of
fire danger, FREk,c, can be expressed as follows:

FREk;c ¼ nk;c� Prk;c�DRH
―

k;c (6)

whereDRH
―

is the relationship between fire danger and themean daily radiant heat release (MJd−1) averaged
over only the days when fires are present on the landscape.

If observations of burned area and FRE are collocated, then equations (2) and (5) can be combined to express
fuel load consumption as a function of fire danger:
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FLCk;c ¼ FREk;c � RCF
TBAk;c

(7)

It should be warned that in the case of satellite observations, differences in the strategy and performance of
different detection algorithms result in estimates of burned area and radiative energy that often do not coin-
cide with the same fire activity. Therefore, pixels recorded in different satellite‐based fire products must be
spatially and temporally aligned to ensure that burned areas and hot spots are collocated before equation (7)
can be used to estimate fuel load consumption [Andela et al., 2016; Roberts et al., 2011].

3. Data Sets
3.1. Daily Fire Danger Grids

Daily environmental conditions at the time of burning are characterized using a fire danger rating index,
introduced as the subscript c in section 2. Although conceived as an indicator of the fire environment during
the first few days of a newly discovered fire [Deeming et al., 1977], fire danger indices are increasingly being
used to develop climate‐fire relationships through their association with fire growth beyond the origin and
start date [Barbero et al., 2014; Riley et al., 2013]. Although several fire danger rating systems are used inter-
nationally [e.g., Noble et al., 1980; Van Wagner and Pickett, 1985], here we utilize the U.S. National Fire
Danger Rating System (USNFDRS) since it is widely applied across CONUS.

The USNFDRS combines standardized fuel models with weather observations to calculate daily indices that
reflect a potential fire’s physical characteristics during worst‐case burning conditions [Deeming et al., 1977].
One USNFDRS output is the Energy Release Component (ERC), which is an index that is related to the available
heat per unit area (kJm−2) within the flaming front of a head fire. ERCs are calculated frommidafternoon air tem-
perature, relative humidity, and sky cover as well as 24h maximum and minimum air temperature, relative
humidity, and rainfall duration [Bradshaw et al., 1983]. ERC calculations also depend on fuel type and thus the
selection of USNFDRS fuel model which varies across CONUS [Burgan et al., 1998]. Fuel model G (typical of dense
conifer stands with heavy fuel accumulations) contains a mixture of all dead fuel size classes, as well as a live
herbaceous and woody component. Fine dead fuels respond to changes in precipitation and relative humidity
quicker than coarse woody debris; therefore, ERCs calculated for NFDRS fuel model G, ERC(G), capture both day‐
to‐day fluctuations and seasonal oscillations in fuel moisture contents. Since the use of a single fuel model per-
mits comparisons between different locations, and since ERC(G) is a common choice for indicating fire danger
[Abatzoglou and Kolden, 2013; Finney et al., 2011; Riley et al., 2013], we universally use ERC(G) regardless of loca-
tion or the true fuel characteristics. Hereafter, the parenthetical (G) is dropped for convenience, and it can be
assumed that the subscript c represents an interval of ERC, where ERC=ERC(G).

Although historically calculated at individual Remote Automated Weather Stations (RAWSs), the advent of
spatial climate data sets has enabled the production of daily, high‐resolution fire danger grids that often span
several decades [Abatzoglou, 2013]. Daily, CONUS‐wide grids of ERC are generated here from high‐resolution
surface meteorological variables, which themselves are created by combining two data sets: the North
American Land Data Assimilation System Phase 2 [Mitchell et al., 2004] and the Parameter‐elevation
Regressions on Independent Slopes Model [Daly et al., 2008]. Daily gridded estimates of mean/maximum/
minimum temperature, mean/maximum/minimum relative humidity, and rainfall at 4km resolution were
input to the operational algorithms used by the U.S. National Fire Danger Rating System [Bradshaw et al.,
1983] to calculate ERCs across the continental United States from 1979 to 2014.

3.2. MODIS Active Fire and Burned Area Products

The MODIS instruments on board NASA’s Terra and Aqua satellites together collect between four and six
images per day of ground locations across CONUS [Kaufman et al., 1998]. The visible, near‐infrared, and short-
wave infrared channels are sensitive to changes in surface spectral reflectance caused by the passage of a fire
front [Giglio et al., 2009], and the midwave and longwave infrared channels are sensitive to the thermal radia-
tion emitted during combustion [Wooster et al., 2013]. TheMODIS direct broadcast (DB) burned areamapping
algorithm identifies the day of burning at ~500m resolution by inspecting a time series of vegetation indexes
calculated from 1.2µm and 2.1µm surface reflectance measurements [Giglio et al., 2009, 2013]. The MODIS
active fire (AF) detection algorithm uses 3.9µm and 11.0µm brightness temperatures to identify ~1kmpixel
containing thermal anomalies [Giglio et al., 2003, 2016] and also provides an estimate of the instantaneous

Journal of Geophysical Research: Biogeosciences 10.1002/2016JG003617

FREEBORN ET AL. RECONSTRUCTED TRENDS IN U.S. FIRE ACTIVITY 2859



fire radiative power (FRP) emitted from subpixel flaming and smoldering combustion components [Kaufman
et al., 1998; Wooster et al., 2003]. Daily fire activity across CONUS is characterized here using 12years (2003–
2014) of the MODIS Collection 5.1 burned area (MCD64A1) and Collection 5.1 active fire (MCD14ML) products.

3.3. WWF Terrestrial Ecoregions

All data are spatially sorted using the World Wildlife Fund (WWF) Terrestrial Ecoregions of the World [Olson et al.,
2001]. The intent of using ecoregions is to organize the fire danger grids and the MODIS fire records into regions
with similar climate, vegetation, and, to some degree, land use practices. The continental U.S. is composed of nine
biomes, denoting similar bioclimatic zones, within which are nested 72 ecoregions, denoting similar ecosystems.
The most homogeneous biome (Flooded Grasslands and Savannas) contains only one ecoregion (Everglades),
while the most heterogeneous biome (Temperate Coniferous Forests) contains 23 ecoregions. Ecoregions range
in size from 2.0Mha (Everglades) to 50.7Mha (Northern Short Grasslands), though not all are contiguous.

4. Methods

Figure 1 illustrates the flow of the methods. Daily fire danger maps (2003–2014) for each ecoregion are inter-
sected with the daily MODIS fire observations (2003–2014). These 12years of data are used to build modern
empirical functions relating fire danger with fire activity, which are then applied to the entire daily fire danger
climatology (1979–2014) to reconstruct 36years of annual fire activity in each ecoregion.

4.1. Fire Danger and Fire Activity Intersections

Daily fire danger maps for each ecoregion are produced by masking the 4km gridded fire danger domain
with theWWF polygons. Fire danger maps for each ecoregion, k, are summarized every day, t, using themean

ERC
―
ERC

� �
calculated over all 4km grid cells within its boundaries. This generates an ecoregion‐level, daily

time series of mean fire danger
―
ERCk;t

� �
which is normalized to a relative scale using the formula presented

by Viegas et al. [1999] and reproduced here:

―
ERC

′

k;t ¼ 100�
―
ERCk;t−

―
ERCk;min

―
ERCk;max−

―
ERCk;min

(8)

where the subscripts min and max refer to the historical minimum and maximum of the daily ecoregion
mean ERCs and the superscript prime indicates a normalized value. In effect, equation (8) ensures that each
ecoregion has a common fire danger index scale so that

―
ERC

′

k;t ¼ 0 represents the coolest and wettest con-
ditions and

―
ERC

′

k;t ¼ 100 represents hottest and driest conditions. An example of
―
ERC

′

k;t is presented for the
North Central Rockies Forests (NCRFs) ecoregion in Figure 2.

Daily indicators of ecoregion‐wide fire activity are derived from both the MODIS burned area (MCD64A1) and
active fire (MCD14ML) products. Burned area pixels are spatially sorted using the transformed image coordi-
nates obtained from 13 MODIS Level 3 tiles covering CONUS [Wolfe et al., 1998] and are temporally sorted
using the burn date recorded in the MCD64A1 product files. For each day between 2003 and 2014, the num-
ber of grid cells with a matching burn date are multiplied by the size of an individual grid cell (~463m) to
generate a daily time series of ecoregion‐wide burned area (DBAk,t). An example of DBAk,t is presented for
the North Central Rockies Forests (NCRFs) ecoregion in Figure 2.

MODIS active fire pixels are spatially and temporally sorted using the geographic coordinates and detection
times recorded in the MCD14ML product files. The fire radiative energy (FRE, MJ) emitted from all fires burn-
ing in an ecoregion over 24h is estimated from the instantaneous fire radiative power (FRP) measured four
times daily. Of the several techniques developed to estimate FRE from sparse observations of FRP [e.g.,
Ellicott et al., 2009; Kaiser et al., 2012; Kumar et al., 2011], we use a fire‐weighted average value of ω=
1.686×104MJMW−1 to convert the sum of FRP to FRE [Freeborn et al., 2011]. Daily time series of FRE within
an ecoregion are generically referred to as the daily radiant heat release, DRHk,t (Figure 2), which is converted
to dry matter consumption using a radiant conversion factor of RCF=0.368kgMJ−1 [Wooster et al., 2005].

Independently synchronizing the time series of daily fire danger
―
ERC

′

k;t

� �
with daily burned area (DBAk,t) and

daily radiant heat release (DRHk,t) enables the construction of the empirical functions in equations (4) and (6),
respectively, for all 72 ecoregions. Calculating the amount of heat released per unit area (MJm−2) or the amount
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of fuel consumed per unit area (kgm−2) according to equation (7), however, is complicated by differences in the
performance of the different MODIS detection algorithms that results in isolated burned area pixels unaccom-
panied by active fire pixels, and vice versa. To ensure that the radiant energy detected byMODIS is emitted only
from the burned areas also detected by MODIS, we utilize a more refined spatial and temporal intersection pro-
cedure whereby (i) burned area pixels are only retained if they fall within the ground footprint of an active fire
pixel, (ii) active fire pixels are only retained if their ground footprint contains at least one burned area pixel, and
(iii) burned area and active fire pixels are only retained if they are detected within ±8days of each other. The
ground sampling distance between pixel centers as a function of scan angle [Ichoku and Kaufman, 2005] is used
to roughly define the MODIS active fire pixel ground footprint, while the ±8day temporal window is applied
based on the recommendations of Roberts et al. [2011] and Andela et al. [2016].

4.2. Empirical Functions
4.2.1. Fire Danger and Fire Activity Distributions

The full range of
―
ERC

′

k;t is divided into 20 equal‐width bins, c=1, 2, …, 20, and all days in the time series are

sorted accordingly. The first bin, for example, includes all days when 0≤
―
ERC

′

k;t < 5. The days that fall within

Figure 1. Flow diagram of data sets, model development, and predictions. From the bottom upward, the fire danger grids
and satellite observations from 2003 to 2014 are spatially and temporally aligned and used to construct modern empirical
functions relating weather conditions with concurrent fire activity. The modern empirical functions are then applied to the
entire fire danger climatology to predict annual fire activity from 1979 to 2104. In terms of nomenclature, the subscript k
represents location, and c represents an interval of fire danger.
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each bin are counted, and the fire
danger distribution for each ecore-
gion (nk,c) represents the number of
days that occur within an interval of
normalized fire danger.

Ecoregion‐level fire danger distribu-
tions are also constructed using “fire
days” only. Similar to a “spread event
day” [Podur and Wotton, 2011], a fire
day is defined here as a day when
there is at least one wildland fire
burning in an ecoregion that is
either large enough or intense
enough to trigger the MODIS
burned area (BA) or active fire (AF)
detection algorithms. An example
of the fire days detected by MODIS
in the North Central Rockies Forests
(NCRFs) is shown in Figure 2. Fire
danger distributions on fire days
are constructed for each ecoregion
by sorting and counting the number
of fire days that fall within the same
20 equal‐width bins of normalized

fire danger, c. Whereas nk,c represents the climatological distribution of fire danger on all days, nBAk;c and nAFk;c
represent the distribution of fire danger on only the days when MODIS detects a burned area pixel or an
active fire pixel, respectively.

Likewise, distributions of total burned area and fire radiative energy as functions of fire danger (TBAk,c and
FREk,c) are constructed by summing the burned area and the radiant heat release detected by MODIS on days

when
―
ERC

′

k;t is within the fire danger interval c.

4.2.2. Probability of a Fire Day
In theory, Prk,c introduced in equations (4) and (6) represents the likelihood of at least one wildland fire burn-
ing in an ecoregion as a function of fire danger. In practice, Prk,c expresses the likelihood of MODIS detecting
at least one wildland fire in an ecoregion as a function of fire danger and is calculated as the proportion of all
days that are fire days (Appendix A). Two sets of probability curves are generated for each ecoregion based

on the fire days when MODIS detects a burned area pixel PrBAk;c
� �

or an active fire pixel PrAFk;c
� �

, respectively.

Moreover, there are 13 probability curves generated for both PrBAk;c and PrAFk;c: one curve generated using each

of the 12 individual years of data plus one mean curve generated using the aggregate of all 12years of data.
Note that the probability curves derived from the two different MODIS fire products are not interchangeable;

rather, PrBAk;c and PrAFk;c are specific to equations (4) and (6), respectively.

To summarize and compare the empirical probability curves between the 72 ecoregions across CONUS, we

calculate the ratio of the probability of a fire day occurring at high fire danger 70≤
―
ERC

′
< 90

� �
versus

low fire danger 10≤
―
ERC

′
< 30

� �
. This ratio is identified as ρPr (Appendix A). Although subjective, selecting

the low and high fire danger bins used here excludes the few number of days at the very low and very high
ends of the fire danger spectrum and also excludes days of moderate fire danger that likely include transi-
tions in weather conditions and fire activity.
4.2.3. Average Daily Burned Area and Heat Release

The last term inequation (4) represents the averageburnedareaperfire day as a functionoffire danger (
―
DBAk;c;

Appendix A) and is calculated by dividing the total burned area distribution (TBAk,c) by the fire danger

Figure 2. Synchronized daily time series of fire danger and fire activity for
the North Central Rockies Forests (NCRFs) ecoregion in 2003. The Energy
Release Component (ERC) is averaged over the ecoregion and normalized to
its historical maximum. The daily burned area (DBA) and the daily radiant
heat release (DRH) are obtained from the MODIS burned area (MCD64A1)
and active fire (MCD14ML) products, respectively. Fire days plotted above
the axes represent days when MODIS detects at least one burned area (BA)
pixel or one active fire (AF) pixel in the ecoregion.
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distributiononfiredaysonly nBAk;c

� �
. The last term inequation (6) represents theaverage radiantheat releaseper

fire day as a function of fire danger (
―
DRHk;c ; Appendix A) and is calculated by dividing the fire radiative energy

distribution (FREk,c) by the fire danger distribution on fire days only nAFk;c

� �
. Like the probability curves, there are

13 empirical functions relating ecoregion‐widefire danger to averagedaily burnedarea and averagedaily radi-
ant heat release: one functiongeneratedusingeachof the 12 individual years of dataplus onemean curvegen-
erated using the aggregate of all 12years of data. And also, like the probability curves, the ratiosρDBA andρDRH
(Appendix A) are used to gauge the relative difference in burning characteristics observed by MODIS at high

70≤
―
ERC

′
< 90

� �
versus low fire danger 10≤

―
ERC

′
< 30

� �
.

4.2.4. Fuel Load Consumption
Excluding spatially and temporally isolated burned area and active fire pixels (section 4.1) reduced the data
sets to 75% and 36% of their original numbers. Moreover, the spatiotemporal matching procedure eliminated

43% of burned area pixels and 90% of active fire pixels detected at low fire danger
―
ERC

′
< 50

� �
. At this

stage in the methods, a lack of coincident burned area and active fire pixels, especially at low fire danger,
severely hindered the development of coherent relationships between fire danger and fuel load consump-
tion at the ecoregion level. Instead, coincident observations were aggregated from ecoregions into biomes,
and fuel load consumption as a function of fire danger (FLCk,c) was calculated via equation (7), with k in this
case representing a biome.

4.3. Annual Predictions

Modern empirical functions (2003–2014) developed in section 4.2 are applied to the entire 36year fire danger
climatology to predict the annual burned area and FRE that MODIS would have observed in each ecoregion:

TBAk;yr ¼ ∑
20

c¼1
nk;c;yr � PrBAk;c �

―
DBAk;c (9)

FREk;yr ¼ ∑
20

c¼1
nk;c;yr � PrAFk;c �

―
DRHk;c (10)

where nk,c,yr is the annual fire danger distribution for each year, yr=1979, 1980,…, 2014. Predictions of annual
FRE (MJ) are converted into estimates of annual DM (kg) consumption using a conversion factor of 0.368kg
MJ−1 [Wooster et al., 2005]. To bound the uncertainty in the annual predictions, 13 sets of linked empirical
functions (one for each of the 12 individual years of data plus onemean curve for the aggregate of all 12years
of data) are applied to the fire danger climatology to generate 13 estimates of annual burned area and FRE for
every ecoregion and for every year from 1979 to 2014.

Annual predictions of burned area and dry matter consumption from equations (9) and (10) can be decom-
posed into two parts: the annual number of days that wildland fires are burning on the landscape and the
average daily burning rate. These two parameters are decoupled by calculating the fire activity season
length (FASL). When multiplied and summed, the first two terms on the right‐hand side of equations (9)
and (10) represent the FASL or the number of days per year that MODIS is expected to detect at least
one burned area (BA) pixel or one active fire (AF) pixel, respectively. Two different versions of the fire activ-

ity season length (FASLBAk;yr and FASLAFk;yr ) are obtained for every ecoregion and every year based on the

empirical functions derived separately from the MODIS burned area and active fire products (Appendix A).
Calculating the FASL enables trends in annual burned area and dry matter consumption to be attributed to
either (i) an increase in the number of days that fires are burning on the landscape or (ii) an intensification
of average daily burning characteristics.

It is extremely important to remember that the empirical functions used in equations (9) and (10) are derived
independently from the MODIS burned area and active fire products, respectively. Therefore, the time series
of annual TBA and FRE obtained from equations (9) and (10) represent two different reconstructed fire his-
tories and cannot be merged to estimate the radiant heat release per unit area or the amount of fuel con-
sumed per unit area. The use of equation (9) is referred to as the “direct” method for predicting annual
burned area since it relies on modern associations developed directly from the MODIS burned area product.
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Annual burned area is also estimated here using an “indirect” method that invokes equation (7) to convert
daily radiant heat release into daily burned area:

TBAk;yr ¼ ∑
20

c¼1
nk;c;yr � PrAFk;c �

―
DRHk;c � RCF� FLC−1k;c (11)

The use of equation (11) circumvents differences between the MODIS burned area and active fire products
and uses the empirical relationship between fuel load consumption and fire danger to estimate the burned
area that contributed to the MODIS measurements of FRE. Ultimately, equations (10) and (11) are used to pre-
dict annual fuel load consumption (FLCk,yr) for every biome and every year from 1979 to 2014.

5. Results

Results are divided into two sections: a description of the empirical functions developed by associating daily
fire danger with daily observations of fire activity from 2003 to 2014 (section 5.1) and a summary of the pre-
dictions of annual fire activity from 1979 to 2014 (section 5.2). Results in these two sections are further orga-
nized in order of increasingly coarser spatial resolutions, from an individual ecoregion to CONUS.

5.1. Empirical Functions

An example of the empirical functions relating fire danger with MODIS observations of fire activity is presented in
section 5.1.1 for a single ecoregion: theNorth Central Rockies Forests (NCRFs). Rather than presenting every empirical
function for all 72 ecoregions across CONUS, ecoregion‐level relationships between fire danger and fire activity are
summarized and compared in section 5.1.2 based on the ratios (ρ) used to gauge the relative difference in burning
characteristics observed by MODIS at high versus low fire danger. For transparency, however, examples of empirical
functions for 11 ecoregions within eight biomes are presented in the supporting information (Figures S1–S12).
5.1.1. The North Central Rockies Forests
The fire danger distribution of all days (nk,c) in the NCRF from 2003 to 2014 is right skewed, indicating a
greater number of days with low to moderate fire danger conditions (Figures 3a and 4a). In contrast, fire dan-

ger distributions on fire days whenMODIS detected a burned area pixel or an active fire pixel (nBAk;c andn
AF
k;c) are

left skewed (Figures 3a and 4a), indicating that during the 12years study period MODIS more often detected
evidence of wildland fires in the NCRF on hotter and drier days. Likewise, distributions of total burned area
and FRE as functions of fire danger (TBAk,c and FREk,c) are left skewed (Figures 3b and 4b). From 2003 to
2014, MODIS detected 89% of the burned area and 79% of the FRE in the NCRF when fire danger exceeded

70% of its historical maximum
―
ERC

′
≥70

� �
, reflecting the high concentration of fire activity (mainly uncon-

trolled wildland fires) burning during hot and dry weather conditions.

The probability of MODIS detecting a burned area pixel or an active fire pixel ( PrBAk;c and PrAFk;c) is low at low fire

danger and increases as fire danger increases until it is almost guaranteed that MODIS will detect at least one
wildland fire in the NCRF on days of extreme fire danger (Figures 3c and 4c). On average in the NCRF, MODIS is

40.2 times ρBAPr
� �

and 5.4 times ρAFPr
� �

more likely to detect a burned area pixel and an active fire pixel, respec-

tively, on days during high fire danger 70≤
―
ERC

′
< 90

� �
versus low fire danger 10≤

―
ERC

′
< 30

� �
. The value of

the probability ratios (which reflects the shape of the probability curves) for the NCRF is indicative of a fire
regime where the fire activity and fire weather seasons are synchronized, and the peak in fire occurrence
(mainly uncontrolled wildfires) coincides with the peak in hot, dry weather conditions (Figure 2). The NCRF
did not experience the same fire danger every year, nor did it burn in the same manner every year.
Consequently, interannual fluctuations in fire weather and fire activity in the NCRF induced variability in the
set of empirical probability curves derived for each of the 12years in the study period (Figures 3c and 4c).

The average daily burned area
―
DBAk;c

� �
and the average daily radiant heat release

―
DRHk;c

� �
detected by

MODIS both increased exponentially by 2 orders of magnitude over the full spectrum of fire danger in the
NCRF (Figures 3d and 4d). Based on the accumulation of all 12years of data, MODIS estimates of daily fire

growth and radiant heat release are 17.7 times ρDBA
� �

and 8.8 times ρDRH
� �

greater at high fire danger com-

pared to low fire danger, reflecting an intensification of daily burning characteristics during hot and dry
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weather conditions. Like the probability curves, relationships between fire danger and fire activity in the
NCRF varied from year to year, with interannual values ofρDBA ranging from 0.5 to 29.7 andρDRH ranging from

0.4 to 15.0 (Figures 3d and 4d).
5.1.2. Ecoregion‐Level Summaries
The shapes and magnitudes of the ecoregion‐level probability curves varied across CONUS, as illustrated by
geographical differences in the probability ratios (Figures 5a and 5b), suggesting regional difference in the
presence of wildland fires under similar weather conditions. Technically, ecoregions with ρPr=1.0 indicate
that there is an equivalent chance of MODIS detecting wildland fires on days with high and low fire danger,
while values of ρPr>1.0 indicate that MODIS is more likely to detect a wildland fire on days with higher fire
danger. However, in terms of characterizing wildland fire regimes, ecoregions with ρPr=1.0 indicate that wild-
land fires are equally likely to be burning regardless of weather conditions, and ecoregions with ρPr>1.0 indi-
cate that wildland fires are more likely to be burning during hotter and drier conditions. In general, MODIS is
more likely to detect a wildland fire on days with high fire danger compared to low fire danger, with prob-

ability ratios derived from the burned area and active fire products (ρBA
Pr and ρAFPr ) exceeding 1.0 in ecoregions

accounting for 98% of CONUS by area. Moreover, probability ratios exceeded 5.0 in ecoregions accounting
for 44–57% of CONUS by area, indicating locations where the peak in fire occurrence is strongly synchronized
with the peak in the fire weather season.

Although Figures 5a and 5b suggest that wildland fires across the majority of CONUS are less likely to be
burning at low fire danger, it is also quite possible that the MODIS detection performance degrades on days
with lower ERCs due to the smaller and/or lower intensity fires burning during cooler, moister conditions or
the increased cloud cover that typically accompanies lower fire danger and obscures the land surface.

Figure 3. Graphical depiction of equation (4) for the North Central Rockies Forests (NCRFs) ecoregion, identified by the sub-
script k. (a) The fire danger distribution as a function of the Energy Release Component (ERC) for all days, nk,c, alongside the
fire danger distribution on fire days only when MODIS detects at least one burned area (BA) pixel. (b) The distribution of
total burned area detected by MODIS as a function of ERC. (c) The probability curve PrBAk;c indicates the likelihood of MODIS
detecting at least one BA pixel in the ecoregion as function of ERC. (d) The average burned area per fire day, DBAk;c. Note
the log scale in Figure 3d. The yellow bands centered at ERC

′ ¼ 20 and ERC
′ ¼ 80 illustrate the low and high fire danger

intervals over which the ratios, ρ, are calculated (see Figure 5).
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Nevertheless, the inherently low MODIS detection probability at low fire danger amounts to very little abso-
lute difference between the two probability curves derived from the different burned area and active fire pro-
ducts (Figure 6). Similarly, the magnitudes of the two probability curves are nearly equivalent at high fire
danger when both the MODIS burned area and active fire detection algorithms are equally capable of detect-
ing the presumably larger and more intense wildland fires. At moderate fire danger conditions

30 <
―
ERC

′
< 70

� �
, however, MODIS is more likely to detect an active fire pixel rather than a burned area

pixel in almost every ecoregion across CONUS (Figure 6).

Ratios of daily burning characteristics observed by MODIS on days of high versus low fire danger also varied
across CONUS (Figures 5c and 5d), suggesting regional differences in the response of existing wildland fires
to changes in concurrent weather conditions. Technically, values ofρDBA > 1:0 and ρDRH > 1:0 indicate that

MODIS detects greater areal fire growth and radiant heat release at higher fire danger. However, considering
the caveats of the MODIS detection algorithms, it can be inferred that values of ρDBA > 1:0 and ρDRH > 1:0

indicate that landscape fires are either more numerous, larger, or burning more intensely during hotter, drier
fire weather conditions. Similar to the probability curves, MODIS almost always detects more extreme fire
behavior on days with higher fire danger compared to lower fire danger, with ρDBA and ρDRH exceeding

1.0 in ecoregions accounting for 87% and 99% of CONUS by area, respectively. Where over the course of
12years numerous, large fires aligned with hot and dry conditions, there are substantial differences in the
average daily burning characteristics observed by MODIS on days of high fire danger versus low fire danger,
with ρDBA and ρDRH exceeding 5.0 across more than 42% of CONUS by area.

Figure 4. Graphical depiction of equation (6) for the North Central Rockies Forests (NCRFs) ecoregion, identified by the sub-
script k. (a) The fire danger distribution as a function of the Energy Release Component (ERC) for all days, nk,c, alongside the
fire danger distribution on fire days only when MODIS detects at least one active fire (AF) pixel. (b) The distribution of fire
radiative energy (FRE) detected by MODIS as a function of ERC. (c) The probability curve PrAFk;c indicates the likelihood of

MODIS detecting at least one AF pixel in the ecoregion as function of ERC. (d) The average radiant heat release per fire day,―
DRHk;c. Note the log scale in Figure 4d. The yellow bands centered at

―
ERC

′ ¼ 20 and
―
ERC

′ ¼ 80 illustrate the low and high
fire danger intervals over which the ratios, ρ, are calculated (see Figure 5).
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5.1.3. Biome‐Level Summaries
Hotter and drier conditions promote an increase in the amount of fuel consumed per unit area, and at the
biome‐level MODIS is capable of detecting an increase in fuel load reduction with increasing fire danger
(Figure 7). The Temperate Coniferous Forests and the Mediterranean Forests, Woodlands, and Scrub biomes

Figure 5. Ratios (ρ) of fire presence and burning characteristics observed by MODIS at high fire danger versus low fire danger. Ecoregions with values of (a)ρBAPr > 1:0
and (b) ρAFPr > 1:0 indicate that MODIS is more likely to detect a burned area (BA) pixel or an active fire (AF) pixel, respectively, on days with high fire danger.
Ecoregions with values of (c)ρ―

DBA
> 1:0and (d)ρ―

DRH
> 1:0 indicate that MODIS detects greater daily burned area (DBA) and daily radiant heat release (DRH) on days

with high fire danger. Considering the caveats of the MODIS detection algorithms, these ratios illustrate (i) regional variations in the response of landscape fire
activity to changes in fire danger and (ii) landscape fires across the majority of CONUS are more likely to be present and burning more vigorously during hotter, drier
fire weather conditions.

Figure 6. Summary of the probability curves generated for all 72 ecoregions across CONUS using the MODIS burned area
(BA) and active fire (AF) products, PrBAk;c and PrAFk;c , respectively. In general, (a) the probability of a fire day (i.e., a day when
MODIS detects evidence of at least one wildland fire) increases as the Energy Release Component (ERC) increases, implying
that landscape fires are more likely to be burning during hotter, drier fire weather conditions. (b) Due to differences in the
detection algorithms, there is almost always a greater likelihood that MODIS will detect an active fire pixel compared to a
burned area pixel, particularly on days with moderate fire danger conditions.
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exhibit the highest values of fuel load
consumption and also exhibit the
greatest sensitivity to changes in fire
danger, as evidenced by the rapid
increase in fuel load consumption

when
―
ERC

′
≥50 . These two biomes

account for 41% of the coincident
burned area and 65% of the coinci-
dent FRE detected by MODIS and are
therefore mainly responsible for the
CONUS‐wide increase in fuel loadcon-
sumption fromlowtohighfiredanger.

5.2. Annual Predictions From 1979
to 2014
5.2.1. The North Central
Rockies Forests
Robust linear regressions fit to the
mean annual predictions for the
NCRF reveal that changes in fire dan-
ger from 1979 to 2014 have had the
potential to induce a +540.6hayr−1

trend in burned area (Figure 8a), and
a +51.1TJyr−1 trend in FRE, corre-
sponding to a +0.02Tgyr−1 trend in

DM consumption (Figure 8b). Differences in the two empirical probability curves ( PrBAk;c and PrAFk;c) particularly

at moderate fire danger conditions (Figure 6b) resulted in consistently shorter fire activity season lengths
(FASLs) when predicted from the MODIS burned area (BA) product compared to the active fire (AF) product.
Despite this bias, trends fit to both predictions of the fire activity season length reveal a nearly identical
expansion in the NCRF: +0.65dyr−1 (Figure 8c) versus +0.58dyr−1 (Figure 8d). Relative increases in annual
burned area and dry matter consumption in the NCRF outpaced the relative expansion of the fire activity sea-
son length. This resulted in positive trends in both the annual average daily burned area and the annual aver-
age daily heat release (Figures 7e and 7f). Thus, fire danger‐induced trends in annual burned area and annual
dry matter consumption in the NCRF can be attributed to both an increase in the number of days per year
that fires are present on the landscape and an intensification of daily burning characteristics.
5.2.2. Ecoregion‐Level Summaries
Changes in fire danger since 1979 have had the potential to induce significant (α=0.05) positive trends in annual
burned area and annual dry matter consumption across 45–48% of CONUS, with themajority of the interior west
exhibiting a more than doubling in the annual magnitude of biomass burning (Figures 9a and 9b). Increases in
the annual magnitude of fire activity are partly attributed to an increase in the number of days per year that wild-
land fires are present on the landscape, with significant positive trends in the fire activity season length found in
ecoregions accounting for 42–49% of the area of CONUS (Figures 9c and 9d). In many interior‐western ecore-
gions, the rate of increase in annual burned area and dry matter consumption outpaced the expansion of the fire
activity season length. Consequently, long‐term changes in fire danger have had the potential to intensify daily
burning characteristics across 37–45% of CONUS, as evidenced by significant positive trends in the annual aver-
age daily fire growth (Figures 9e) and annual average daily radiant heat release (Figure 9f).
5.2.3. Biome‐Level Summaries
Results presented for seven biomes accounting for>99% of the dry matter consumed across CONUS indicate
a mostly positive trend in fuel load consumption over the course of 36years, though not all trends are signif-
icant at the 95% confidence level (Table 1). Of the biomes with significant trends, the Temperate Coniferous
Forests (+17.1gm−2yr−1) and the Mediterranean Forests, Woodlands, and Scrub (+39.1gm−2yr−1) exhibited
the greatest absolute increases in fuel load consumption, which is largely attributed to the dramatic response
of wildland fires in these ecoregions when burning under hotter and drier conditions (Figure 7).

Figure 7. Relationships between fuel load consumption (FLC; kgm−2) and
the Energy Release Component (ERC) for six prominent biomes plus
CONUS. Values of FLC are obtained by (i) intersecting daily ERC grids with
spatially and temporally coincident MODIS burned area (MCD64A1) and
active fire (MCD14ML) pixels from 2003 to 2014, (ii) converting estimates of
fire radiative power (FRP) into fire radiative energy (FRE), and (iii) converting
FRE into estimates of dry matter (DM) consumption.
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5.2.4. CONUS‐Level Summaries
Predictions of annual burned area from equations (9) and (11) are strongly correlated (r=0.99), with CONUS‐
wide estimates from equation (11) being on average 1.36Mha (95.6%) greater than from equation (9).
This comparison demonstrates that leveraging the MODIS active fire product to predict burned area via
equation (11) largely circumvents the relatively poorer performance of the MODIS burned area detection
algorithm when used in isolation (Figure 6). Consequently, predictions of annual burned area from 1997 to
2014 obtained directly from equation (9) agree well with the annual burned area retrieved from the Global
Fire Emissions Database (GFED) version 4.0 (Figure 10a), while estimates of annual DM consumption from
equation (10), indirect estimates of annual burned area from equation (11), and estimates of the amount
of fuel consumed per unit area agree better with the small fire boosted values [Randerson et al., 2012]
reported in GFED version 4.1s (Figures 10b–10d).

Overall, in the absence of any other influences on fire regimes, changes in fire danger since 1979 have had the
potential to induce a CONUS‐wide a +0.51Tgyr−1 trend in DM consumption, which itself is driven by the combined
effect of a +0.02Mhayr−1 trend in burned area and a +10.6gm−2yr−1 trend in fuel load consumption (Table 1).

6. Discussion

This work leverages a well‐known set of equations linking dry matter consumption with burned area, fuel
load reduction, and heat release and then reformulates these equations as functions of the location and
environmental conditions on the day of burning. Constructing bivariate relationships between fire danger,

Figure 8. Predictions and trends in annual fire activity for the North Central Rockies Forests (NCRFs) ecoregion modeled
solely based on changes in fire danger from 1979 to 2014. (a) Predictions of annual burned area (ha) and (b) annual fire
radiative energy (FRE; MJ) and dry matter (DM; Tg) consumption. (c and d) Fire activity season lengths (FASL; days) are
determined from the MODIS burned area (BA) and active fire (AF) products, respectively. (e and f) The annual average daily

burned area
―
DBA

� �
and daily radiant heat release

―
DRH

� �
. Robust linear regressions are used to characterize the trends

which are mapped for every ecoregion across CONUS in Figure 9.
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Figure 9. Relative changes (in percent) in ecoregion‐level fire activity predicted solely from changes in fire danger from 1979 to 2014: (a) annual burned area, (b)
annual dry matter consumed, (c and d) fire activity season lengths, (e) annual average daily burned area, and (f) annual average daily dry matter consumed.
Trends in each ecoregion are based on robust linear regressions (e.g., see Figure 8), and trends that are not significant (NS) are not shown.

Table 1. Summary of Biome‐Level and CONUS‐Wide Trends in Annual Dry Matter (DM) Consumption, Annual Burned Area, and Annual Fuel Load Consumption
(FLC) From 1979 to 2014a

Biome
Trend: Annual Burned Area

Equation (9) (hayr−1)
Trend: Annual DM Consumed

Equation (10) (Tgyr−1)
Trend: Annual Burned Area

Equation (11) (hayr−1)
Trend: Annual FLC Equations

(10) and (11) (gm−2yr−1)

Temperate Broadleaf and Mixed
Forests

+1,083.18 (±817.30) +0.024 (±0.023) +2,009.00 (±1,935.38) +1.91 (±2.15)

Temperate Coniferous Forests +8,614.27 (±5,178.43) +0.262 (±0.165) +9,031.49 (±5376.13) +17.10 (±10.00)
Tropical and Subtropical
Grasslands, Savannas,
and Shrublands

+40.18 (±56.27) 0.004 (±0.004) +176.80 (±196.30) +3.96 (±4.36)

Temperate Grasslands, Savannas,
and Shrublands

−25.47 (±3,494.62) −0.002 (±0.038) +345.05 (±5,057.13) −0.03 (±1.38)

Flooded Grasslands and
Savannas

−171.91 (±432.47) +0.002 (±0.002) +86.13 (±276.49) +2.14 (±1.96)

Mediterranean Forests,
Woodlands, and Scrub

+1,895.52 (±987.29) +0.061 (±0.030) +2,090.10 (±1,041.57) +39.11 (±12.50)

Deserts and Xeric Shrublands +8,672.28 (±4,050.52) +0.101 (±0.048) +7,426.12 (±3,459.68) +6.15 (±2.99)
CONUS +22,403.4 (±13,454.5) +0.505 (±0.279) +22,464.0 (±14,315.3) +10.6 (±5.0)

aAnnual burned area from equation (9) in column 1 is derived from the MODIS burned area product only, while annual burned area from equation (11) in col-
umn 3 is derived from a combination of the MODIS burned area and active fire products. Trends are based on robust linear regressionmodels and include the 95%
confidence interval (in parentheses).
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fire presence, and average daily burning characteristics (Figures 3 and 4) conveniently associates the regional
response of wildland fires to changes in environmental conditions at the time of burning. Admittedly, how-
ever, the sole use of fire danger, and specifically the Energy Release Component (ERC), as an indicator of the
weather and fuel moisture conditions concurrent with burning fails to fully capture all of the climatic and
nonclimatic factors that influence fire activity. For example, the probability of at least one wildland fire burn-
ing in an ecoregion depends on several other factors besides ERCs that govern the timing and location of
new ignitions (e.g., lightning flash characteristics, land management practices, recreational accidents, and
malicious intent) as well as the persistence of existing fires (e.g., fuel continuity and suppression effective-
ness). Although these underlying factors remain unaccounted for here, they are nevertheless inherent to
the empirical probability curves and are particularly conspicuous on the occasions when fires are burning
at very low fire danger, suggesting that other factors (such as agricultural or other prescribed burning prac-
tices) can facilitate the ignition and propagation of wildland fires despite unfavorable weather and fuel moist-
ure conditions. Limiting factors besides ERCs also affect daily burning characteristics. On days with the same
ERC, for example, more area will burn and more fuel will be consumed if there are higher wind speeds or if
there are a greater number of larger fires burning on the landscape, neither of which are explicitly accounted
for in the simplified relationship between ERCs and daily burning characteristics. As such, other unmeasured,
limiting factors besides ERCs are likely contributing to the year‐to‐year variations in the empirical functions.

The MODIS coverage and resolution coincides well with the spatiotemporal intent of the U.S. National Fire
Danger Rating System (USNFDRS). However, as with agency fire records, the MODIS fire products suffer from
spatial and temporal limitations that must be understood before the response of MODIS can be linked with
the response of true fire activity. The MODIS‐derived relationships between fire danger and fire activity pre-
sented here agree well with results presented for a nearby Predictive Service Area in the Northern Rockies
based upon Remote Automated Weather Station (RAWS) data and agency fire reports [Freeborn et al., 2015].
However, the degree of such agreements is expected to vary regionally since the efficacy of the empirical func-
tions developed herein hinges on the MODIS detection performance, which varies depending on fire type,
canopy cover, atmospheric conditions, and sensor viewing geometry [Csiszar et al., 2006; Morisette et al.,

Figure 10. CONUS‐wide comparisons between annual predictions developed herein (1979–2014) and the Global Fire
Emissions Database (GFED) versions 4.0 and 4.1s (1997–2014). Whereas both versions of GFED [van der Werf et al., 2010]
utilize the MODIS burned area (MCD64A1) product [Giglio et al., 2013], version 4.1s includes an estimate of the contribution
from hot spots detected outside of burned areas [Randerson et al., 2012]. (a) Direct estimates of annual burned area (Mha)
from equation (9). (b) Annual dry matter (DM; Tg) consumed from equation (10). (c) Indirect estimates of annual burned
area from equation (11). (d) Fuel load consumption (FLC; kgm−2) from equations (10) and (11). Trends based on robust
linear regressions are reported in Table 1.
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2005; Schroeder et al., 2008]. Ultimately, failed and false detections affect the ability ofMODIS to record fire days
and to estimate the true burned area [Mangeon et al., 2015] and fire radiative power [Peterson et al., 2013].
Somewhat reassuringly, however, empirical functions are constructed here by accumulating numerous pixels
over large areas and on multiple days within fairly wide intervals of fire danger, thereby partially mitigating
uncertainties in MODIS observations collected on a per pixel and instantaneous basis [Freeborn et al., 2014].

Despite ERC’s limitations as the sole indicator of in‐season environmental conditions, and the caveats
surrounding the ability of the MODIS fire products to depict the true fire activity, the empirical functions
developed herein reveal regional differences in the response of fire activity to changes in coincident weather
and fuel moisture conditions. These empirical functions cannot be considered as unique, ecoregion‐specific
signatures since, as of yet, it is unclear whether these relationships change over time. Changes in the shape or
magnitude of these functions over time would imply that changes in vegetation types or ignition patterns
cause a shift in the response of fire activity to in‐season weather and fuel moisture conditions. Temporal shifts
in the empirical functions cannot be ascertained here due to the brief MODIS era (2003–2014) and interann-
ual fluctuations in fire weather and fire activity. However, since the empirical functions vary geographically
(Figure 5), it is fully expected that relationships between fire danger and fire activity should also vary over time.

Although bivariate relationships may fail to account for all of the climatic and nonclimatic factors that influ-
ence fire activity, the empirical functions developed here enable annual fire activity to be predicted either
retrospectively or for future scenarios using only a fire danger climatology. Applying the modern empirical
functions to the entire 36year climatology assumes that relationships between fire danger and fire activity
remain unaffected by concurrent, long‐term changes in vegetation types or ignition patterns. Thus, the ecor-
egion, biome, and continental trends presented here reflect the isolated impact of changing fire weather
conditions on annual fire activity. In reality, however, the fire chronologies and characteristics reconstructed
here are either intensified or dampened by concurrent—though unaccounted for—changes in vegetation
fuel types and densities, ignition patterns, and land use and land management practices.

In equations 9–11, uncertainties in the relationships between fire danger, fire presence, and daily burning
characteristics induce uncertainties in the prediction of annual fire activity. Regrettably, we have not propa-
gated the individual uncertainties through our model to ascertain their relative impacts on the annual predic-
tions. Future uncertainty analyses could be used to identify which parameters require more accurate
estimates and could also be used to identify regions where relationships between fire danger and fire activity
are most stable, compared to those regions where uncertainty in the relationships is strongly affected by
interannual fluctuations in fuel availability or ignition patterns.

Ultimately, this work quantifies the magnitude of fire activity in terms beyond the annual burned area. In our
formulations, annual burned area is determined by the fire activity season length (FASL), or the number of
days that fires are present on the landscape, and the average daily fire growth rate. Though forthcoming,
we have not performed a sensitivity analysis to determine whether the FASL or the average daily burning
characteristic is the main driver of burned area in each ecoregion. As in Seiler and Crutzen [1980], annual
dry matter consumption is determined by annual burned area and fuel load reduction. In the future we
intend to identify whether an increase in annual burned area or an increase in fuel load consumption is
the more influential factor driving the biome‐level trends in annual dry matter consumption. Verifying the
accuracies and uncertainties of either satellite‐derived or modeled estimates of fuel load consumption, how-
ever, is hindered by a rarity of field measurements [van Leeuwen et al., 2014]. Nevertheless, if it assumed that
the preburn fuel load is constant during the weeks or months when wildland fires are present, then seasonal
fluctuations in the amount of fuel consumed per unit area can solely be attributed to the influence of chan-
ging weather conditions on consumption completeness.

Agreement between predictions of annual burned area obtained directly from equation (9) and values
retrieved from the Global Fire Emissions Database (GFED) version 4.0, as well as the agreement between
our CONUS‐wide +0.022Mhayr−1 trend in annual burned area and a MODIS era trend (2000–2012) of
+0.02Mhayr−1 reported by Giglio et al. [2013], is not surprising since the MODIS direct broadcast
(MCD64A1) burned area product serves as the basis for these estimates. Reassuringly, our predictions of
annual burned area obtained indirectly from equation (11), which is designed to mitigate differences
between the MODIS burned area and active fire detection performance, agree well with GFED 4.1s, which
itself includes a small fire boost [Randerson et al., 2012]. The agreement between our predictions of annual
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DM consumption and values reported in GFED version 4.1s is somewhat surprising given (i) the application of
a small fire boost [Randerson et al., 2012] and (ii) estimates of fuel consumption obtained from active fire
observations are generally lower than those obtained from burned area observations [Ellicott et al., 2009].
It can only be surmised that our close agreement here with GFED4.1s is likely attributed to the constant of
proportionality used to convert FRP summations to FRE.

7. Conclusion

The wide ground swath and frequent overpass schedule of MODIS is well suited to provide wildland fire
observations that can be aligned with fire danger indices at spatiotemporal scales for which the U.S.
National Fire Danger Rating System is intended. The ability of MODIS to detect fire presence and quantify
the magnitude of regional fire activity on a daily basis offers additional information not found in agency fire
reports and enables annual fire statistics to be decomposed into previously unquantifiable attributes, such as
seasonal duration, average daily fire growth, average daily heat release, and fuel load consumption.
Synchronizing spatially resolved fire danger indices with MODIS fire observations offers opportunities to
associate environmental conditions with concurrent wildland fire activity, and the application of modern
associations provides a pathway for predicting changes in coarse‐scale fire occurrence and burning
characteristics solely from changes in fire danger. Although empirical functions relating fire danger with fire
activity can help elucidate at least one facet of climate‐fire relationships, it must be admitted that the sole use
of ERCs—as a proxy for fuel moisture contents—fails to fully capture all of the climatic and nonclimatic
factors that affect the ignition and propagation of wildland fires. Likewise, the efficacy of the empirical
functions and annual predictions developed herein hinges on the ability of the MODIS fire products to
accurately represent the true fire activity. Nevertheless, results reveal regional variations in the response of
wildland fires to changes in fire danger and that weather conditions concurrent with burning have a
three‐pronged impact on the magnitude of annual fire activity by affecting the seasonal duration, spatial
extent, and combustion intensity.

Appendix A

The appendix consists of Table A1 which summarizes the notation, terminology, and equations used in
this work.

Table A1. Summary of Notation, Terminology, and Equations Used in this Work

Ecoregion or biome identifier subscript k A1
Fire danger interval; equal‐width bins of normalized mean Energy Release Component (ERC) subscript c=1,2, …, 20 A2
Burned area product (MCD64A1) identifier superscript BA A3
Active fire product (MCD14ML) identifier superscript AF A4
Fire danger distribution; number of days within fire danger interval nk,c A5
Fire danger distribution on fire days only; number of fire days within fire danger interval nBAk;c or n

AF
k;c A6

Probability of a fire day PrBAk;c ¼
nBAk;c
nk;c

A7

Probability of a fire day PrAFk;c ¼
nAFk;c
nk;c

A8

Ratio of probability of a fire day at high fire danger versus low fire danger ρBAPr ¼ PrBAk;15≤c≤18
PrBAk;3≤c≤6

A9

Ratio of probability of a fire day at high fire danger versus low fire danger ρAFPr ¼ PrAFk;15≤c≤18
PrAFk;3≤c≤6

A10

Total burned area (TBA) in fire danger interval TBAk,c A11

Average daily burned area (DBA) in fire danger interval
―
DBAk;c ¼ TBAk;c

nBAk;c
A12

Fire radiative energy (FRE) detected in fire danger interval FREk,c A13

Average daily radiant heat release (DRH) detected in fire danger interval
―
DRHk;c ¼ FREk;c

nAFk;c
A14

Ratio of average daily burned area (DBA) at high fire danger versus
low fire danger

ρ―DBA ¼
―
DBAk;15≤c≤18―
DBAk;3≤c≤6

A15

Ratio of average daily radiant heat release (DRH) at high fire danger versus low fire danger ρ―DRH ¼
―
DRHk;15≤c≤18―
DRHk;3≤c≤6

A16

Fire activity season length (FASL); number of days per year that MODIS is expected to detect at least one burned area pixel FASLBAk;yr ¼ ∑
20

c¼1
nk;c;yr � PrBAk;c A17

Fire activity season length (FASL); number of days per year that MODIS is expected to detect at least one active fire pixel FASLAFk;yr ¼ ∑
20

c¼1
nk;c;yr � PrAFk;c A18
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