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Abstract Recent ﬁre seasons have fueled intense speculation regarding the effect of anthropogenic
climate change on wildﬁre in western North America and especially in California. During 1972–2018,
California experienced a ﬁvefold increase in annual burned area, mainly due to more than an eightfold
increase in summer forest‐ﬁre extent. Increased summer forest‐ﬁre area very likely occurred due to
increased atmospheric aridity caused by warming. Since the early 1970s, warm‐season days warmed by
approximately 1.4 °C as part of a centennial warming trend, signiﬁcantly increasing the atmospheric vapor
pressure deﬁcit (VPD). These trends are consistent with anthropogenic trends simulated by climate models.
The response of summer forest‐ﬁre area to VPD is exponential, meaning that warming has grown
increasingly impactful. Robust interannual relationships between VPD and summer forest‐ﬁre area
strongly suggest that nearly all of the increase in summer forest‐ﬁre area during 1972–2018 was driven by
increased VPD. Climate change effects on summer wildﬁre were less evident in nonforested lands. In fall,
wind events and delayed onset of winter precipitation are the dominant promoters of wildﬁre. While
these variables did not change much over the past century, background warming and consequent fuel drying
is increasingly enhancing the potential for large fall wildﬁres. Among the many processes important to
California's diverse ﬁre regimes, warming‐driven fuel drying is the clearest link between anthropogenic
climate change and increased California wildﬁre activity to date.
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Plain Language Summary Since the early 1970s, California's annual wildﬁre extent increased
ﬁvefold, punctuated by extremely large and destructive wildﬁres in 2017 and 2018. This trend was
mainly due to an eightfold increase in summertime forest‐ﬁre area and was very likely driven by drying
of fuels promoted by human‐induced warming. Warming effects were also apparent in the fall by
enhancing the odds that fuels are dry when strong fall wind events occur. The ability of dry fuels to
promote large ﬁres is nonlinear, which has allowed warming to become increasingly impactful.
Human‐caused warming has already signiﬁcantly enhanced wildﬁre activity in California, particularly in
the forests of the Sierra Nevada and North Coast, and will likely continue to do so in the
coming decades.
1. Introduction
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In the western United States, annual area burned increased substantially in recent decades due to increased
frequency and size of large wildﬁres (Abatzoglou & Williams, 2016; Balch et al., 2018; Dennison et al., 2014;
Westerling, 2016). It is well established that this observed increase in wildﬁre activity was promoted in many
areas by reduced fuel moisture due to warming‐induced increases in evaporative demand, reduced snowpack, and reduced warm‐season precipitation frequency (Abatzoglou & Williams, 2016; Holden et al.,
2018; Kitzberger et al., 2017; Westerling, 2016). These recent climate trends are broadly consistent with those
expected from anthropogenic climate change (Abatzoglou & Williams, 2016), but anthropogenic climate
effects on wildﬁre can vary greatly across space and time due to confounding factors such as natural climate
variations, land and ﬁre management practices, ignitions from humans, spatial diversity in vegetation type,
and the complex ways in which these processes interact (Williams & Abatzoglou, 2016). Therefore, location‐
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speciﬁc adaptation responses to wildﬁre require understanding how climate affects wildﬁre locally, how the
key climate variables have changed over the past several decades, and whether these climate changes are
likely to continue.
Perhaps nowhere on Earth has received more attention regarding recent wildﬁre trends and their causes
than California. One reason for the attention is that increases in statewide burned area over the last several
decades were dramatically punctuated in 2017 and 2018 by particularly extreme wildﬁre activity with substantial loss of life and property. In 2017, modern state records were set for the largest individual wildﬁre
(Thomas Fire: 114,078 ha) and the most structures destroyed by an individual wildﬁre (Tubbs Fire: 5,636
structures), which led to 22 fatalities (CalFire, 2018). The total area burned in 2017 was also nearly a state
record at the time (505,293 ha), behind 2007. In 2018, state records were set for total area burned
(676,312 ha), largest individual wildﬁre (Mendocino Complex Fire: 185,800 ha), and most destructive wildﬁre (Camp Fire: 18,804 structures destroyed, 85 fatalities). In these 2 years, California spent over $1.5 billion
on ﬁre suppression, far more than any previous 2‐year period (CalFire, 2018).
California is a particularly difﬁcult place to disentangle the drivers of changing wildﬁre activity. California's
climate, vegetation cover, and human settlement patterns are highly diverse, causing the inﬂuences of these
factors on ﬁre activity to be spatially heterogeneous and complex (Jin et al., 2014; Jin et al., 2015; Keeley &
Syphard, 2017; Swetnam & Baisan, 2003; Westerling & Bryant, 2008). Humans dominate the wildﬁre regime
across much of the state by altering land cover (Sleeter et al., 2011; Syphard et al., 2018), supplying the vast
majority of ignitions (Balch et al., 2017; Nagy et al., 2018), and attempting to suppress essentially all ﬁres.
Fire suppression over the past century allowed for artiﬁcial buildup of fuels in many regions that historically
experienced frequent low‐intensity ﬁres, reducing fuel limitation as a constraint on ﬁre activity and putting
many areas into a so‐called ﬁre deﬁcit (Higuera et al., 2015; Marlon et al., 2012; Minnich et al., 1995; Parks
et al., 2015). Even under constant climate conditions, changes in California's ﬁre activity over the past century would be expected as populations increased and cities expanded into surrounding wildlands (Radeloff
et al., 2018), ﬁre suppression strategies evolved (Stephens & Ruth, 2005), and frequency and type of human‐
ignited wildﬁres changed (Balch et al., 2017; Keeley & Syphard, 2018). Changes in these nonclimatic factors
may also promote nonstationarity in ﬁre‐climate relationships, confounding efforts to isolate the inﬂuence
of climate change on ﬁre activity (Higuera et al., 2015; Hurteau et al., 2019; Littell, 2018; Mann et al., 2016;
Marlon et al., 2012; Taylor et al., 2016).
The effect of climate on wildﬁre in California is highly seasonal and variable across vegetation gradients. In
summer, when ﬁres are most frequent in California, large burned areas are promoted by the cumulative
drying effects of atmospheric aridity and precipitation deﬁcits mainly in forest ecosystems where fuel availability is not a limiting factor (Abatzoglou & Kolden, 2013; Jin et al., 2014; Keeley & Syphard, 2016;
Swetnam, 1993; Swetnam & Betancourt, 1998; Westerling et al., 2003; Williams et al., 2018). In fall, many
of California's most destructive ﬁres occur in coastal shrublands and are driven by often extreme offshore
downslope wind events, where synoptic conditions advect dry air masses often originating from the continental interior high desert westward and southward across topographic barriers such as the Transverse,
Peninsular, and Coastal Ranges (Conil & Hall, 2006; Guzman‐Morales et al., 2016; Hughes & Hall, 2010;
Moritz et al., 2010; Nauslar et al., 2018). The most widely studied offshore wind events, termed Santa
Ana winds in southern California, increase in frequency in the fall and peak in winter (Abatzoglou
et al., 2013; Raphael, 2003). Strong offshore winds with very low relative humidity can quickly dry fuels
and spread large wildﬁres when they occur prior to the onset of the winter precipitation season in
California's Mediterranean climate (Billmire et al., 2014; Keeley, 2004; Moritz et al., 2010; Westerling
et al., 2004).
The effects of anthropogenic climate change on California's ﬁre regimes are likely to be diverse and complex,
varying by region and season (Liang et al., 2017; Pierce et al., 2018; Syphard et al., 2019; Westerling, 2018).
Climate model projections of warming and increased atmospheric aridity in California are strong and robust
across models (Pierce et al., 2013). It is well established that warming promotes wildﬁre throughout the western United States, particularly in forested regions, by enhancing atmospheric moisture demand and reducing summer soil moisture as snowpack declines (Abatzoglou & Williams, 2016; Westerling et al., 2006).
By contrast, model projections of precipitation in California are highly uncertain but with a tendency toward
increased precipitation annual totals, particularly in northern California during winter (Maloney et al.,
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2013). However, many climate models have systematic biases in North Paciﬁc storm tracks and tropical
Paciﬁc sea surface temperatures that should lead to strong skepticism regarding model simulations of
future precipitation in California (Seager et al., 2019; Simpson et al., 2016). Climate models also project
precipitation frequency declines in spring through fall that would partly offset winter increases, resulting
in increased precipitation variability (AghaKouchak et al., 2018; Pierce et al., 2018; Polade et al., 2014;
Polade et al., 2017; Swain et al., 2018). In fall, models project reduced frequency and intensity of Santa
Ana wind events (Guzman‐Morales & Gershunov, 2019; Hughes et al., 2011). However, concurrent
warming and decreased fall precipitation may, to some degree, counteract the effects of reduced offshore
winds on fall ﬁre risk in southwestern California (Hughes et al., 2011; Pierce et al., 2018), possibly
extending the ﬁre season towards the winter peak of the downslope wind season (Guzman‐Morales &
Gershunov, 2019; Syphard et al., 2018).
While much has been published on projected changes in wildﬁre activity due to climate change (e.g.,
Barbero et al., 2015; Hurteau et al., 2019; Krawchuk & Moritz, 2012; Littell et al., 2018; Westerling, 2018;
Westerling et al., 2011; Westerling & Bryant, 2008), less has been done to evaluate observed seasonal trends
in ﬁre‐relevant climate variables and whether these trends are consistent with those expected to arise from
anthropogenic climate change. Here we provide a comprehensive empirical assessment of the observed
effects of climate variability and change on California wildﬁre by season, region, and land cover. We ﬁrst
use wildﬁre and climate data within California to evaluate trends in seasonal burned area by region during
1972–2018, resolve the distinct seasonal and regional inﬂuences of climate and weather factors, and assess
the stationarity of the dominant ﬁre‐climate relationships over the past ﬁve decades. We then use climate
model simulations to determine whether observed trends in the climate variables most pertinent to regional
wildﬁre activity are consistent with expectations of anthropogenic climate change. A thorough and nuanced
understanding of how, when, and where anthropogenic climate change has or has not affected wildﬁre in
California over the past several decades is critical to guide sustainable societal decisions ranging from where
to develop housing to how limited resources can be optimized for landscape management.

2. Methods
A list of the publicly available sources for all data sets used in the analysis is provided in supporting information Table S1.
2.1. Study Regions
Because of the diversity of vegetation types, climate, ﬁre regimes, and human population density, we divided
California into four regions: North Coast, Sierra Nevada, Central Coast, and South Coast (see maps in
Figure 1). North Coast and Sierra Nevada are largely forested, while Central and South Coast consist largely
of grass‐oak savanna, chaparral, and urban area, with some forest areas at high elevations. While humans
ignite the majority of wildﬁres statewide, lightning accounts for the majority of ignitions in North Coast
and Sierra Nevada, particularly in summer (Balch et al., 2017). Summer is the season when most burned area
occurs on average in all for study regions, but large and destructive ﬁres can also occur in fall in all regions,
particularly in South Coast where fall marks the peak in mean ﬁre size and suppression cost (Jin et al., 2015;
Keeley et al., 2009). Regional boundaries were deﬁned by merging Bailey ecoregions at the section level (Text
S1). Regionalization by ecoregion is common in studies of regional climate‐ﬁre relationships, with some studies parsing more ﬁnely (Littell et al., 2018) or more coarsely (Abatzoglou et al., 2017) than we do here. We
exclude the agricultural Central Valley and desert areas where large wildﬁres are rare due to lack of fuels.
2.2. Wildﬁre History and Climate Data
We compiled a comprehensive record of 39,556 California wildﬁres during 1972–2018 within our four
regions of interest by merging records from multiple government agencies. We excluded all ﬁres smaller
than 0.1 ha, as these ﬁres are inconsistently reported and contribute negligibly to total regional burned area.
We did not consider years prior to 1972 as this is when most of the multiagency records begin. There is high
conﬁdence in these historical records of burned area (Keeley & Syphard, 2018). Regional burned‐area
records were reproduced for forest and nonforest land cover types (e.g., Abatzoglou & Williams, 2016).
See Text S2 for additional details about the wildﬁre data set.
WILLIAMS ET AL.
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To evaluate observed climate trends in the context of anthropogenic climate change, it is desirable to evaluate a period longer than the 1972–2018 wildﬁre record. The temporal extent of the climate records varies
by variable and data product. Table S1 provides the temporal coverage of all data sets used. Monthly climate
grids for 1895–2018 came from the National Oceanic and Atmospheric Administration's Climgrid data set
for precipitation and temperature (Vose et al., 2014), PRISM for humidity (Daly et al., 2004), and a multiproduct data set compiled by Williams et al. (2017) for wind speed and solar radiation. See Text S3 for
details. Daily meteorological grids from gridMET (Abatzoglou, 2013) were used to calculate two daily
ﬁre‐potential indicators for 1979–2018: 1,000‐hr fuel moisture (FM1000) and the Fosberg Fire Weather
Index (FFWI). The FM1000 (Cohen & Deeming, 1985) is a water‐balance variable that uses precipitation,
temperature, and humidity to track moisture content in large‐diameter dead fuels and exhibits signiﬁcant
relationships to ﬁre activity (e.g., Abatzoglou & Kolden, 2013; Marlier et al., 2017). The FFWI is a proxy for
ﬁre potential and spread that is based on wind speed, humidity, and temperature with no memory of antecedent conditions (Fosberg, 1978) and has been linked to signiﬁcant wind‐driven ﬁres in southern
California (e.g., Barbero et al., 2014; Moritz et al., 2010). The FM1000 and FFWI records were extended
to 1948 using the climate reanalysis dataset from the National Centers for Environmental Prediction
and Atmospheric Research (NCEP‐NCAR; Kalnay et al., 1996) and Climgrid. For FFWI, we commence
our analyses in 1958 due to an unrealistic positive trend in 1948–1957 NCEP‐NCAR 10‐m wind speed that
is likely an artifact of the widespread expansion of rawinsonde measurements during this period. See
Text S4 for more details about these records. Daily weather‐station precipitation totals for 1915–2018
come from the Global Historical Climatology Network version 3.25 (Menne et al., 2012) and were used
to evaluate seasonal precipitation frequency and the onset of the winter precipitation season. Gap ﬁlling
was performed using nearby stations and gridded daily records from PRISM and Livneh et al. (2013,
2015). See Text S5 for details. To represent the timing of onset of the winter precipitation season, we evaluate the number of days needed to reach 10% of the fall (October–December) long‐term mean precipitation
total. We also evaluate wet‐day frequency in October–November, deﬁned as days when precipitation
≥2.54 mm (Holden et al., 2018).
To evaluate observed and modeled trends in ﬁre‐promoting interannual precipitation volatility (wet years
that grow fuels followed by dry years that dry fuels out), we examined the running 10‐year frequency of
“wet‐dry events,” which we deﬁne here (building off of Swain et al., 2018) as events in which a lowest
20% water‐year (October–September) precipitation total follows a highest 20% precipitation total in at least
one of the two preceding water years.
The simulated climate response to anthropogenic forcing was assessed using climate model simulations produced as part of the ﬁfth phase of the Coupled Model Intercomparison Project (CMIP5; Taylor et al., 2012).
The forcing scenarios considered were the Historical scenario for 1851–2005 and the 8.5 representative concentration pathway (RCP8.5) scenario for 2006–2100 (van Vuuren et al., 2011). The RCP8.5 represents a
plausible upper‐end emissions scenario, but projections over the next few decades are similar to those projected for the RCP4.5 emissions scenario, which more strongly departs from RCP8.5 in the second half of this
century due to reduced anthropogenic greenhouse gas emissions (Pierce et al., 2018). See Table S2 for a list of
all CMIP5 models considered for each variable.

2.3. Relationships Between Climate and Wildﬁre
We evaluate interannual relationships between climate and the logarithm of seasonal and annual burned
area (log(burned area)) using linear regression and the Pearson correlation coefﬁcient. We used the logarithms of burned area because burned area has an exponential distribution (e.g., Keeley & Syphard, 2017;
Littell et al., 2009). Climate variables considered in the regression analyses were precipitation total, wet‐
day frequency, mean daily maximum temperature (Tmax), mean daily minimum temperature (Tmin), vapor
pressure deﬁcit (VPD), wind speed, solar radiation, the Penman‐Monteith reference evapotranspiration
(Monteith, 1965; Allen et al., 1998; Text S3), and FM1000. VPD is a measure of the aridity of the atmosphere,
calculated as the difference between the saturation vapor pressure (dictated by temperature) and the actual
vapor pressure (dictated by speciﬁc humidity; Text S3). Time series of precipitation total were converted to
the standardized precipitation index (SPI) because raw precipitation totals often have a skewed
nonnormal distribution.
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The regression analyses were conducted at the regional and all‐region scales and were repeated for forest and
nonforest burned areas. Climate effects on wildﬁre vary among seasons. For example, precipitation can suppress wildﬁre during and immediately prior to the ﬁre season by increasing fuel moisture but can have the
opposite effect in the years prior to the wildﬁre year by promoting fuel growth in fuel‐limited ﬁre regimes
(Swetnam & Betancourt, 1998). We therefore evaluated in a supplemental analysis the correlation between
seasonal burned area records and each climate variable during the wildﬁre year as well as the 2 years prior,
averaging each variable over a sliding window of 1–36 months. This supplemental analysis guided our decisions as to the ranges of months to consider when regressing burned‐area records against records of climate
data. For example, the period of optimal positive inﬂuence on antecedent precipitation is deﬁned as the
range of months within the 36‐month period when SPI correlates most positively with the burned area
record. To test for an independent relationship between a climate variable (Variable B) and burned area after
relationships with another climate variable (Variable A) have been accounted for, we performed a partial
regression analysis. Here time series of log(burned area) and Variable B were each regressed against
Variable A. Residuals for log(burned area) and Variable B were calculated by subtracting away the linear
relationships with Variable A. The two residual time series were then regressed against each other to assess
the component of the relationship between burned area and Variable B that is independent of Variable A.
For fall, we evaluated how subseasonal climate conditions affect the daily probability of a large wildﬁre
occurring (deﬁned in each region as the largest 15% of fall wildﬁres to occur in that region during 1972–
2017, as the record of 2018 wildﬁres was incomplete). Speciﬁcally, we used 3‐day means of regionally averaged FM1000 and FFWI as logistic predictors of whether a fall day had at least one large fall wildﬁre.
We did not control for nonclimate effects on wildﬁre such as human effects on ignitions, ﬁre suppression, or
vegetation cover. Therefore, the climate‐ﬁre relationships that we identiﬁed have human impacts embedded
within them (e.g., human effects on land cover may inﬂuence how wildﬁre responds to drought). When relevant, we evaluated the stability of ﬁre‐climate relationships during 1972–2018 by comparing regression statistics based on only data from 1792–1999 versus 2000–2018. Similar statistical relationships for both periods
would strongly suggest that, while nonclimate factors may inﬂuence the ﬁre‐climate relationship in general,
these factors (e.g., fuel accumulation due to wildﬁre suppression) did not cause a change in the ﬁre‐climate
relationship during the study period.
2.4. Trend Analysis
We assessed observed and simulated trends in climate records longer than 60 years using a 50‐year low‐pass
10‐point Butterworth ﬁlter because anthropogenic climate trends are not linear (e.g., Williams et al., 2015).
Trend magnitude is assessed as the ﬁnal low‐pass ﬁltered value minus the ﬁrst. For time series of burned
area during 1972–2018, we assessed trend slope for log(burned area) using the nonparametric Theil‐Sen estimator, which is more robust to outliers than the least‐squares method (Sen, 1968). For trend signiﬁcance, we
considered (conservatively) all trends to be linear functions of time (not low‐pass ﬁltered), with signiﬁcance
assessed using the nonparametric Spearman's rho and Kendall's tau tests. We only interpreted trends as statistically signiﬁcant if both tests passed at the 95% conﬁdence level (p < 0.05). We interpreted CMIP5
ensemble‐mean trends as the forced climate response to anthropogenic emissions. To assess signiﬁcance
of anthropogenic trends, we superimposed observed high‐frequency climate variability (50‐year high‐pass
ﬁlter) onto the CMIP5 ensemble‐mean 50‐year low‐pass ﬁltered trend and then evaluated signiﬁcance as
described above.

3. Results and Discussion
3.1. Historical Trends in Burned Area
Annual burned area across our study regions in California increased signiﬁcantly (p < 0.01) by 405% during
1972–2018 (Figure 1a). In 2017 and 2018, the total area burned ranked third and ﬁrst largest during our study
period, respectively. This statewide increase was driven by signiﬁcant increases in North Coast and Sierra
Nevada (Figures 1b and 1c). In these regions, annual burned areas increased by 630% and 618%, respectively.
Annual burned area did not change signiﬁcantly in Central and South Coast (Figures 1c and 1d).
The increases in California burned area occurred mainly in summer (May–September), the season when
burned areas are largest overall (Figures 1 and S1). All‐region summer burned areas in 2017 and 2018
WILLIAMS ET AL.
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Figure 1. Seasonal and annual burned areas in California for 1972–2018. (a) Total burned area in the four regions of focus:
(b) North Coast, (c) Sierra Nevada, (d) Central Coast, and (e) South Coast. Annual burned area is decomposed into that
which occurred in January–April (green), May–September (red), and October–December (orange). Signiﬁcant (p < 0.05)
trends are shown as bold black curves.

ranked sixth and second largest, respectively. The summer increases in burned area were most signiﬁcant
(+766%) in forested areas, and these increases were dominated by North Coast and Sierra Nevada, where
approximately three quarters of California's forest‐ﬁre area occurred during 1972–2018 (Figure S2 vs.
Figure S3). During 1972–2018, the proportion of summer burned area occurring in forest increased
signiﬁcantly (p < 0.01) from a mean of 51% in the 1970s to 71% in the 2010s.
Trends in fall burned area since 1972 generally do not pass signiﬁcance tests (Figure S1), but fall burned area
in 2017 and/or 2018 was much higher than average in all four regions (Figure S1). The general lack of signiﬁcant trends in fall is partly due to high interannual variability, driven by large wildﬁres in relatively
few years. Despite lack of signiﬁcant trends, large fall wildﬁres in North Coast and Sierra Nevada (≥85th percentile among fall wildﬁres in each region) were 3.8 and 2.3 times more common, respectively, in the second
half of the record (1996–2017) than in the ﬁrst (1972–1995). As was the case for summer, increases in the
occurrence of large fall wildﬁres were observed in North Coast and Sierra Nevada but not for Central or
South Coast.
WILLIAMS ET AL.
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Figure 2. Correlation between summer (May–September) burned area and climate: 1972–2018. Maps: Regional correlations between the logarithm of summer
burned area and mean seasonal climate (outline around region: p < 0.05). Scatterplots represent the full study domain. Climate variables in (a–f): vapor‐pressure
deﬁcit (VPD), daily maximum temperature (Tmax), standardized precipitation index (SPI), Wet Day Frequency (frequency of days with precipitation total
≥2.54 mm), 1,000‐hr dead fuel moisture (FM1000), and SPI from March of 2 years prior to the ﬁre year through October of the year prior to the ﬁre year (Antecedent
SPI). Colors in scatter plots correspond to the legend in (a).

3.2. Climate Controls on Wildﬁre
3.2.1. Summer Wildﬁre
Figure 2 shows that among the climate variables considered, all‐region summer burned area correlated most
strongly with warm‐season (March–October) VPD (r = 0.72, p < 0.01; Figure 2a). VPD is most strongly inﬂuenced by Tmax due to the exponential Clausius‐Clapeyron effect of temperature on saturation vapor pressure, explaining why summer burned area correlates more strongly with warm‐season mean Tmax
(r = 0.65, p < 0.01; Figure 2b) than with the other components of VPD: Tmin (r = 0.46, p < 0.01) and vapor
pressure (r = −0.36, p < 0.05).
On a regional basis, the ﬁre‐promoting effects of fuel aridity (high VPD, precipitation deﬁcit, and low fuel
moisture) were more strongly correlated with burned area in the wetter and more heavily forested North
Coast and Sierra Nevada than in the drier and less forested Central or South Coast (Figures 2a–2d and
S4). In fact, forest areas were mostly responsible for the strong correlation between fuel aridity variables
and burned area (Figures S5 and S6); correlation between summer all‐region burned area and warm‐season
VPD was 0.79 (p < 0.01) in forest areas but only 0.35 (p < 0.05) in nonforest areas (Figures S5c and S5d). This
result is consistent with the tendency for interannual variability in regional burned area to be more sensitive
to variations in fuel aridity in more heavily vegetated zones where fuel abundance is less limiting
(Abatzoglou et al., 2018; Littell et al., 2018; McKenzie & Littell, 2016).
Consistent with previous ﬁndings (e.g., Keeley & Syphard, 2017), the correlation between burned area and
climate was relatively weak in Central and South Coast (Figure 2). This is likely partly because ﬁre‐climate
relationships in these regions are strongly manipulated by humans via ignitions, suppression, and land cover
change (Balch et al., 2017; Sleeter et al., 2011; Syphard et al., 2017). In addition, aboveground biomass is generally lower in these regions due to warmer and drier conditions, causing fuel availability to often limit ﬁre
spread in grasslands and potentially shrublands with nonnative grasses (Keeley, 2004). Similar to
WILLIAMS ET AL.
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relationships in traditionally fuel‐limited ﬁre regimes, burned area in
South and Central Coast was positively and signiﬁcantly correlated with
antecedent precipitation over the preceding 2 years, which promotes
ﬁne‐fuel accumulation (Bradstock, 2010; Batllori et al., 2013; Abatzoglou
et al., 2018; Littell et al., 2018; Figures 2f, S4, S5, and S7). After removing
the positive relationship with SPI via linear regression (identifying the
range of months when SPI is most positively correlated with summer
nonforest burned area in each region), burned area is secondarily promoted
by current‐year moisture deﬁcit, which promotes fuel drying (Figure S7).
This highlights the likelihood that nonforest wildﬁre is promoted by large
interannual swings in precipitation total, from wet conditions that drive
accumulation of grasses to dry conditions that promote desiccation of fuels.
Similarly, while the ﬁre‐promoting effect of VPD is far weaker in nonforest
than in forest, warm‐season VPD correlated positively and signiﬁcantly
(r = 0.29–0.50, p < 0.05) with residual time series of summer nonforest
burned area in North, Central, and South Coast after removal of antecedent
precipitation effects (Figure S8). Warm‐season aridity and drought therefore appear to be secondarily but still weakly inﬂuential on summer wildﬁre in many nonforest parts of California. Importantly, nonforested
landscapes in California are highly diverse, and the broad patterns
described above do not apply everywhere. In many chaparral ecosystems,
for example, vegetation is dense and fuel is generally not limiting (Keeley
& Fotheringham, 2001), but large wildﬁres that burn across multiple chaparral communities are nonetheless likely to be promoted when grasses
are abundant to provide connectivity.
Finally, in areas where wildﬁre is promoted by dry conditions, burned
area tends to correlate more strongly with atmospheric aridity (e.g.,
Figure 3. Response of forest‐ﬁre area to atmospheric aridity. (a) Scatter plot VPD) than with precipitation or more integrative moisture‐balance
of (y axis) annual summer (May–September) forest‐ﬁre area versus (x axis)
metrics (Figure 2). This was observed previously across broader portions
mean warm‐season (March–October) vapor‐pressure deﬁcit (VPD) in North of the western United States (e.g., Abatzoglou & Williams, 2016;
Coast and Sierra Nevada. Curves represent regression ﬁts to (maroon) the
Williams et al., 2015) and may be partly representative of the importance
full 1972–2018 data set, (blue) 1972–1999, and (orange) 2000–2018 based on
of ﬁne dead fuels to ﬁre spread, which can quickly equilibrate with atmothe least‐squares linear regression between log(burned area) and VPD.
spheric moisture content (Matthews, 2014). However, correlative analyses
(b) Temporal stability of the relationship shown in (a). Each curve in (a) was
used to estimate mean summer forest ﬁre area in 1972–1999 and 2000–2018 with a single variable may artiﬁcially confound or inﬂate its importance
as well as the change in mean summer forest ﬁre area due to linear
due to covariance with other variables or factors (Holden et al., 2018;
increase in 1972–2018 warm‐season VPD. Whiskers: 95% conﬁdence
Williams, Seager, Macalady, et al., 2015). For example, VPD is negatively
intervals. Black bars: observations. Percentages above the bars on the right
related to precipitation (cloud shade and soil moisture negatively force
indicate the percent of the observed increase in 1972–2018 forest‐ﬁre area
VPD), so the effect of one variable is entrained in the correlation between
that is accounted for by the observed increase in warm‐season VPD.
burned area and the other variable. Importantly, the positive correlation
between summer burned area and March–October VPD remained strong and signiﬁcant (0.64–0.67,
p < 0.01) in North Coast and Sierra Nevada forests after accounting for the co‐occurring negative effects
of precipitation on VPD and burned area (Figure S9). Accounting for precipitation does not change the result
that increases in summer burned forest area during our study period corresponded to increases in warm‐
season VPD, as 2000–2018 burned area and VPD anomalies both remain strongly positive after covariability
with precipitation has been removed. These results support VPD as a leading driver of the observed trends in
forest‐ﬁre area in California during 1972–2018.
The scatter plots in Figure 2 strongly suggest that aridiﬁcation was the primary driver of the observed
increase in California burned area during 1972–2018, as indicated by the visible offsets (particularly in
Figure 2a) between the cooler and less arid pre‐2000s period and the warmer and more arid 2000s period.
Further, the effect of aridity on burned area (which is strongest in forest) is exponential (as implied by the
log scale of the y axes). This is clearly demonstrated in Figure 3a, which shows the strong, nonlinear response
of summer forest‐ﬁre area to warm‐season VPD in the heavily forested North Coast and Sierra Nevada.
Because of the exponential nature of this response, each incremental increase in VPD leads to a larger
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burned‐area response than the previous. Based on the regression shown in Figure 3a, the linear increase in
warm‐season VPD during 1972–2018 (+1.3 standard deviations) accounted for approximately 78% of the
observed increase in summer forest‐ﬁre area (Figure 3b). Importantly, the strong relationship between
warm‐season VPD and summer forest‐ﬁre area was stable during the study period, as indicated by statistically indistinguishable regression models regardless of whether the regression was built on the full study
period, 1972–1999, or 2000–2018 (Figures 3 and S10). The temporal stability of the relationship between
forest‐ﬁre area and VPD indicates that the importance of VPD to forest‐ﬁre area was not ampliﬁed or overtaken by another climatic or nonclimatic variable during the study period.
The above results strongly suggest that the observed increase in California summer burned area during
1972–2018 (which mainly occurred in northern California forests) was mainly due to increased VPD and
not concurrent changes in nonclimate factors such as forest management, ﬁre suppression practices, or
human ignitions. This is not to say that nonclimate factors were negligible in dictating modern annual
burned areas. To the contrary, human ignitions greatly enhance the number of wildﬁres relative to that
expected in their absence (Balch et al., 2017), and increased fuel density due to ﬁre suppression (and
warming/wetting trends in the high Sierra) may have enhanced the mean state of modern‐day forest‐ﬁre
extent, severity, and sensitivity to aridity (Dolanc et al., 2013; Harris & Taylor, 2015; Minnich et al., 1995;
Swetnam & Baisan, 1996). However, while effects of human activities are evident in multicentury assessments of ﬁre activity (e.g., Klimaszewski‐Patterson et al., 2018; Marlon et al., 2012; Taylor et al., 2016),
changes in background conditions such as fuel abundance during our short study period do not appear
responsible for the observed increase in summer forest‐ﬁre extent during 1972–2018.
3.2.2. Fall Wildﬁre
Interannual correlation between fall total burned area and climate is weak because fall burned areas are
dominated by a small number of years. On an intraseasonal basis, however, the daily probability of a large
fall wildﬁre occurring in a given region (Pﬁre) was signiﬁcantly higher during 3‐day periods with low fuel
moisture and high wind‐driven ﬁre danger (Figures 4 and S11). For each region, both independent variables
contribute signiﬁcantly to prediction skill (Table S3 for model coefﬁcients and signiﬁcance values). For all
regions, mean Pﬁre on days with at least one large fall wildﬁre exceeded twice that of days with no large fall
wildﬁre. This result was sustained for out‐of‐sample estimates of Pﬁre, where each year's Pﬁre values were
estimated using a prediction model built from all other years. In 2017 and 2018, nearly all wildﬁres qualifying as among the 10 largest fall wildﬁres since 1972, including the particularly destructive Camp, Thomas,
and North Bay ﬁres, occurred when Pﬁre was near or at record daily high levels (Figure 4). Importantly,
many of the large wildﬁres that occur under dry conditions during fall are in nonforest landscapes where
summer burned area does not appear to be strongly promoted by drought. In contrast to summer, when
many nonforest areas are consistently hot and dry, an aridity limitation on nonforest wildﬁre may emerge
during fall due to lower temperatures and onset of the precipitation during that season.
3.3. Climate Trends Important to Wildﬁre
3.3.1. Summer
The largest wildﬁre‐relevant climate trend in summer was a signiﬁcant warming‐driven increase in VPD
(Figures 5a and 5b). During 1896–2018, March–October Tmax averaged across the four California study
regions increased by 1.81 °C, with a corresponding increase in VPD of 1.59 hPa (+13%). Warm‐season
VPD in 2017 and 2018 was, respectively, sixth and ninth highest since at least 1896. The observed centennial
trends in Tmax and VPD are consistent with trends simulated by climate models as part of the CMIP5 experiments, supporting the interpretation that observed increases in California warm‐season temperature and
VPD have been largely or entirely driven by anthropogenic forcing. These results are consistent across the
four regions, though in South Coast, observed increases in Tmax and VPD have outpaced CMIP5 increases
(Figures S12–S15). Discrepancies between observed and simulated (climate model) trends in South Coast
may be due to a range of factors including natural multidecade climate variability (Lehner et al., 2018), urbanization effects (Williams et al., 2015; Williams et al., 2018), and inability of global climate models to capture
ﬁne‐scale cloud and circulation features (Sun et al., 2015; Walton et al., 2015).
Unlike temperature and VPD, there was no signiﬁcant long‐term trend in all‐region mean precipitation
(SPI) during March–October or November–February (Figures 5c and 5d). This was also consistent with
the CMIP5 simulated trends. The CMIP5 ensemble‐mean trends in precipitation are slightly negative for
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Figure 4. Daily regional probability of ≥1 large fall wildﬁre (Pﬁre) as a function of Fosberg Fire Weather Index (FFWI) and 1,000‐hr dead fuel moisture (FM1000).
Large wildﬁres: largest 15% of fall wildﬁres ≥0.1 ha in each region during 1972–2017. Background colors in the plots on the left for each region show the result of
a bivariate logistic regression model that estimates Pﬁre. (magenta circles) Days with large fall wildﬁres. White contours bound 75%, 50%, and 25% of days without large
fall wildﬁre. Time series plots on the right show daily Pﬁre for all fall seasons during 1972–2018 based on observed FFWI and FM1000. FM1000 and FFWI values
represent 3‐day means (Day 0 through Day +2) because large ﬁres grow over multiple days. Names of the large ﬁres in 2017 and 2018 are provided. “North Bay”
represents the cluster of ﬁres that occurred in October 2017 in the northern Bay Area. Fires that appear in multiple time series burned large areas in multiple regions.

March–October and slightly positive for November‐February during 1896–2018, but the magnitudes of these
trends are small relative to interannual variability. For March–October, just 3 of 42 climate models indicate
signiﬁcant negative trends (0 signiﬁcant positive trends). For November–February, just 1 of 42 climate
models indicates a signiﬁcant positive trend (0 signiﬁcant negative trends). These all‐region results are
generally consistent at the regional level with the exception of March–October SPI in South Coast, where
warm‐season precipitation declined signiﬁcantly (>1.5 σ) during 1896–2018 (Figures S12–S15). The
observed warm‐season precipitation reduction in South Coast was larger than that represented by the
CMIP5 multimodel mean (Figure S15c).
The black line in Figure 5e shows that May–October FM1000 signiﬁcantly (p < 0.05) decreased over the past
70 years largely due to declines over the past four decades. May–October FM1000 ranked ﬁfth and ﬁfteenth
lowest on record (1948–2018) in 2017 and 2018, respectively. The blue time series shows FM1000 after linear
trends in temperature and relative humidity since 1948 were removed. The lack of trend in the blue line relative to the observed FM1000 trend indicates that warming (Figures 5a and 5b) drove the signiﬁcant decline
in May–October FM1000. This result was consistent for North Coast, Sierra Nevada, and Central Coast
(Figures S12–S15). In South Coast, warming did not signiﬁcantly reduce May–October FM1000 during
1948–2018 because of large decadal variations in precipitation (Figure S15). Much of South Coast experienced signiﬁcantly reduced summer cloud shading over the past several decades, likely reducing summer
fuel moisture, but this effect is not well represented in gridded climate data sets (Williams et al., 2018).
Additionally, warming further reduces warm‐season fuel moisture in snow‐dominated areas by reducing
snowpack and extending the snow‐free period (Evan, 2019; Kitzberger et al., 2017; Westerling, 2016;
Westerling et al., 2006). Mote et al. (2018) showed that spring snowpack declined throughout the Sierra
Nevada during 1955–2016 and attributed much of this change to warming, consistent with previous hydroclimate modeling results (Barnett et al., 2008).
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Figure 5. Mean all‐region trends in climate variables important to summer wildﬁre. (a–c) March–October mean daily maximum temperature (Tmax), vapor‐
pressure deﬁcit (VPD), and standardized precipitation index (SPI), respectively. (d) November–February SPI. (e) May–October mean 1,000‐hr dead fuel
moisture (FM1000). (f) Number of “wet‐dry” events per decade, when at least one of the 2 water years (WYs) preceding a dry WY was wet (WY: October‐September).
Wet and dry WYs: precipitation total greater and lower than the 80th and 20th percentiles of a 1921–2000 baseline, respectively. Black record: observations
(2017–2018 indicated with black dots) and (bold curve) 50‐year low‐pass ﬁlter. Blue record in (e): FM1000 after removal of linear temperature (T) and relative
humidity (RH) trends from 1948–2018. Red curve: ﬁfth phase of the Coupled Model Intercomparison Project (CMIP5) ensemble‐mean 50‐year low‐pass ﬁltered
time series (gray areas bound interquartiles of 50‐year low‐pass ﬁltered time series among climate models). Horizontal black lines: observed mean. See
Figures S12–S15 for trends in the individual regions.

Biomass abundance appears to regulate how drought and aridity affect summer burned area in nonforest
landscapes, particularly in Central and South Coast. In these regions, ﬁre risk may be promoted by wet‐
dry events (see Methods), when increased ﬁne‐fuel biomass due to high precipitation total in one year dries
out due low precipitation in a subsequent year. The observed frequency of wet‐dry events increased over the
past century (Figure 5f), and this increase was at the margin of the p < 0.05 one‐tailed signiﬁcance level
based on 10,000 repetitions with randomized precipitation records. The observed centennial increase in
wet‐dry event frequency occurred mainly as a result of an increase in interannual variability in total annual
precipitation (Figure S16). Climate models do project increased interannual variability of California precipitation at a range of temporal scales (Berg & Hall, 2015; Pendergrass et al., 2017; Polade et al., 2014; Polade
et al., 2017; Swain et al., 2018), but the multi‐model mean suggests no clear anthropogenic promotion of
wet‐dry events as of 2018 (Figures 5f and S16).
It has been projected that warming should promote increased lightning frequency across the Unites States
(Romps et al., 2014), but we do not evaluate lightning effects here. Increased lightning would likely promote
increased summer wildﬁre frequency where it is not accompanied with wetting precipitation, but the effect
on area burned would likely be small, as the relationship between annual area burned and lightning frequency is weak in North Coast and Sierra Nevada, where California's lightning frequency is the highest
(Abatzoglou et al., 2016).
3.3.2. Fall
The connection between fall wildﬁre and anthropogenic climate change is less clear than in summer. Large
fall wildﬁres generally require a strong dry wind event (e.g., Santa Ana winds) to intersect with dry fuels and
ignitions. Fuels in fall can remain dry enough to burn until commencement of the winter precipitation season and lower temperatures, which generally occurs in early to mid‐fall. Therefore, a change in the onset of
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Figure 6. Mean all‐region trends in climate variables important to fall wildﬁre. (a,b) Anomalies in the (a) number of days
needed to reach 10% of mean October–December (OND) precipitation and (b) percent of OND wet days (precipitation total
≥2.54 mm). (c) Number of OND days with high (≥85th percentile) Fosberg Fire Weather Index (FFWI). (d,e) October–
November (ON) mean daily maximum temperature (Tmax) and vapor‐pressure deﬁcit (VPD), respectively. (f) Number of
OND days with low (≤15th percentile) 1,000‐hr dead fuel moisture (FM1000). (g) OND all‐region mean daily probability of
a large (top 15%) fall wildﬁre (Pﬁre), calculated from FM1000 and FFWI (Figure 4). (h) Number of OND days with
high (>85th percentile) Pﬁre. Black time series: observations (black dots: 2017–2018) and (bold curve) 50‐year low‐pass
ﬁlter. Blue: observations after removal of linear temperature (T) and relative humidity (RH) trends from 1948–2018. Red:
ﬁfth phase of the Coupled Model Intercomparison Project (CMIP5) ensemble‐mean 50‐year low‐pass ﬁltered time
series (gray areas bound interquartiles of 50‐year low‐pass ﬁltered time series among climate models). Horizontal black
lines: observed mean. See Figures S17–S20 for trends in the individual regions.

the winter precipitation season or a change in the frequency or intensity of dry wind events in fall would
likely affect fall wildﬁre activity.
Figures 6a and 6b show no all‐region trend in onset of winter precipitation or October–November wet‐day
frequency during 1915–2018, the period covered by the daily precipitation record. The lack of trend in
Figure 6a holds when other thresholds for winter onset are considered (25% or 50% of mean October–
December precipitation total). CMIP5 models generally project fall drying (Pierce et al., 2013), with a
delayed onset of the winter precipitation season and reduced October–November wet‐day frequency
(Figures 6a and 6b), but these simulated anthropogenic effects on the statewide mean were small as of
2018. The lack of all‐region trends in observed fall precipitation timing and frequency is representative for
North Coast, Sierra Nevada, and Central Coast (Figures S17–S19). In South Coast, the number of days to
reach 10% of long‐term mean October–December precipitation total increased by 2.5 days (6%) and the number of wet days per October–November decreased by 1.2 days (−18%) during 1915–2018 (Figure S20). These
trends were insigniﬁcant but consistent in sign and magnitude with those of the CMIP5 multi‐model mean,
suggesting a possible continuation of these trends throughout the 21st century.
There is no evidence thus far of changes in the frequency or intensity of dry wind events in fall. There has
been no observed statewide or regional trend in the number of fall days with high (top 15%) FFWI values
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(Figure 6c) or in the mean FFWI among of the most intense 10 FWI days per fall (Figure S21a) since at least
1958, when our FFWI records begin (Figures S17–S20). Lack of observed trends in fall FFWI is also consistent with prior observations of Santa Ana wind events in southern California (Abatzoglou et al., 2013;
Guzman‐Morales et al., 2016). Extending the records from those studies through 2018, there were no significant trends in fall Santa Ana frequency or intensity since the mid‐1900s (Figure S22), despite projected
negative trends (Guzman‐Morales & Gershunov, 2019; Hughes et al., 2011).
As evaporative demand is an important secondary driver of fuel moisture variability, warming should promote large fall wildﬁres, all else held equal. During 1896–2018, October–November Tmax increased signiﬁcantly (p < 0.05) by 1.67 °C, driving an increase in VPD of 1.21 hPa (+14.6%; Figures 6d and 6e). This positive
trend in VPD was not statistically signiﬁcant, however, due to high interannual to decadal variability in fall
temperature and humidity. VPD did increase signiﬁcantly (p < 0.05) during 1948–2018, and this trend is
almost entirely responsible for the decrease in FM1000 during this time. Since 1948, the frequency of low
(bottom 15%) FM1000 days per fall increased signiﬁcantly (p < 0.01) by 8.8 days (+67%; Figure 6f).
Warming‐driven increases in aridity also signiﬁcantly reduced the lowest daily FM1000 values each fall
(Figure S21b). Regionally, the increase in low FM1000 days was signiﬁcant in all regions except South
Coast, where high interannual and decadal variability in fall precipitation overwhelmed the warming
signal (Figures S17–S20).
Despite a lack of trends in the primary controls on daily risk of large fall wildﬁres in California (precipitation
and wind), VPD‐driven decreases in FM1000 caused signiﬁcant (p < 0.05) 1958–2018 increases in the all‐
region mean daily fall Pﬁre (Figure 6g), signiﬁcantly increasing the number of high (top 15%) Pﬁre days
per fall by 7.9 days (+59%; Figure 6h) as well as the mean of the highest 10 daily Pﬁre values each fall
(Figure S21c). Recall that the Pﬁre record is constrained to 1958–2018 because of its reliance on FFWI. As
was the case for FM1000, increases in fall Pﬁre were signiﬁcant in all regions except South Coast.
Importantly, the signiﬁcant decline in FM1000 and increase in Pﬁre began in the mid‐1900s, when VPD
was particularly low relative to the early 1900s (Figure 6e). Given that fall VPD did not increase signiﬁcantly
over the past century in any region, it is likely that trends in fall FM1000 and Pﬁre have also been insignificant over the past century despite the signiﬁcant trends since the mid‐1900s.
In 2017 and 2018, all‐region mean fall Pﬁre and number of fall days with high Pﬁre were higher than in any
other year on record (Figures 6g and 6h), and the largest ﬁres in these years occurred when Pﬁre was at or
near record levels (Figure 4). Despite the strong role of decadal variability over the past century, fall VPD
nonetheless increased in all four regions and continued anthropogenic warming will likely promote continued increases in the probability of large fall wildﬁres. However, this may be counteracted to some degree if
offshore wind events reduce in intensity and frequency (Hughes et al., 2011).
3.4. Nonclimate Factors
The effects of climate on western United States wildﬁre have not occurred in isolation. Large wildﬁres
require abundant fuels, aridity, ignitions, and wind (Bradstock, 2010). Although we ﬁnd that the observed
increases in summer forest‐ﬁre area since 1972 are very likely explained by warming‐induced increases in
VPD, the mean baseline sensitivity of wildﬁre activity during this study period may have been elevated
due to an artiﬁcial twentieth‐century buildup of fuels due to ﬁre suppression (e.g., Harris & Taylor,
2015; Marlon et al., 2012; Minnich et al., 1995). Further, humans and human infrastructure greatly
enhance the number of ignitions (Balch et al., 2017; Syphard et al., 2017). On the other hand, humans
may have counteracted the ﬁre‐promoting effect of recent warming in some cases. For example, the frequency of human‐started wildﬁres in California declined over the past two to four decades despite
increased ignitions from power‐related infrastructure, and urban expansion has reduced the area and connectivity of burnable wildlands (Balch et al., 2017; Keeley & Syphard, 2018; Sleeter et al., 2011).
Additionally, the past century of frequent human‐started ﬁres in South Coast (where lightning is exceedingly rare), along with other human‐caused disturbances such as urban expansion, has led to vegetation‐
type transitions in some areas (Keeley et al., 2005; Syphard et al., 2018) that may, depending on species,
region, and microclimate, promote or limit continued increases in wildﬁre activity (Keeley et al., 2009;
Parks et al., 2015). In the future, vegetation transitions may be increasingly impactful on wildﬁre trends
(e.g., Hurteau et al., 2019; McKenzie & Littell, 2016).
WILLIAMS ET AL.

904

Earth's Future

10.1029/2019EF001210

4. Conclusions
California has been the geographic focus of extensive speculation among scientists, politicians, and
media as to the biophysical and societal factors that have contributed to recent exceptional wildﬁres
and large increases in wildﬁre activity in recent decades (e.g., Krieger, 2018; Pierre‐Louis, 2018; Vore,
2018). Anthropogenic climate change is commonly debated as a driver of these recent wildﬁre changes,
but there are many ways in which anthropogenic climate change could conceivably affect wildﬁre and
many variables that wildﬁre in California is sensitive to. A nuanced understanding of how, when, where,
and why California wildﬁre activity has increased in recent decades is critical for sustainable environmental and development decisions that speciﬁcally take into account how anthropogenic climate change
is likely to proceed and affect wildﬁre across California's diverse landscapes. Our methods should be
increasingly applicable to other regions globally, as governmental and satellite‐based records of wildﬁre
activity are steadily alleviating observational duration as a major limiting factor for empirical studies
of wildﬁre.
In this study we evaluated the various possible links between anthropogenic climate change and observed
changes in California wildﬁre activity across seasons, regions, and land cover types since the early 1970s.
The clearest link between California wildﬁre and anthropogenic climate change thus far has been via
warming‐driven increases in atmospheric aridity, which works to dry fuels and promote summer forest ﬁre,
particularly in the North Coast and Sierra Nevada regions. Warming has been far less inﬂuential on summer
wildﬁre in nonforest areas. In fall, the drivers of wildﬁre are particularly complex, but warming does appear
to enhance the probability of large fall wildﬁres such as those in 2017 and 2018, and this effect is likely to
grow in the coming decades.
Importantly, the effects of anthropogenic warming on California wildﬁre thus far have arisen from what
may someday be viewed as a relatively small amount of warming. According to climate models, anthropogenic warming since the late 1800s has increased the atmospheric vapor‐pressure deﬁcit by approximately 10%, and this increase is projected to double by the 2060s. Given the exponential response of
California burned area to aridity, the inﬂuence of anthropogenic warming on wildﬁre activity over the
next few decades will likely be larger than the observed inﬂuence thus far where fuel abundance is
not limiting.
Below, we conclude with executive summaries of our primary ﬁndings for summer wildﬁre in forests, summer wildﬁre in nonforests, and fall wildﬁre.
4.1. Summer, Forest
Annual statewide burned area increased signiﬁcantly during 1972–2018, largely due to an eightfold increase
in annual summer forest‐ﬁre extent, most of which occurred in the heavily forested North Coast and Sierra
Nevada regions. Summer forest‐ﬁre extent is strongly dictated by heat and atmospheric aridity, which reduce
snowpack and dry out fuels. Warm‐season atmospheric aridity (vapor‐pressure deﬁcit) increased signiﬁcantly across California since the late 1800s, driven largely by daytime warming of approximately 1.8 °C
(1.4 °C since the early 1970s). Based on a regression analysis, the vast majority of the observed increase in
summer forest‐ﬁre extent since 1972 is accounted for by observed signiﬁcant increases in warm‐season
vapor‐pressure deﬁcit (caused by warming). Importantly, the sensitivity of burned area to aridity is modulated by background conditions such as fuel abundance and connectivity, ignition frequency, and resources
dedicated toward suppression, all of which changed over the past century. However, the statistical relationship between vapor‐pressure deﬁcit and forest ﬁre area remained stable during 1972–2018, supporting the
interpretation that increased aridity was the primary driver of the increase in summer forest‐ﬁre area during
this time. The observed rates of warming and increasing vapor‐pressure deﬁcit are consistent with those
simulated by climate models when forced by anthropogenic emissions, indicating that these trends are extremely likely to continue for decades to come. The large increase in California's annual forest‐ﬁre area over the
past several decades is very likely linked to anthropogenic warming.
4.2. Summer, Nonforest
Annual summer burned area did not increase in nonforest lands in the Central and South Coast regions, and
increases in nonforest burned area were weak in the North Coast and Sierra Nevada. Summer nonforested
burned area is most strongly promoted by high precipitation total in the year or two prior to the ﬁre year,
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reﬂecting the necessity of precipitation for growth of ﬁne fuels that can facilitate ﬁre spread in the subsequent year. Fire‐year precipitation deﬁcit and atmospheric aridity also appear to promote summer wildﬁre
in these regions, but this effect is relatively weak. Over the past century, the frequency of wet years followed
by dry years increased, which should have promoted nonforest summer wildﬁre. The lack of large increases
in nonforest summer burned area may reﬂect the counteracting effects of the other factors such as human
ﬁre suppression, reduced ignitions, and reduced vegetation cover due to drought. Climate models do not
represent the observed increase in interannual swings from wet to dry years as a robust result of anthropogenic climate change thus far. The link between anthropogenic climate change and summer wildﬁre in nonforest appears weak thus far.
4.3. Fall
Large fall wildﬁres became more frequent in California over the past several decades, mainly due to
increases in the North Coast and Sierra Nevada regions. In all regions, large fall wildﬁres often occur when
strong offshore wind events coincide with dry fuels. These conditions were extreme throughout California in
2017 and 2018, driving very large fall wildﬁres in all regions in one or both years. The character of offshore
wind events did not change since records began in the mid‐1900s. Climate models project these wind events
to decrease in frequency and intensity in the future. Fall fuel moisture is dictated largely by fall precipitation,
but nonetheless is calculated to have declined signiﬁcantly since the mid‐1900s due to warming. This
warming‐induced drying was likely caused by a combination of anthropogenic forcing and natural multidecade variability and caused an 8‐day increase in the number of days per October–December with a high
probability of large wildﬁres. This exempliﬁes an important secondary effect of background warming, which
is projected to continue, on fall wildﬁres. In the South Coast, fall drying was also promoted by a small reduction in the frequency of fall precipitation, consistent with climate model projections. The link between
anthropogenic climate change and fall wildﬁre appears weaker than in summer thus far but is likely to
strengthen if continued warming and possibly delayed onset of winter precipitation counteract projected
decreases in the intensity and frequency of offshore wind events.
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