ENVIRONMENTAL RESEARCH
LETTERS

LETTER « OPEN ACCESS

Quantifying the contribution of major carbon
producers to increases in vapor pressure deficit
and burned area in western US and southwestern
Canadian forests

To cite this article: Kristina A Dahl et al 2023 Environ. Res. Lett. 18 064011

View the article online for updates and enhancements.

You may also like

- Wildfire activity is driving summertime air

quality degradation across the western
US: a model-based attribution to smoke
source regions

Taylor Y Wilmot, Derek V Mallia, A Gannet
Hallar et al.

- How will climate change affect wildland fire

severity in the western US?
Sean A Parks, Carol Miller, John T
Abatzoglou et al.

- The relative role of soil moisture and vapor

pressure deficit in affecting the Indian
vegetation productivity
Nivedita Dubey and Subimal Ghosh

This content was downloaded from IP address 128.193.154.255 on 29/05/2023 at 23:04


https://doi.org/10.1088/1748-9326/acbce8
/article/10.1088/1748-9326/ac9a5d
/article/10.1088/1748-9326/ac9a5d
/article/10.1088/1748-9326/ac9a5d
/article/10.1088/1748-9326/ac9a5d
/article/10.1088/1748-9326/11/3/035002
/article/10.1088/1748-9326/11/3/035002
/article/10.1088/1748-9326/acd2ef
/article/10.1088/1748-9326/acd2ef
/article/10.1088/1748-9326/acd2ef

I0P Publishing

@ CrossMark

OPEN ACCESS

RECEIVED
14 October 2022

REVISED
5 February 2023

ACCEPTED FOR PUBLICATION
17 February 2023

PUBLISHED
16 May 2023

Original content from
this work may be used
under the terms of the
Creative Commons
Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOL.

Environ. Res. Lett. 18 (2023) 064011 https://doi.org/10.1088/1748-9326/acbce8

ENVIRONMENTAL RESEARCH
LETTERS

LETTER

Quantifying the contribution of major carbon producers to
increases in vapor pressure deficit and burned area in western US
and southwestern Canadian forests

Kristina A Dahl"*(@, John T Abatzoglou’ , J Pablo Ortiz-Partida' (2, Rachel Licker' @,

L Delta Merner'® and Brenda Ekwurzel’

I Climate & Energy Program, Union of Concerned Scientists, Oakland, CA, United States of America
Management of Complex Systems Department, University of California, Merced, CA, United States of America
Climate & Energy Program, Union of Concerned Scientists, Cambridge, MA, United States of America
Climate & Energy Program, Union of Concerned Scientists, Washington, DC, United States of America
Author to whom any correspondence should be addressed.

, Carly A Phillips’

W N

*

E-mail: kdahl@ucsusa.org

Keywords: wildfire, attribution, fossil fuels, climate impacts, drought

Supplementary material for this article is available online

Abstract

Increases in burned forest area across the western United States and southwestern Canada over the
last several decades have been partially driven by a rise in vapor pressure deficit (VPD), a measure
of the atmosphere’s drying power that is significantly influenced by human-caused climate change.
Previous research has quantified the contribution of carbon emissions traced back to a set of 88
major fossil fuel producers and cement manufacturers to historical global mean temperature rise.
In this study, we extend that research into the domain of forest fires. We use a global energy balance
carbon-cycle model, a suite of climate models, and a burned area (BA) model to determine the
contribution of emissions traced to the major carbon producers to the long-term increase in VPD
during 1901-2021 and to cumulative forest fire area during 1986-2021 in the western US and
southwestern Canada. Based on climate model data, we find that emissions traced to these carbon

producers contributed 48% (interquartile range (IQR) 38%—63%) of the long-term rise in VPD
between 1901 and 2021. BA modeling indicates that these emissions also contributed 37% (IQR
26%—47%) of the cumulative area burned by forest fires between 1986 and 2021 in the western US
and southwestern Canada. The increase in VPD in this region is linked to both increased fire
activity and the region’s current and prolonged megadrought. As loss and damage from these
hazards mounts, this research can inform public and legal dialogues regarding the responsibility
carbon producers bear for addressing past, present, and future climate risks associated with fires
and drought in the western US and southwestern Canada.

1. Introduction

Over the last several decades, the western United
States and southwestern Canada have experienced
increases in the area burned by wildfires (Abatzoglou
and Williams 2016, Hanes et al 2019, Balch et al
2022), the number of large fires (Dennison et al
2014, Westerling 2016), the length of the fire season
(Westerling 2016, Kirchmeier-Young et al 2017, Goss
etal 2020), the elevation at which fires burn (Alizadeh
et al 2021), and the extent of forested lands that burn
at high severity (Parks and Abatzoglou 2020). These

© 2023 The Author(s). Published by IOP Publishing Ltd

trends, particularly evident in the region’s forested
ecosystems, coincide with a twofold increase in Cana-
dian fire suppression costs and a more than seven-
fold increase in US federal suppression costs when
comparing average costs from 1985-1989 to those
of 2013-2017 (Canada; Natural Resources Canada
2021) or 2017-2021 (US; National Interagency Fire
Center 2022).

Significant portions of many of these trends in
wildfire activity have been attributed to anthropo-
genic climate change (Abatzoglou and Williams 2016,
Kirchmeier-Young et al 2017, Williams et al 2019,
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Zhuang et al 2021). Vapor pressure deficit (VPD)—a
measure of atmospheric water demand defined as the
difference between the amount of water vapor in the
air and the amount of water vapor that air would hold
at saturation—has emerged as a key metric linking
climate change and burned area (BA) due to its role
in regulating ecosystem water dynamics (Grossiord
et al 2020, Clarke et al 2022). Through the lens of
regional wildfire risk, rising VPD ultimately translates
to a greater likelihood that fuels will ignite and carry
fire across a landscape.

More than two-thirds of the observed summer-
time increase in VPD in the western US has been
attributed to anthropogenic warming (Zhuang et al
2021). In turn, the increase in summertime VPD has
driven increases in fuel aridity in the region, result-
ing in nearly a doubling of BA in western US forests
during 1984-2015 (Abatzoglou and Williams 2016).
Regionally, there is a strong and established interan-
nual relationship between VPD and BA across fores-
ted subregions of the western US and southwestern
Canada (Abatzoglou et al 2018, Williams et al 2019,
Whitman et al 2022). In flammability-limited ecosys-
tems like forests, area burned is exponentially related
to VPD (Juang et al 2022).

The question of who bears responsibility for cli-
mate change and impacts such as increases in BA is
being actively explored in both scientific and legal
realms. The current global governance system to
address climate change is centered on the responsib-
ilities of nation states, but corporate actors also bear
a distinct responsibility for the climate crisis. Recent
research has found that carbon dioxide and meth-
ane emissions traced to major fossil fuel and cement
manufacturing companies have contributed to more
than 40% of rising global temperatures, 25% of global
sea level rise, and 50% of ocean acidification between
1880 and the 2010s (Ekwurzel et al 2017, Licker et al
2019). However, their role in setting the stage for
the increased fire extent observed in the western US
and southwestern Canada in recent decades has gone
unexamined.

This study establishes the role of major car-
bon producers in increasing wildfire risks in fores-
ted landscapes by examining two primary research
questions: (a) what is the quantifiable relationship
between changes in VPD in western North Amer-
ica and changes in global mean temperature (GMT)?
and (b) given a quantified relationship between GMT
and VPD, how much have emissions from major car-
bon producers contributed to the observed increase
in VPD and the cumulative forest BA in the west-
ern United States and southwestern Canada? By
addressing these questions, this study advances the
source attribution literature as well as national and
international dialogues around liability for climate
impacts.
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2. Methods

2.1. Observed and modeled VPD data

Observed monthly maximum temperature, min-
imum temperature, and vapor pressure for North
America at a Y4 degree horizontal resolution dur-
ing 1901-2021 was acquired from Williams et al
(2022). We calculated monthly mean VPD at the nat-
ive pixel scale by first calculating saturation vapor
pressure from monthly average maximum and min-
imum temperature and having VPD set as the dif-
ference between actual and saturation vapor pressure
following Seager et al 2015.

Monthly maximum temperature, minimum tem-
perature, and specific humidity data from 28 coupled
model intercomparison project, phase 6 (CMIP6) cli-
mate models were acquired for both the historical
(1850—-2014) and SSP2-4.5 (2015-2100) experiments
(table S1) and interpolated to a common 1.0-degree
horizontal resolution grid before calculating VPD as
above. We then calculated the change in VPD over
time by multiplying the linear least squares trend by
the number of years in the time period of interest.
Unless otherwise specified, throughout this study we
used the same linear least squares approach to calcu-
late the change in all modeled and observed climate
variables over time.

2.2. Establishing a GMT-VPD relationship
We constrained our analysis to forested lands based
on level IIT U.S. Environmental Protection Agency
(EPA) ecoregions of the western United States and
southwestern Canada in the area west of 103°W
and between 30° and 53°N. We focused on March—
September mean VPD over forested areas of this
domain given the influence of antecedent and con-
current VPD in curing fuels and making them recept-
ive to igniting and carrying fire (e.g. Abatzoglou et al
2013, Jolly et al 2015) as evident in strong relation-
ships between seasonal aggregates of VPD and mac-
roscale BA in the region (e.g. Abatzoglou et al 2021).
To evaluate relationships between the change in
GMT and the change in March—September VPD aver-
aged across the study area in both observations and
climate models, we acquired observed GMT from
NASA-GISS from 1880-2021 (Hansen et al 2010) and
modeled GMT for each unique CMIP6 climate model
and ensemble member. We calculated the rate of
change in regional March—September VPD per degree
change in GMT as the difference in VPD and GMT
between 1991-2020 and 1901-1950 (equation (1)),

AVPD  VPDigg1 2020 — VPD1go1 1950

= Y]
AGMT  GMT1991—2020 — GMT 1901 —1950

2.2.1. Assessing the influence of internal variability
Internal multidecadal variability has influenced
the observed trajectory of climate, including the
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aridification across the study domain during the past
half century (Abatzoglou and Williams 2016, Zhuang
etal 2021). By averaging over multidecadal time peri-
ods and focusing on changes over a 120 year period
in equation (1), we aim to minimize the influence of
internal variability on estimates of AVPD/AGMT.
We assessed the degree to which internal variabil-
ity could influence the relationship between regional
VPD and GMT by calculating AVPD/AGMT for
time periods of at least 50 years in length for model
years 1901-2020. We then calculated the linear least
squares trends in VPD and GMT for each time period
and examined the ratio of the two. This was done in
a combinatorial fashion that included increment-
ing the length of time periods by 10 years (e.g.
50 years, 60 years) for each model and staggering
the initial year for each trend calculation by 10 years
(e.g. 1901, 1911).

2.2.2. Assessing linear scaling

Our methodology assumes that changes in VPD scale
linearly with changes in GMT. The scientific literature
suggests that many local changes in climate scale lin-
early with changes in GMT (Mitchell 2003). Pattern
scaling has been widely used both because of its sim-
plicity and because the assumption of linear relation-
ships generally holds well for thermal variables and
climate summaries such as seasonal values (James et al
2017, Lee et al 2021). Since VPD is directly related
to local temperature changes by construction of the
saturation vapor pressure, and relative humidity is
projected to decline slightly over land with anthro-
pogenic warming, we expected VPD to reasonably
adhere to linear scaling.

We assessed the validity of linear VPD-GMT rela-
tionships by calculating the R value between traject-
ories in the 21 year centered moving average VPD
versus the 21 year centered change in GMT and the
linear least squares fit of the data for each model.

2.3. Determining the GMT contribution of the
largest carbon producers

After establishing AVPD/AGMT, we simulated
changes in GMT wusing an energy balance carbon
cycle climate model so that the AVPD/AGMT rela-
tionship could be applied to the output. The model is
based on (Millar et al 2017) with parameters defined
by Ekwurzel et al (2017).

We first ran a ‘full forcing’ (i.e. including vol-
canic eruptions, solar activity, total fossil fuel emis-
sions, etc) GMT simulation with energy balance and
carbon cycle parameters that provided the best fit
to observed changes in atmospheric CO, and GMT
since 1750 (see Licker et al 2019, supplementary tables
1 and 2). We then ran the model again with the
scope 1 and scope 3 carbon dioxide and methane
emissions of the world’s 88 largest carbon producers
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(hereafter ‘the big 88’) removed between 1900 and
2015 using annual, producer-specific emissions data
(Licker et al 2019 table 7, Climate Accountability
Institute 2020). This enabled us to calculate the
annual GMT change resulting from emissions traced
to the big 88, AGMTygss (t) . We refer to this as the
X88” simulation.

Annual emissions data from the big 88 is not uni-
formly available for the post-2015 period—a period
of significant wildfire activity in the study region.
Rather than simulating AGMTy;gsg for 2016-2021,
we hold AGMTygss (¢). Two lines of evidence sug-
gest this approach will yield conservative results. First,
annual emissions data for a subset of the big 88
between 2015 and 2018 show that each entity’s emis-
sions increased every year through 2018 (figures S2
and S3). Second, average annual global CO, emis-
sions from fossil fuel and industry were higher over
the 2016-2021 period than in 2015 (Friedlingstein
et al 2021, Liu et al 2022). Results for the full 1900—
2021 period are reported here. Results for the 1901—
2015 period are reported in table S2.

Consistent with previous studies, we also ran the
energy balance carbon cycle climate model with and
without total fossil fuel aerosols for both the full for-
cing and the X88 cases (Licker et al 2019). Since
the big 88 contribute roughly two-thirds of the total
industrial aerosol emissions, however, excluding the
aerosols underestimates the net cooling influence of
that forcing. We therefore focus on the best estimate
with full forcing, including total fossil fuel aerosols.

The order of removal of each of the 88 carbon pro-
ducers within the model has a potential, albeit slight,
influence on its respective contribution to GMT. To
assess this source of uncertainty, for each carbon pro-
ducer, we first ran the model with only that producer’s
emissions, i.e. without the emissions of the remaining
87. We then ran the model again assuming that the
producer’s emissions were added last in the set of 88.

We then determined the simulated difference in
annual GMT between the full forcing and X88 simu-
lation results. These annual AGMTye85 findings were
then incorporated into VPD and BA time series based
on the 28 CMIP6 climate models and observational
data.

2.4. VPD and BA contributions

Forested BA data were acquired from three data-
sets: (a) Monitoring Trends in Burn Severity in
the western US from 1984-2020 (Eidenshink et al
2007); (b) Canadian National Burned Area Compos-
ite in Canada from 1986-2020 (Hall et al 2020); and
(c) MODIS BA (MCD64A1) from 2001-2021 (Giglio
etal 2018). The latter was used to estimate BA for 2021
based on a linear model between BA from MODIS
and each of the respective datasets during periods of
overlap following Williams et al 2014. We limited our
analysis to BA in the western US and southwestern
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Canada within forested level III ecoregions to match
the geographic extent of the VPD data.

To calculate the portion of the VPD change from
1901-2021 resulting from emissions traced to the big
88, we constructed counterfactual VPD time series for
the observational data set and for each CMIP6 model.
The counterfactuals represent VPD change without
the influence of the big 88 and were developed by
multiplying the annual AGMTyess for each year
by the AVPD/AGMT identified previously for each
dataset. The VPD change contributed by the big 88
was calculated as the difference between the total
modeled or observed VPD change and the counter-
factual (equation (2)),

VPD, (t) = VPD,, (t) — (AVPD/AGMT),,
- AGMThigss (t) (2)

where t represents year, and VPD, represents the
counterfactual VPD for each model, m.

Following Abatzoglou and Williams (2016), we
considered counterfactual BA scenarios that exclude
the modeled influence of the big 88 from the observed
VPD record. Because reliable BA observations are
only available starting in the mid-1980s, our coun-
terfactual BA analysis covers the 1986-2021 period.
Model results indicated that the influence of the big
88’s emissions grew substantially between 1901 and
1986. To avoid devaluing the importance of the big
88’s emissions in shaping climate before 1986, we
report VPD contributions since both 1901 and 1986,
and BA contributions since 1986.

To calculate the counterfactual BA, we used a
simple macroscale empirical model of annual forest
BA of the form:

log(BA(f)) =a+3-VPD(t) +¢ (3)

where ¢ is the year, a and /3 are regression coefficients,
and ¢ represents an error term (Abatzoglou et al
2021). This modeling exercise is based on the strong
exponential VPD-BA relationship in the observa-
tional record (Juang et al 2022). The error term is
drawn from residuals in the aforementioned equation
when omitting € and is meant to capture stochasticity
in relationships not captured in VPD (e.g. fire weather
conditions, human ignitions).

As above, counterfactual VPD time series exclud-
ing the influence of the big 88 and the time vary-
ing influence of the big 88 on GMT were construc-
ted based on the observed VPD time series following
equation (4):

VPDy ops (£) = VPDgps — (AVPD/AGMT),,
: AGMTbiggg (t) . (4)
This approach removes the time varying increase
in GMT resulting from emissions traced to the big

88, leaving much of the interannual variability from
the observed record unchanged. We then applied the

4
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counterfactual VPD time series (VPDqps) for each
model to equation (3) to estimate BA during 1986—
2021 in the absence of carbon emissions from the big
88. Following previous work, we use counterfactuals
from observations to best adhere with realized BA
(Abatzoglou and Williams 2016). We ran each coun-
terfactual model 100 times for each climate model to
account for randomized time series of £ in modeled
BA and present results for the median of each of the
28 CMIP6 models. The cumulative forest BA result-
ing from emissions traced to the big 88 was calculated
by taking the difference between cumulative observed
forest BA and cumulative forest BA simulated using
the counterfactual VPD time series. We assessed the
validity of this modeling approach by comparing
modeled cumulative BA using equation (3) and the
observed VPD time series data that include the influ-
ence of the big 88 (running the model 100 times to
account for random & terms) to the observed forest
BA.

3. Results

3.1. Relationship between GMT and regional VPD
Observed regional March—September VPD as cal-
culated by linear least squares regression increased
by 0.82 hPa from 1901-2021, consistent with find-
ings from previous studies (e.g. Williams et al 2022).
This represents an 11.2% increase in VPD over the
study period. We also note that 21 of the 22 years
since 2000 have had March-September VPD above
the 1901-1950 average. All CMIP6 models captured
the historical increase in VPD, with a 28-model mean
increase of 0.80 hPa (interquartile range (IQR) 0.53—
1.03 hPa) over the same time period (figure 1(a)).

The observational data showed a positive rela-
tionship between GMT and regional March—
September VPD of 0.99 hPa °C™! or 13.4% °C~!.
All CMIP6 models also showed a positive relation-
ship between GMT and regional March—September
VPD, with a 28-model mean of 0.81 hPa °C™!
(IQR 0.53 hPa °C™'-1.05 hPa °C™") or 12.9% °C™!
(figures 1(b) and (c)). The spread in AVPD/AGMT
within the model suite likely reflects the combina-
tion of internal variability within each model and
inter-model differences in physics. Estimates of the
influence of internal variability on AVPD/AGMT
for each model (figure S1), however, suggest that
uncertainty in AVPD/AGMT from inter-model dif-
ferences exceeds that from internal variability, similar
to results from studies that have examined sources
of uncertainty for regional temperature change
(Hawkins and Sutton 2009).

The relationship between 21 year moving average
changes in regional VPD and 21 year moving aver-
ages in GMT are quasi-linear from the mid-20th cen-
tury onwards (figure 1(b)), suggestive of a scalable,
albeit model dependent, GMT-regional VPD rela-
tionship. Linear scaling of AVPD/AGMT is further
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Figure 1. (a) Annual March—September vapor pressure
deficit (VPD) averaged across western forested land from
observational records relative to a 1901-1950 average
(red/blue bars) and the 21-year centered-moving average of
these data (red line). The interquartile range of 21-year
centered-moving average VPD relative to 1901-1950 from
28 climate models is shown by the grey band, with the
multi-model mean depicted by the grey line.

(b) Trajectories of a 21-year centered-moving average
VPD and a 21-year centered-moving average global mean
temperature (GMT) relative to a 1901-1950 reference
period. Thin lines show realizations for each of the 28
climate models and the bold lines show results for the
observational record. Cyan denotes data for 1850-1980,
gold denotes data for 1981-2021, and purple denotes data
for 2022-2100. (c) Calculated AVPD/AGMT, defined as
the difference in VPD between 1991-2020 and 1901-1950
divided by the difference in GMT between these two
periods, from 28 different climate models (grey bars) and
the observational record (red bar).

confirmed by noting that 22 of the 28 models had
R? > 0.75 (all models had R? > 0.5) for a linear rela-
tionship between 21-year moving average regional
VPD and GMT during the 1901-2020 period. These
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results suggest that linear scaling adequately captures
the AVPD/AGMT response.

The period from 1986-2021, for which reliable
BA data is available for the region, is characterized
by steep, steady rise in VPD. As calculated by lin-
ear least squares regression over 1986-2021, March—
September VPD increased by 1.09 hPa in the obser-
vational data and by 1.13 hPa (IQR 0.71-1.43 hPa) in
the 28-model mean over that time period.

3.2. Contribution of the big 88 to GMT and
regional VPD

Consistent with the results of Ekwurzel et al (2017),
we find that the influence of the big 88 on GMT
grows over time. In the early years of the 20th cen-
tury, AGMTyjess () is nearly negligible. However,
AGMTygss () increases exponentially to 0.49 °C by
2021. The best-estimate climate model accounts for
49.1% == 1.3% of the observed warming between 1900
and 2015 in our X88 simulation.

Applying the established AVPD/AGMT relation-
ship, the total contribution of emissions from the
big 88 to VPD change for the 1901-2021 period is
0.47 hPa per the observational data, or 57% of total
observed change in VPD. The total contribution of
the big 88’s emissions to VPD change per the 28-
model mean is slightly lower at 0.39 hPa (IQR 0.25-
0.50), or 48% (IQR 32%—63%) of the total modeled
VPD change over the study period (figure 2). The
models and observations thus imply that roughly half
of the increase in VPD from 1901-2021 can be traced
to the emissions of these major carbon producers.

Over the 1986-2021 time period, the total con-
tribution of emissions from the big 88 to VPD is
0.33 hPa in the observational data and 0.27 hPa (IQR
0.18-0.35 hPa) for the 28-model mean. Given this
shorter time period, these results may be more prone
to the influence of internal variability within the
models than results from the full 1901-2021 time
period.

3.3. Contribution of the big 88 to BA in forested
lands
As in previous studies, forest BA grows exponentially
with increased VPD (figure 3). Using VPD time series
that do not exclude the influence of the big 88, we
approximate modeled cumulative BA of 217 100 km?,
which is comparable to the observed cumulative BA
of 214 690 km?. The differences between observed
and modeled BA were not statistically significant.
We modeled BA that excluded the influence of the
big 88 for each of the 28 CMIP6 models using a coun-
terfactual VPD time series that removes the model
dependent AVPD/AGMT from the observed VPD
data. Without emissions traced back to the big 88, we
find that a central estimate of cumulative BA in the
region would have been 134 735 km? (IQR 112 000—
156 000 km?). We thus conclude that emissions from
the big 88 contributed 37% (IQR 26%-47%) of
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Figure 2. (a) Multi-model mean (red line) and interquartile range (pink shading) of regional March—September vapor pressure
deficit (VPD) based on 28 climate models relative to the 1901-1950 average. Black line and gray shading show the multi-model
mean and interquartile range of the counterfactual VPD change without the influence of emissions traced to 88 major carbon
producers. Data are shown as a 21-year moving average. (b) Multi-model mean (blue line) and interquartile range (blue shading)
of the change in VPD resulting from emissions from the 88 major carbon producers. (c) and (d) As for (a) and (b), but for
observational data.
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ecoregions (area highlighted green in the inset box) during 1986—2021. Data for years 1986—1999 are shown in blue, data for years
2000-2021 are shown in red, and the solid and dashed lines show the regression (p < 0.000 01) and its 95th percentile confidence
interval, respectively.
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Figure 4. Cumulative burned area for forested lands in the western US and southwestern Canada during 1986—2021 (red line).
Modeled estimates of cumulative burned area excluding the direct influence of the big 88 carbon producers are shown by the
28-model mean (black line) as well as the interquartile range (IQR) and 90th percentile confidence interval (90% CI) taken from
the models (dark grey and light grey shading, respectively). The inset shows the percent cumulative burned area (1986—2021)
contributed by emissions from the big 88 carbon producers for each of the 28 models.

the cumulative burned forest area from 1986-2021
(figure 4). This represents roughly 80 000 km? (nearly
20 million acres) of burned forest area, or an area lar-
ger than Ireland.

4, Discussion and conclusion

Ecosystems, communities, and individuals in the
western US and southwestern Canada are already
being affected by increases in temperature and VPD.
Such changes have catalyzed an increase in wildfire
(Westerling et al 2006) and other forest disturbances
across the region (Anderegg et al 2022). The rapid
release of greenhouse gasses during forest fires and
the transition to non-forest ecosystem types following
large, high-severity forest fires also serve to exacerbate
climatic warming (Stevens-Rumann et al 2018).
Community-level impacts have been profound.
Wildfires in California between 2017 and 2022 killed
194 people (CalFire 2022). The state’s 2018 fire sea-
son alone resulted in the destruction of more than
22 000 structures (CalFire 2018) and damages exceed-
ing $140 billion (Wang et al 2021). Fire suppression
costs across the United States exceeded $3 billion that
same year (National Interagency Fire Center 2022). In
addition to direct threats to lives and property, wild-
fires can reduce air quality and produce particulate
matter that affects human and public health in many
ways (Haikerwal et al 2016, Chen et al 2021, Heft-Neal

et al 2022). Low-income families disproportionately
experience these risks (Burke et al 2022).

As the regional climate has warmed and VPD has
increased over the last several decades, atmospheric
evaporative demand has risen (Albano et al 2022).
The consequences of this high atmospheric ‘thirst’
over the course of seasons or years extend beyond fire
and its impacts and include drought, greater evapo-
transpiration, vegetation drying, and reduced stream-
flow (Albano et al 2022).

These consequences are currently being experi-
enced across western North America amidst the cur-
rent 22-year-long megadrought (Williams et al 2022).
In 2020 alone, a combination of low precipitation and
high temperature and VPD reduced gross primary
production across the western United States by more
than 25% (Dannenberg et al 2022). In California, the
direct costs of drought for agriculture during 2021—
2022 were estimated at $3.0 billion and nearly 22 000
lost jobs (Medellin-Azuara et al 2022). Moreover,
people in rural, disadvantaged communities have lost
water access or experienced water contamination due
to groundwater overextraction (Perrone and Jasechko
2017, Stokstad 2020). These impacts have led to addi-
tional costs, including $500 million in drought assist-
ance programs (DWR 2021).

Our results highlight the roles of major carbon
producers in driving forest fire extent by enhancing
fuel aridity, but do not explicitly account for effects
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from non-climatic factors such as the prohibition of
Indigenous burning, legacies of fire suppression, or
changing human ignitions. At the stand and land-
scape level, these factors have contributed to changes
in forest characteristics in the region (Scholl and
Taylor 2010, Collins et al 2011, Hagmann et al 2021).
While such changes play a critical role in driving the
size and severity of individual fires across the region,
they have not modified the climate-BA relationship at
the scale of this study (Williams et al 2019).

With the impacts of climate change growing
increasingly severe, questions of who is responsible
for climate change, how much responsibility each
entity bears, and the obligations of those entities to
mitigate future climate change and assist financially
with climate adaptation are more present than ever
in policy negotiations and in courtrooms around the
world. These questions are deepened by the fact that
the fossil fuel industry was aware of the climate-
related risks of their products as early as the mid-
1960s (Franta 2018) and, instead of shifting business
practices, invested in campaigns and tactics to mis-
lead the public and generate doubt about climate sci-
ence (Supran and Oreskes 2017, 2021, Franta 2018).

Here, we find that the emissions of the world’s
largest 88 carbon producers contributed 48% of the
increase in VPD since 1901 and 37% of the cumulat-
ive BA in the forested lands of western US and south-
western Canada since 1986, establishing the regional
impacts of climate change in relation to corporate
emitters and underscoring the responsibility these
companies bear for the impacts of climate change.
These impacts extend far beyond a given fire scar
and cause both direct and indirect harm to eco-
nomies, ecosystems, public health, and communities.
As noted in the latest UN Intergovernmental Panel
on Climate Change assessment (IPCC 2022), cli-
mate governance and adaptation cannot exist exclus-
ively at the level of nation-states, which necessitates
quantitative research connecting impacts to emis-
sions sources. This study adds to a growing body of
research that can inform public, policy, and legal dis-
cussions regarding the responsibility of carbon pro-
ducers for past, present and future climate risks.
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