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SCIENCE ADVANCES | RESEARCH ARTICLE

CLIMATOLOGY

Are Northern Hemisphere boreal forest fires more
sensitive to future aerosol mitigation than to
greenhouse gas—driven warming?

Robert J. Allen’*, Bjarn H. Samset?, Laura J. Wilcox?, Rosie A. Fisher?

Considerable interest exists in understanding how climate change affects wildfire activity. Here, we use the Com-
munity Earth System Model version 2 to show that future anthropogenic aerosol mitigation yields larger increases
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in fire activity in the Northern Hemisphere boreal forests, relative to a base simulation that lacks climate policy
and has large increases in greenhouse gases. The enhanced fire response is related to a deeper layer of summer-
time soil drying, consistent with increased downwelling surface shortwave radiation and enhanced surface
evapotranspiration. In contrast, soil column drying is muted under increasing greenhouse gases due to plant
physiological responses to increased carbon dioxide and by enhanced melting of soil ice at a depth that increases
soil liquid water. Although considerable uncertainty remains in the representation of fire processes in models, our
results suggest that boreal forest fires may be more sensitive to future aerosol mitigation than to greenhouse

gas—driven warming.

INTRODUCTION

Fire is a fundamental component of Earth system, altering ecosys-
tems and affecting air quality and atmospheric composition (1-3).
Continued climate change, including intensified drought and more
frequent heatwaves, is expected to enhance fire weather and increase
wildfire activity in the coming years (4-6). For example, in the
Northern Hemisphere (NH) boreal forests, climate warming, and
drying have led to heightened wildfire activity (7, 8), with large in-
creases in the annual area burned in Canada and Alaska over recent
decades (9, 10) and under future projections (11-14). However, the
NH boreal regions as a whole (poleward of 60°N) have a nonsignifi-
cant increasing trend of ~2.5 % year ™, while the boreal North America
and boreal Asia regions as a whole have decreasing trends (although
this includes many areas that are not forest) (15). Wildfire carbon
emissions in the boreal forest regions are also strongly driven by fuel
availability (16).

How individual climate drivers, such as anthropogenic aerosols,
affect wildfire activity is not well known. Solar geoengineering ex-
periments including stratospheric aerosol injection resulted in a de-
crease in wildfires (17) due to decreasing surface temperature and
wind speed, along with increasing relative humidity (RH) and soil
water. Additional analysis has suggested that aerosol-driven cooling
throughout the 20th century balanced greenhouse gas (GHG)-driven
increases in extreme fire weather conditions (18). However, under
future aerosol reductions, combined with continued increases in
GHGs, extreme fire weather is expected to experience unprecedent-
ed increases (18). As with some of the above studies (14), these latter
results are based on the Canadian Forest Fire Weather Index (FWI)
(19), which quantifies fire weather conditions based on daily maxi-
mum temperature, precipitation, RH, and surface wind. FWI, how-
ever, does not take account of other drivers of fire activity, such as live
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and dead fuel loads, fire suppression, or more complex changes in
surface biophysics and hydrology.

Here, we use the Community Earth System Model version 2
(CESM2) (20) whose land component, the Community Land Model
version 5 (CLM5) (21), includes an explicit representation of fire ac-
tivity (Materials and Methods) (22-24) to quantify the impact of
2015-2060 anthropogenic aerosol mitigation on fire carbon emis-
sions (FIREC). Changes in climate drivers impact fire carbon emis-
sions in our simulations, but fire emissions do not subsequently
feedback to impact the climate. Although our approach—as with pri-
or analyses—also contains considerable uncertainties, CESM2 can
reasonably reproduce observed fire statistics (17, 24, 25), including in
the NH boreal forest region (Materials and Methods). We find a ro-
bust FIREC increase in the NH boreal forest region under aerosol
mitigation, which is larger than that under the high-GHG baseline
experiment, due to a deeper layer of summertime soil drying associ-
ated with increased surface solar radiation and enhanced evapotrans-
piration.

RESULTS

Aerosol mitigation

Aerosol mitigation is quantified as specified under the Regional Aero-
sol Model Intercomparison Project (RAMIP) (26). The baseline simu-
lation (“ssp370”) is driven by anthropogenic emissions (e.g., GHGs,
aerosols and precursor gases, and ozone) and land use/land change
from the Shared Socioeconomic Pathway 3-7.0 (SSP37.0) (27-29),
which lacks climate policy and has relatively weak levels of air quality
control measures. The perturbation experiment (“ssp370-126aer”) is
identical (e.g., the same increase in GHGs) but uses anthropogenic
aerosol and precursor gas emissions from SSP1-2.6, which features
relatively strong levels of air quality control measures. Throughout
this manuscript, the term “aerosol mitigation” refers to the difference
of these two simulations (i.e., ssp370-126aer-ssp370; Table 1). Because
both are identical in all ways except their aerosol/precursor gas
emissions, the difference quantifies the climate effects of strong
versus weak air quality control, i.e., aerosol mitigation. A similar
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Table 1. Definition of CESM2 experiments used in this study.

Experiment name

Description

ssp370

Weak air quality control and low climate mitigation

55p370.1‘£é;—1.é‘rww s

Strong air quality control and low climate mitigation

i gétion s.gna|

Description

Abbrewatmn RO

g 26aer_55p3§6m RO

Climate effects of strong versus weak air quality

Aerosol mitigation

control

experimental design was adopted by the Aerosol Chemistry Model
Intercomparison Project (30), where near-term climate forcer (NTCF)
mitigation was quantified as the difference between the ssp370 and
ssp370-lowNTCF experiments (31, 32).

As expected, aerosol mitigation yields significant aerosol optical
depth (AOD) decreases over the global land, including the NH extra-
tropics (figs. S1 to S3 and note S1). In contrast, relatively small and
nonsignificant NH extratropical AOD changes occur under ssp370.
In turn, the AOD decrease under aerosol mitigation is associated with
significant warming over the NH boreal forest region (fig. S4), which
is about half as large as the corresponding warming (largely due to the
increase in GHGs) under ssp370. As aerosols decrease surface solar
radiation through both aerosol-radiation interactions (e.g., direct
scattering/absorbing of incoming sunlight) and aerosol-cloud inter-
actions (e.g., brighter and longer-lived clouds), aerosol mitigation is
associated with increases in surface solar radiation (to be discussed
below), which drives the warming.

Fire responses

Figure 1 shows annual (ANN) and June-July-August (JJA) mean
model mean (averaged over the 10 ensemble members) FIREC trend
maps for ssp370 and aerosol mitigation. Globally, the ANN FIREC
trends are not significant for both ssp370 and aerosol mitigation at
—0.11 £+ 0.29 and 0.36 + 0.41 kgC km* day ™" decade™, respectively.
The tropics (30°S to 30°N) show significant negative FIREC trends at
—2.5 + 0.58 kgC km™ day ™" decade™" for ssp370 and nonsignificant
negative FIREC trends at —0.58 + 0.78 kgC km™> day ™! decade™" un-
der aerosol mitigation. In contrast, the NH mid- and high-latitudes
(30°N to 90°N) yield significant positive trends for both ssp370 and
aerosol mitigation at 2.3 + 0.2 and 1.5 + 0.3 kgC km™> day ™" de-
cade™, respectively. Figure 1 shows that much of this 30°N to 90°N
increase in FIREC occurs in the NH boreal forest region (Fig. 1G),
which we now focus on.

In the NH boreal forest region, FIREC trends peak during NH
summertime (JJA; Fig. 1H), and interestingly, aerosol mitigation
yields larger (but not significantly so) FIREC increases than does
ssp370. The boreal forest region ANN FIREC trend is 3.89 + 0.86 kgC
km™* day™' decade™ under ssp370 versus 4.95 + 1.39 kgC km™>
day™" decade™ under aerosol mitigation. The corresponding ANN
percent changes are 119.4% for ssp370 and 152.2% for aerosol mitiga-
tion. Percent changes are estimated relative to the 2000-2014 clima-
tology, which is calculated from the CESM2 Large Ensemble historical
simulations (33). The corresponding ANN FIREC climatology for the
NH boreal forest region is 15.0 kgC km™ day™'. We note that this
represents about 40% of the global FIREC climatology of 39.6 kgC
km ™2 day ™. During JJA, the corresponding trends increase to 11.0 +
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2.2 and 14.7 + 3.6 kgC km™ day ™" decade™ (117.7% and 157.4%).
The FIREC increase is also robust across realizations, as all 10 ensem-
ble members (for both ssp370 and aerosol mitigation) yield an in-
crease in boreal forest region ANN and JJA fire carbon emissions
(fig. S5 shows the percentage of realizations that yield a positive trend
under aerosol mitigation for ANN and JJA). Normalizing the boreal
forest region FIREC trends by the corresponding warming trends
yields significantly larger values under aerosol mitigation as opposed
to ssp370 at 15.0 + 4.5 versus 7.0 + 1.6 kgC km ™ day™' K™' for ANN
and 38.9 + 9.0 versus 17.2 + 3.8 kgC km ™ day~" K™ for JJA, respec-
tively. Similar results exist for fire burned area (fig. S6).

Figure 1 (E and F) shows regions where aerosol mitigation yields
amplified (Materials and Methods) FIREC trends. Amplification of
the increase in fire carbon emissions under aerosol mitigation (rela-
tive to ssp370) occurs when aerosol mitigation yields larger FIREC
increases relative to ssp370 (i.e., percent change exceeds 100%) or
aerosol mitigation yields positive FIREC trends, whereas ssp370
yields negative trends. Much of boreal forest region including parts of
Canada and Russia features red colors, as does eastern/northeastern
China. Aerosol mitigation yields ANN FIREC increases more than
81.6% of the boreal forest region, with FIREC amplification (relative
to ssp370) more than 51.4% of the region. In comparison, ssp370
yields FIREC amplification (relative to aerosol mitigation) more than
39.9% of the boreal forest region.

To confirm the ssp370 signal is largely related to the increase in
GHGs (as opposed to changes in aerosols), we also briefly analyze the
CESM2 single forcing experiments (34), which are likewise driven by
SSP3-7.0 emissions (in both GHG-only and aerosol-only experi-
ments). On the basis of 15 ensemble members from 2015-2050 (when
these simulations end), GHGs (based on SSP3-7.0) alone yield a bo-
real forest region FIREC increase of 3.70 + 1.30 kgC km=2 day ™" de-
cade™, which is nearly the same as that discussed above based on
ssp370. Furthermore, the corresponding FIREC trends under indus-
trial aerosol emissions and biomass burning aerosol emissions (based
on SSP3-7.0) are both much smaller and not significant at 0.08 + 0.68
and 0.46 + 1.2 kgC km ™ day ™' decade™. Thus, aerosol contributions
to FIREC changes under ssp370 are negligible, and we therefore inter-
pret the ssp370 FIREC changes as a GHG response.

Mechanisms of enhanced wildfire activity

Several factors are important for wildfire activity, including soil
moisture, surface RH, precipitation, air temperature, solar radiation
and windspeed, as well as vegetation and fuel characteristics (Materi-
als and Methods). Root-zone soil wetness (RZSW)—a key driver of
fire behavior, which depends on the soil water potential of each soil
layer, the root distribution of the plant functional type, and a plant
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2015-2060 fire carbon emissions trends (kgC km2 day' decade™)

ANN

JJA

-3 -20 -10 -5 -1
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Amplification of the increase in fire carbon emissions
Under aerosol mitigation

ANN

NH boreal forest region
(45°N-90°N; tree fraction > 0,5)

2015-2060 NH boreal forest

region FIREC seasonal trends

FIREC trend (kg km™? doy™" decade™)

Fig. 1. 2015-2060 fire carbon emissions trend maps. (A and C) Annual mean and (B and D) June-July-August (JJA) mean fire carbon emissions trends (kgC km~2 day ™
decade™) for (A and B) ssp370 and (C and D) aerosol mitigation (i.e., ssp370-126aer-ssp370). Dots represent a significant response at the 90% confidence level based on
a standard two-tailed t test. Also included are (E) annual and (F) JJA maps showing amplification of the increase in fire carbon emissions under aerosol mitigation (relative
to ssp370). Red shading denotes regions where aerosol mitigation yields larger FIREC increases relative to ssp370 (i.e., percent change exceeds 100%) or aerosol mitigation
yields positive FIREC trends, whereas ssp370 yields negative trends. (G) NH boreal forest region (i.e., dark green shading) as defined here, as grid boxes over land from
45-90°N with at least 50% tree fraction. (H) 2015-2060 NH boreal forest region FIREC seasonal trends for both ssp370 (black) and aerosol mitigation (red). The 2000-2014

climatology is also included (blue).
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dependent response to soil water stress (35)—features significant
negative trends under aerosol mitigation over many areas, most no-
tably the boreal forest region (Fig. 2), and the pattern of decreasing
RZSW closely corresponds to the areas of FIREC increases (Fig. 1).
Over the NH boreal forest region, ANN RZSW trends are —0.017 +
0.005 versus —0.010 + 0.004 10~" decade™ under aerosol mitigation
and ssp370, respectively, and these increase (in magnitude) during
JJA (Fig. 2D). Furthermore, aerosol mitigation yields amplified (neg-
ative) RZSW trends relative to ssp370 throughout the boreal forest
region (Fig. 2C), with RZSW amplification over 59.5% of the region
(ssp370 yields RZSW amplification, relative to aerosol mitigation,
more than 32.4% of the boreal forest region). Soil water in the upper
10 cm [SW10CM; used by some prior studies (17, 25)] yields broadly
similar conclusions as RZSW, but the SW10CM trend amplification
under aerosol mitigation is weaker (fig. S7C), and there is also less
spatial correspondence between SW10CM decreases (fig. S8, B and
G) and FIREC increases (Fig. 1). Aerosol mitigation yields relatively
weak decreases in near-surface RH, with minimal regions of negative
trend amplification relative to ssp370. Over the boreal forest region,
annual mean RH decreases by —0.09 + 0.05% decade™ under aero-
sol mitigation compared to —0.28 + 0.04% decade™ under ssp370

(fig. S7E; similar conclusions exist for JJA). Boreal forest region near-
surface warming is also weaker under aerosol mitigation (fig. S7D).
For both ssp370 and aerosol mitigation, surface wind speed decreas-
es during ANN and JJA (fig. S7F). In terms of precipitation, aerosol
mitigation yields increased precipitation for the boreal forest region
in all seasons, with the largest (but not significantly so) increase dur-
ing JJA, whereas ssp370 features a decrease in JJA precipitation
(ssp370 precipitation increases in the other three seasons; fig. S7G).
Thus, seasonal mean and annual mean changes in these other fire-
related climate parameters do not change in way that would favor
enhanced fire activity (relative to ssp370) under aerosol mitigation.
However, changes in extreme values of hydrologically relevant pa-
rameters (e.g., subseasonal drought frequency/intensity) may also be
important.

To further evaluate the role of different factors, Figure 3 shows
2015-2060 boreal forest region aerosol mitigation (i.e., ssp370-
126aer minus ssp370) trend scatterplots, where the FIREC trends
(from each of the 10 ensemble members) are compared to the cor-
responding trends of several climate variables (more generally,
fig. S9 shows the corresponding spatial maps). A significant correla-
tion implies the importance of the climate variable to FIREC trends.

2015-2060 annual RZSW trends (10! decade™)

Aerosol mitigation

-0.1

Amplification of the decrease in RZSW
under aerosol mitigation

-0.05 -0,01 -0.005 0

0005 001 005 0.1

2015-2060 NH boral forest region
RZSW seasonal trends (107! decade™)

0.00 —_
"
N
g -o.01 } 0995 %
o L) ~—
& 1 >
® -0.02 g
o s
- [+
2 _oosk 0.990 ¢
e S
o <
g " g
N 0.985 }
% -0.05F ssp370 8
e <3

Aerosol mitigation

-0.06F | I I I
ANN OJF MAM JA SON

Fig. 2. 2015-2060 RZSW trend maps. Annual mean RZSW trends (10~" decade™) for (A) ssp370 and (B) aerosol mitigation (i.e., ssp370-126aer-ssp370). Dots represent a
significant response at the 90% confidence level based on a standard two-tailed t test. Also included (C) is the corresponding map showing amplification of the decrease
in RZSW under aerosol mitigation (relative to ssp370). Blue shading denotes regions where aerosol mitigation yields larger RZSW decreases relative to ssp370 (i.e., percent
change exceeds 100%) or aerosol mitigation yields negative RZSW trends, whereas ssp370 yields positive trends. (D) 2015-2060 NH boreal forest region RZSW seasonal
trends for both ssp370 (black) and aerosol mitigation (red). The 2000-2014 climatology is also included (blue).
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2015-2060 trend scatter plots over the NH boreal forest region for aerosol mitigation
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Fig. 3. 2015-2060 aerosol mitigation trend scatterplots. 2015-2060 boreal forest region fire carbon emissions (FIREC) trends (kgC km™2 day'1 decade™) versus cor-
responding trends in (A and F) near-surface RH (% decade™), (B and G) soil water upper 10 cm [SW10CM; (kg m~2 decade™)], (C and H) near-surface air temperature (TAS;
[K decade™")); (D and I) RZSW (10" decade™), and (E and J) surface downwelling shortwave radiation (SWjy) for the (A to E) annual mean and (F to J) JJA mean. Each dot
represents the trend from one of the 10 ensemble members under aerosol mitigation (i.e., ssp370-126aer-ssp370). Also included is the correlation coefficient, r, and its

significance based on a standard t test.

Significant negative correlations exist for both the ANN and JJA
mean between FIREC trends and near-surface RH (Fig. 3, A and F),
SWI10CM (Fig. 3, B and G) and, particularly, RZSW (Fig. 3, D and
I). For the latter two relationships, the ANN correlations are —0.77
and — 0.95; for JJA, the corresponding correlations are similar at
—0.74 and —0.95. Positive correlations exist between FIREC and
near-surface air temperature trends (TAS; Fig. 3, C and H), but they
are weak, especially for ANN at 0.16. Similar correlations generally
occur under ssp370 (fig. S10), where the ANN FIREC and RZSW
trend correlation is —0.96; the corresponding FIREC versus near-
surface RH trend correlation is —0.80. We also note a significant
positive correlation between FIREC trends and surface downwelling
shortwave radiation (SWj,) trends under aerosol mitigation (Fig. 3,
E and]). The corresponding correlations under ssp370, however, are
not significant (fig. S10, E and J). The importance of SW;, under
aerosol mitigation is expanded upon below.

The role of other factors, including human ignition/suppression
and changes in vegetation indices, is minimal for the NH boreal forest
region (note S2). For example, the change in vegetation indices (e.g.,
leaf area index)—despite increasing under both ssp370 and aerosol
mitigation—do not significantly correlate with FIREC trends. This is
consistent with (25), where CO, biogeochemical effects (e.g., the CO,
fertilization effect on vegetation) result in an increase in vegetation
indices (e.g., net primary productivity) in the NH boreal forest region
in CESM2, but a negligible change in FIREC occurs. This is, however,
model dependent as most other models yield FIREC increases [see
also (36)].

Thus, changes in RZSW appear to be the most important driver of
FIREC trends under aerosol mitigation (and ssp370). More impor-
tantly, these analyses suggest the dominant reason for FIREC amplifi-
cation under aerosol mitigation is due to RZSW. This is supported by

Allen etal., Sci. Adv. 10, eadl4007 (2024) 29 March 2024

the strong negative correlations between FIREC and RZSW trends in
the boreal forest region, and the significantly larger decreases in
RZSW under aerosol mitigation (Fig. 2). Despite only 10 realizations
in the correlation analysis, we note that the RZSW versus FIREC

trend points fall very close to a linear line and yield a correlation of

—0.95 (Fig. 3, Dand I).

Mechanisms of soil column drying

The relatively large decreases in RZSW under aerosol mitigation (in
particular, despite smaller warming compared to ssp370) is related to
increased SWj, (fig. S8, C and H), and subsequent increases in sur-
face latent heat flux (fig. S8, D and I) associated with evapotranspira-
tion, and in particular canopy transpiration (fig. S8, E and J) over
most world regions. In the context of evapotranspiration, the boreal
forest region is an energy limited as opposed to soil moisture limited
region (37, 38), i.e., evapotranspiration is largely controlled by energy
availability (e.g., SWi,). This is illustrated in fig. S11 (A and B), which
shows aerosol mitigation correlation maps based on the 2015-2060
JJA model mean (average over the 10 ensemble members) time series
between SWi, and both latent heat flux and canopy transpiration.
Significant positive correlations exist between JJA SWj, and both la-
tent heat flux and canopy transpiration in the boreal forest region.
These correlations are also larger than those associated with near-
surface air temperature and latent heat flux/canopy transpiration
(fig. S11, C and D). Thus, latent heat flux and canopy transpiration
variations are likely largely controlled by variations in SWi, in the
boreal forest region.

As mentioned above, aerosol mitigation yields large increases in
SWin (Fig. 4A). During JJA, however, both aerosol mitigation and
ssp370 yield similar increases at 2.1 + 0.38 and 2.4 + 0.21 W m ™2 de-
cade™, respectively. The ssp370 SWi, increase is related to changes in
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2015-2060 NH boreal forest region seasonal trends
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Fig. 4. 2015-2060 NH boreal forest region seasonal trends. NH boreal forest region seasonal trends for (A) surface downwelling shortwave radiation [SW;,; (W m™2
decade™)], (B) total cloud cover (% decade™), (C) surface latent heat flux (W m~2 decade™), (D) canopy transpiration (W m~2 decade™"), (E) surface sensible heat flux (W
m™? decade™), and (F) Bowen ratio [ratio of sensible heat flux trend to latent heat flux trend (unitless)]. In addition to 2015-2060 ssp370 (black) and aerosol mitigation
(i.e., ssp370-126aer-ssp370; red) trends, the 2000-2014 climatology (blue) is also included. Seasons include December-January-February (DJF), March-April-May (MAM),

1.65Xo

JJA, and September-October-November (SON). Also included is the annual mean (ANN). Error bars show the 90% confidence interval of the trend, estimated as o
=

where ¢ is the SD across the trends and n is the number of trends (i.e., 10).

cloud cover, with total cloud cover decreasing by —0.96 + 0.06% de-
cade™ (Fig. 4B). The SWj, increase under aerosol mitigation is con-
sistent with the large decrease in aerosol emissions and AOD (e.g.,
fig. S1), as well as aerosol indirect eftects on clouds (e.g., total JJA
cloud cover decreases by —0.38 + 0.14% decade™).

There are also large increases in latent heat flux (Fig. 4C) and can-
opy transpiration (Fig. 4D), which are significantly larger under aero-
sol mitigation. During JJA, aerosol mitigation yields latent heat flux
and canopy transpiration trends of 1.35 + 0.20 W m > decade™" and
0.85 + 0.14 W m > decade™, respectively. In contrast, ssp370 yields
corresponding trends of 0.84 + 0.10 and 0.24 + 0.07 W m > decade ™.
Most of the latent heat flux increase under aerosol mitigation is
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related to canopy transpiration increases, as the other components,
including canopy and ground evaporation, experience smaller in-
creases (fig. S12, C and D). Thus, aerosol mitigation drives enhanced
SWiy, and latent heat flux, the latter being dominated by increases in
canopy transpiration-these increases act to dry the soil.

We note that plant photosynthesis and terrestrial ecosystem pro-
ductivity is generally more sensitive to diffuse shortwave radiation, as
opposed to its direct component (e.g., by increasing the available ra-
diation at the bottom and shaded parts of the canopy) (39, 40). Over
the NH boreal forest region, aerosol mitigation yields significant in-
creases in the total (visible and near-infrared) diffuse surface short-
wave radiation for all seasons (fig. S13). In contrast, ssp370 yields
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significant decreases. The diffuse surface shortwave radiation trends
are about a factor of 10 smaller than those associated with total sur-
face shortwave radiation. For example, the JJA NH boreal forest re-
gion aerosol mitigation diffuse surface shortwave radiation trend is
about 0.2 W m ™ decade™" relative to the total surface shortwave ra-
diation trend of about 2 W m™2 decade™" (e.g,, Fig. 4A). This implies
the bulk of the increase in surface solar radiation under aerosol miti-
gation in the NH boreal forest region is due to increases in the direct
component, as opposed to the diffuse component. A similar state-
ment also applies to the percent change. For example, the JJA NH
boreal forest region aerosol mitigation diffuse surface shortwave ra-
diation change over the 46 years is about 12% of its climatology,
whereas the corresponding total surface shortwave radiation change
over the 46 years is about 47% of its climatology. However, the JJA
percent change in ssp370 diffuse radiation at —41% is nearly as large
as the percent change in total surface shortwave radiation at —54%. To
the extent that canopy transpiration is more sensitive to diffuse short-
wave radiation (as opposed to direct radiation), these results are con-
sistent with the larger increases in canopy transpiration under aerosol
mitigation, as opposed to ssp370.

The weaker latent heat flux and canopy transpiration increase un-
der ssp370 is consistent with plant physiological responses to CO,,
i.e., the CO, fertilization effect (41-44). This response includes in-
creases in vegetation indices (e.g., leaf area index) but reduced sto-
matal conductance and plant water use (45). In particular, the
biogeophysical effects of CO; alone (in the absence of direct radiative
warming) have been associated with a vertical redistribution of water
(25), including more in the soil and less in the atmosphere. This is
consistent with ssp370 (i.e., muted increase in latent heat flux and
canopy transpiration relative to aerosol mitigation), as large decreases
(i.e., ~30%) in stomatal conductance occur under ssp370 (note S3
and fig. S12, G and H), but not under aerosol mitigation.

The other components of the surface energy balance in the boreal
forest region also increase during JJA, but more so under ssp370. This
includes the JJA surface sensible heat flux (Fig. 4E), where the trend is
0.41 + 0.08 W m ™2 decade™ under aerosol mitigation, with signifi-
cantly larger increases at 1.12 + 0.07 W m ™2 decade™" under ssp370.
Aerosol mitigation therefore features significantly larger increases in
latent heat flux (Fig. 4C) but significantly smaller increases in sensible
heat flux, as compared to ssp370. This leads to a smaller Bowen ratio
(ratio of sensible to latent heat flux trend) under aerosol mitigation, at
0.30 + 0.05 relative to 1.33 + 0.15 under ssp370 (Fig. 4F). Thus, under
aerosol mitigation, a greater proportion of the available energy at the
surface (largely SWi,) goes into evapotranspiration as opposed to sen-
sible heating. This promotes the enhanced soil drying under aerosol
mitigation.

Trend correlations between the above variables (e.g., SWiy, latent
heat flux and canopy transpiration) and soil liquid water from 0.01 to
3.0 m (Fig. 5) support these notions. Significant negative correlations
between SWj, and soil liquid water (Fig. 5, A and B) exist down to ~1
m in depth during JJA. These correlations are more negative under
aerosol mitigation. For example, the correlations from 0.01 to 0.58 m
in depth all exceed —0.83 under aerosol mitigation, with an average
correlation of —0.91. Under ssp370, the corresponding correlations
range from —0.65 to —0.72, with an average correlation of —0.69. Fur-
thermore, negative JJA correlations exist between surface latent heat
flux and soil liquid (Fig. 5, C and D) and between canopy transpira-
tion and soil liquid (Fig. 5, E and F). In both cases, the trend correla-
tions are more negative (and significant) for aerosol mitigation, as
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opposed to ssp370. We note the positive correlations between latent
heat flux and soil liquid water during MAM and SON (and between
canopy transpiration and soil liquid water during MAM) near the
surface suggest the region is water limited during these seasons (i.e.,
more soil liquid water allows for more to be evaporated and/or trans-
pired) and/or a role for other processes (e.g., the large soil ice melt and
increase in soil liquid water during MAM, as discussed below).

In summary, increasing JJA SWj, under aerosol mitigation drives
increases in latent heat flux and canopy transpiration, which pro-
motes a decrease in summertime soil liquid water down to ~1 m in
depth. As the increase in latent heat flux and canopy transpiration are
all larger under aerosol mitigation, this helps to explain the larger de-
crease in RZSW (relative to ssp370). The additional terms for the sur-
face water balance, including precipitation, do not contribute to the
enhanced soil drying under aerosol mitigation (fig. S14 and note S4).
For example, precipitation increases in all seasons under aerosol miti-
gation (fig. S14A), which would act to mute any increases in wildfire
activity. The relatively large increase in evapotranspiration (fig. S14B),
however, offsets much of this precipitation increase in most seasons,
including JJA, leading to a negative precipitation minus evapotranspi-
ration trend (fig. S14E) under aerosol mitigation. We note that the
corresponding JJA precipitation minus evapotranspiration trend is
slightly more negative under ssp370. As discussed next, larger melting
of soil ice under ssp370 helps to explain why RZSW decreases less in
ssp370 despite larger decreases in JJA precipitation minus evapotrans-
piration (relative to aerosol mitigation).

An additional reason for the relatively large decrease in RZSW
under aerosol mitigation (relative to ssp370) involves soil ice melt.
Figure 6 (A and B) shows seasonal trends in the depth of soil ice for
the NH boreal forest region. Consistent with warming, both ssp370
and aerosol mitigation yield significant decreases in soil ice in all sea-
sons, with maximum reductions (particularly for ssp370) during NH
springtime [March-April-May (MAM)] at ~0.5 to 1 m in depth. The
melting leads to an increase in soil liquid water throughout the col-
umn (down to 3 m in depth), particularly during MAM (Fig. 6, C
and D). Figure 6 (G and H) supports this claim, as strong negative
MAM correlations (—0.85) exist between soil ice and soil liquid wa-
ter trends at 1.06 m in depth (near the location of the maximum
change) for both ssp370 and aerosol mitigation. More generally, sig-
nificant negative correlations between soil ice and soil liquid trends
exist for both December-January-February (DJF) and MAM from
~0.15 to 2 m in depth (fig. S15, A and B). This supports the idea that
melting of soil ice leads to an increase in soil liquid (i.e., realizations
with a larger decrease in DJF/MAM soil ice have a larger increase in
DJF/MAM soil liquid water). This effect is larger in ssp370 due to the
enhanced warming (subsurface warming is shown in Fig. 6, E and F).
The ssp370 increase in MAM soil liquid water persists at depth (e.g.,
below 1 m for JJA; Fig. 6C), due in part to seasonal carryover, where-
as this is not the case under aerosol mitigation (note S5 and fig. S15,
C and D). During JJA [and September-October-November (SON)],
both ssp370 and aerosol mitigation feature a decrease in soil liquid
water near the surface (Fig. 6, C and D). Although the magnitude of
the decrease is similar between ssp370 and aerosol mitigation, drying
penetrates deeper under aerosol mitigation (~1.5 m during JJA to
2 m during SON).

To summarize, the larger ssp370 warming melts more soil ice dur-
ing all seasons (especially MAM), and this leads to a larger increase in
soil liquid water at depth, including during JJA, which weakens the
decrease in RZSW (RZSW is calculated using soil liquid water down
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NH boreal forest region seasonal trend correlations
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Fig. 5. 2015-2060 NH boreal forest region season versus soil depth trend correlations. NH boreal forest region depth versus season soil liquid water trend versus
(A and B) SWj,, (C and D) latent heat flux, and (E and F) canopy transpiration trends for (A, C, and E) ssp370 and (B, D, and F) aerosol mitigation (i.e., ssp370-126aer-ssp370).
Seasons include DJF, MAM, JJA, and SON. Dots represent a significant correlation at the 90% confidence level based on a standard t test.

to ~1 m in depth; note S6). This also helps to explain why aerosol
mitigation features a larger decrease in RZSW. These results (particu-
larly based on ssp370) are consistent with a prior analysis (46), where
a vertical soil moisture gradient occurs under global warming.

DISCUSSION

It is not necessarily surprising that aerosol mitigation yields increased
fire activity, as insolation increases due to aerosol reductions will drive
significant warming (31, 32, 47). However, aerosol mitigation yields

Allen etal., Sci. Adv. 10, eadl4007 (2024) 29 March 2024

increases in fire activity in the boreal forest region that are on par with
those associated with large GHG increases (i.e., from SSP3-7.0) de-
spite causing only half the warming of the GHG increase. This en-
hanced FIREC response under aerosol mitigation is associated with
deeper drying of the soil column during the NH summertime due to
increases in SWj, and enhanced evapotranspiration.

We note that the NH boreal forest region FIREC and related cli-
mate variable (e.g., surface temperature) trends exhibit considerable
spread across realizations under both aerosol mitigation (e.g., Fig. 3)
and ssp370 (e.g., fig. S10). For example, NH boreal forest region ANN
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(kg m~2 decade™), and (E and F) soil temperature trends (K decade™) for (A, C, and E) ssp370 and (B, D, and F) aerosol mitigation (i.e., ssp370-126aer-ssp370). Seasons
include DJF, MAM, JJA, and SON. Dots represent a significant response at the 90% confidence level based on a standard two-tailed t test. Also included are MAM soil liquid
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Allen etal., Sci. Adv. 10, eadl4007 (2024) 29 March 2024 90of 15

202 ‘60 |1dy uo Buipeay Jo A1seAiun e 610:80usios'mmmy/sdiy woly papeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

FIREC trends range from 1.3 to 8.6 kgC km ™ day ™! decade™ under
aerosol mitigation and from 1.8 to 6.5 kgC km™ day™* decade™ un-
der ssp370. This implies that an individual realization of the climate
might show relatively small changes in NH boreal forest region fire
emissions under aerosol mitigation or ssp370. We emphasize the im-
portance of relatively large ensemble sizes (e.g., such as the 10 used
here) to better understand the physical processes underpinning these
and other complex changes.

Our conclusions are based on a single climate model, and simula-
tions with additional models are required to corroborate our find-
ings. For example, there are several sources of uncertainty related to
the aerosol component of this study. Most importantly is the uncer-
tainty in aerosol effective radiative forcing (ERF), the magnitude of
which is ultimately related to surface temperature change and associ-
ated climate responses. CESM2 has a relatively strong historical aero-
sol ERF of —1.34 W m™2, but this essentially lies within the 1-sigma
uncertainty of —1.09 + 0.24 W m™2 (48) based on 20 models from
the Coupled Model Intercomparison Project version 6 (CMIP6),
with similar results from several other studies (49-51). Furthermore,
in the CESM2 aerosol EREF, this lies within recent observational con-
straints (52) with a 1-sigma confidence range of —1.6 to —0.6 w2
Nonetheless, the relatively strong historical ERF in CESM2 suggests
relatively large climate responses to aerosol mitigation in this model
(e.g., potentially including FIREC). Another significant source of un-
certainty related to the aerosol component of this study is the as-
sumed trajectory of future aerosol/precursor gas emissions. For
example, the range of potential global trajectories of aerosol/precur-
sor gas emissions in the shared socioeconomic pathways by the mid-
21st century is similar to the growth of emissions over the entire
industrial era (53). As we have defined aerosol mitigation as the dif-
ference between a strong versus weak air quality scenario, our results
therefore represent an upper estimate.

We also note that climate models tend to underestimate long-term
(e.g.» 1960s onward) observed surface solar dimming and subsequent
brightening trends as observed by the Global Energy Balance Archive
(GEBA) network in some regions, including, for example, over China,
Japan, India, and the United States (54-58). This lack of agreement
has persisted through the last few generations of CMIP despite con-
siderable improvements in the representation of aerosol-radiation
and in particular aerosol-cloud interactions. This underestimation of
observed dimming/brightening trends implies underestimation of
the increase in downwelling surface solar radiation under future aero-
sol mitigation (e.g., Fig. 4A). As this increase in surface solar radiation
is important for increasing evapotranspiration and decreasing soil
moisture (e.g., RZSW), this in turn implies possible underestimation
of the FIREC increase under aerosol mitigation. Although the cause(s)
of model underestimation of observed solar dimming/brightening
remain outstanding, some studies point to deficient emission invento-
ries (55, 57, 58). Hence, we reiterate that our study already contains a
significant source of uncertainty associated with the assumed trajec-
tory of future aerosol/precursor gas emissions.

Some solar dimming/brightening studies have also pointed to the
role of inhomogeneities in the data, e.g., a spurious jump in GEBA
surface solar radiation over China in the 1990s is related to wide-
spread changes to the country’s network of instruments (59, 60). We
note that the analysis of Quaas et al. (61), who focused on more
recent (2000-2019) satellite data, found good agreement between
the Clouds and the Earth’s Radiant Energy System (CERES) clear-
sky top-of-the-atmosphere solar radiation trends (in terms of both
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spatial pattern and magnitude) and those simulated by several
CMIP6 models (although CESM2 was not included). For example,
over regions with relatively large changes i.e., trends in clear-sky solar
ERF greater than 0.05 W m ™ year™' (“increasing” regions such as
India) or less than —0.05 W m™* year™ "' (“decreasing” regions includ-
ing east coast of North America, Europe, and East Asia), CERES
yields SW clear sky trends of —0.104 W m ™2 year ™ for the decreasing
regions and 4+0.041 W m™? year_1 for the increasing regions. CMIP6
models yields corresponding shortwave clear sky ERF trends of
—0.087 and + 0.102 W m ™2 year™’, respectively. In terms of all-sky
radiation (which includes cloud effects), CERES shows larger trends
but with more noise in the patterns (as compared to clear-sky trends).
However, the sign of the changes in the regions where an aerosol sig-
nal is expected is consistent between the models and the data.

We acknowledge that most fire models currently have limitations,
including, for example, their ability to simulate drought-induced
large fires that last multiple days (24). Modeling studies that assess
future wildfire activity based on the Canadian forest fire weather in-
dex (FWT) (19) also likely have deficiencies, as the FWTI is based on
only daily maximum temperature, precipitation, RH, and surface
wind and therefore does not take account of other drivers of fire ac-
tivity, such as live and dead fuel loads, fire suppression, or more com-
plex changes in surface biophysics and hydrology. Thus, considerable
uncertainty in future projections of wildfire activity exist, including
those discussed here.

As mentioned in Introduction, changes in climate drivers affect
fire carbon emissions in our simulations, but fire emissions do not
subsequently feedback to impact the climate. These climate change-
induced impacts on wildfire activity and their corresponding emis-
sions (including GHGs, aerosols, and precursor gases) are likely to
have important impacts on the climate system and air quality. Simula-
tion of these climate-wildfire feedbacks is currently an active area of
model development.

The CLM5 model uses RZSW as a proxy for the flammability of
fuels (22), which affects both the number of ignitions that result in a
viable fire, as well as the rate of fire spread. Combined with the Cana-
dian Terrestrial Ecosystem Model (62), these two models are unique in
their inclusion of a relationship between deep soil moisture status (i.e.,
RZSW) and fuel flammability (63). In contrast, fuel flammability in
many fire models is driven by the Nesterov index (derived from daily
temperature and RH) or a combination of near-surface soil moisture
and RH (23). Given that these latter climate variables do not exhibit
larger changes under aerosol mitigation (as compared to ssp370), it is
likely that the primary mechanism associated with larger increases in
NH boreal forest region FIREC in response to aerosol mitigation
found here (i.e., larger decreases in RZSW) may not be as pronounced
in other models. Certainly, however, increases in SWj, will increase
temperature and decrease RH and near-surface soil moisture (e.g.,
Fig. 3), which in turn will increase fuel flammability and likely FIREC
in most fire models. Furthermore, experimental evidence suggests that
radiation itself is (perhaps unsurprisingly) an important driver of fuel
flammability (64), suggesting that models that directly estimate the po-
tential evaporation from fuel surfaces may be a more accurate means
of predicting flammability. Another study (65) highlights the impor-
tance of radiation modulation by forest canopies, supporting the over-
all conclusion of our study, but via the impact of radiation on fuel itself,
not via the proxy of soil moisture.

The second mechanism operating in CLM5 illuminated by this
study is the relationship in the model between MAM melting soil ice
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and increasing JJA/SON liquid soil moisture content and fire behav-
ior. The root zone soil moisture index is based on soil moisture poten-
tial (21), which declines when soils are frozen and no water can be
accessed. Thus, this model structure results in thawing soil reducing
the flammability of the system. As above, most global fire models,
where fuel moisture is based on atmospheric temperature and humid-
ity, or a combination of near-surface soil moisture and RH would
likely not feature this response of fire to the phase change of the soil
moisture.

Despite these caveats, our results suggest that aerosol mitigation is
a significant driver of enhanced wildfire activity in the boreal forest
region. The enhanced drying under aerosol mitigation may also have
broader implications, including impacts on drought, vegetation, agri-
culture, and fresh water resources. Regions that likely to experience
the largest increase in fires and their associated smoke pollution (i.e.,
NH boreal forest region and surrounding areas) under aerosol mitiga-
tion are not colocated with the regions of large aerosol mitigation
(NH subtropics; fig. S1), which could potentially lead to complex
cross-national issues. Last, our results support the importance of im-
proved policy-facing evaluations of aerosol-induced near-term cli-
mate risks (53).

MATERIALS AND METHODS

CESM2 description

The CESM2 (20) model components use nominal 1° horizontal reso-
lution. For example, the Community Atmosphere Model version 6
has a resolution of 1.25° in longitude and 0.9° in latitude, with 32 ver-
tical levels and a top at 2.26 hPa. The ocean and sea ice models are
the Parallel Ocean Program version 2 (20) and the CICE Version
5.1.2 (CICES5). Ocean biogeochemistry is simulated with the Marine
Biogeochemistry Library. Aerosol processes are represented with the
four-mode version of the Modal Aerosol Module (66). Prior studies
have shown that CESM2 is able to represent aerosol properties (e.g.,
AOD) reasonably well compared to observations (67-68).

CESM2 uses the CLM5 (21). Photosynthesis and transpiration
depend nonlinearly on solar radiation by the light response of sto-
mata. The canopy is treated as two leaves (sunlit and shaded) and the
solar radiation in the visible band (<0.7 pm) absorbed by the vegeta-
tion is apportioned to the sunlit and shaded leaves. CLM5 explicitly
simulates the photosynthetic capacity response to environmental
conditions through the Leaf Utilization of Nitrogen for Assimilation
module and accounts for how nitrogen availability affects plant pro-
ductivity through the Fixation and Uptake of Nitrogen module (21).
Soil water is predicted from a multilayer model, in which vertical soil
moisture transport is governed by infiltration, surface and subsur-
face runoff, gradient diffusion, gravity, canopy transpiration through
root extraction, and interactions with ground water.

CLMS5 is not a Dynamic Global Vegetation Model and thus does
not simulate changes in the distribution or type of vegetation in re-
sponse to climate change. Vegetation distributions, however, do
change through time (see below) based on the SSP3-7.0 land use
time series file. CLM5, however, does simulate changes in vegetation
physiology (e.g., photosynthesis, transpiration, and stomatal conduc-
tance) and vegetation state such as leaf area index (21).

CLMs fire module parameterizes burned area, carbon emissions,
and biomass burning aerosol/precursor gas emissions (22-24). Al-
though fire trace gases and aerosol emissions can be simulated, our
CESM2 simulations use prescribed fire aerosol emissions. Four types
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of fires are represented, including agricultural fires in croplands, peat
fires, deforestation fires in tropical closed forests, and wildfires (i.e.,
nonpeat fires outside of croplands and tropical closed forests). Burned
area depends on ignitions, fire suppression, fuel load, and fuel com-
bustibility (22, 69, 70). Natural ignition is parameterized as a function
of lightning frequency; anthropogenic ignition (and suppression) is
parameterized as a function of both population density and gross do-
mestic product. Fuel load is determined by the amount of all types of
vegetation and litter present in a grid cell. Fuel combustibility is a
function of surface soil wetness (i.e., volumetric soil moisture relative
to that at saturation), RH, and surface air temperature, and fire spread
depends on wind speed, RH, and soil moisture (here, root zone soil
wetness). RZSW is a metric weighted toward the upper layers of soil
via the root distribution function and is used in CLMS5 as a proxy for
fuel combustibility (21).

Note that human effects on ignition and suppression affect both
ssp370 and ssp370-126aer (e.g., due to population changes), but not
the difference (i.e., aerosol mitigation). However, human ignition/
suppression effects on fires in the boreal forest region under ssp370
will likely be small due to minimal human population and relatively
small 2015-2060 SSP3-7.0 population trends (fig. S16). Similarly, al-
though our CESM2 simulations feature changes in land use/land
change from SSP3-7.0, these changes do not affect aerosol mitigation
(for the same reason as above). Land use/land change also likely has
minimal impacts on FIREC trends in ssp370, as the NH boreal forest
region is not a region subject to significant anthropogenic land use/
land change disturbances. For example, the 2015-2060 trends in crop,
tree, and grass fraction in the NH boreal forest region are all relatively
small and not significant (fig. S17). We also reiterate that our ssp370
NH boreal forest region FIREC trends (3.89 + 0.86 kgC km™> day™"
decade™) are very similar to those from CESM2 GHG-only single
forcing runs (3.70 + 1.30 kgC km ™ day ™! decade™). The GHG-only
forced simulations feature fixed land use/land change (however, it is
less clear if population is also fixed). The similar FIREC trends be-
tween our ssp370 simulations and CESM2 GHG-only simulations
imply minimal effects from land use/land change. Nonetheless, we
acknowledge that we cannot completely rule out potential impacts of
population and land use change on FIREC trends in our baseline
ssp370 experiment.

The CLM fire scheme has been previously evaluated in both un-
coupled and coupled versions (22, 70-73), and it has been compared
with other fire models within the Fire Modeling Intercomparison
Project (FireMIP) (24). The CLM fire module can reasonably repro-
duce the observed amount, spatial pattern, and seasonality of global
fires; the interannual variability in global fires; and the present-day
fire-population relationship. More recently (17), fire carbon emis-
sions from CESM2 (WACCMS6) were evaluated against two satellite-
based fire emission inventories, including FINNv2.5 (Fire INventory
from NCAR version 2.5) (74) and GFED4.1 s (Global Fire Emissions
Database, version 4.1 s) (75). The annual total fire carbon emissions
and spatial distributions agree well with those from FINNv2.5 and
GFED4.1 s. For example, the 2015-2019 annual total fire carbon
emissions from CESM2 (WACCMS6) simulations is 2.5 PgC year ',
which falls in between GFED4.1 s at 2.0 PgC year ' and FINNv2.5 at
3.8 PgC year™". More recently, Allen et al. (25) showed that CMIP6
models can reasonably reproduce observed 2002-2021 FIREC cli-
matologies, and CESM2 is one of the better models in the NH boreal
regions, particularly over Canada and central/north Asia (and the
United States). A more comprehensive evaluation, including trends
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and the use of the newly released GFED5 (15), will be the subject of
future investigation.

CESM2 experiments

CESM2 21st century simulations are based on anthropogenic emis-
sions and land use/land change from the Shared Socioeconomic
Pathway 3-7.0 (SSP3-7.0) (27-29). Our baseline experiment is
ssp370, which comes from archived simulations performed under
the CESM2 Large Ensemble (CESM2-LE) Project (33). The ssp370
CESM2-LE simulations are an extension of the corresponding his-
torical (1850-2014) simulations, i.e., CESM2-LE simulations span
1850-2100, with SSP3-7.0 emissions used from 2015 onward. Spe-
cifically, we use 10 of the macroperturbation runs (i.e., each ensem-
ble member is initialized from a different year in the preindustrial
control simulation) that use an 1l-year running mean filter to
smooth the CMIP6 biomass burning emissions, including members
1011-001, 1031-002, 1051-003, 1071-004, 1091-005, 1111-006, 1131-
007, 1151-008, 1171-009, and 1191-010. This smoothing reduces the
variability in biomass burning fluxes over 1990-2020 (satellite data
are use from 1997-2014, which contains more internannual variabil-
ity than data sources used before 1997 and after 2014). Prior analyses
(76, 77) have shown that using the default CMIP6 biomass burning
emissions (with larger variability over the satellite-era) affects the
large-scale climate in CESM2 (largely from 1990-2010), including
accelerated loss of September Arctic sea ice through summertime
aerosol-cloud interactions. We also note that data for our 2000-2014
climatologies comes from the CESM2-LE historical simulations (us-
ing the same 10 ensemble members as above).

The CESM2 simulations performed here (i.e., ssp370-126aer), as
part of the RAMIP (26), were initialized from the end of the CESM2-
LE historical simulations. These simulations span 2015-2060 and in-
clude 10 ensemble members. They use an identical setup to ssp370,
including prescribed concentrations of well-mixed GHGs, ozone,
natural emissions (e.g., biogenic emissions), and land use changes
from the SSP3-7.0 pathway—but take global anthropogenic aerosol
and precursor emissions (SO,, SOj, black carbon, primary organic
matter, and anthropogenic SOA precursors) from all anthropogenic
sources (e.g., shipping, aircraft, agriculture, residential, energy, indus-
trial, etc.) under the SSP1-2.6 pathway. This includes biomass burning
emissions (e.g., forest and grassland burning).

We acknowledge that labeling biomass burning emissions as “an-
thropogenic” is a gray area, and moreover, including them in our ex-
perimental design is somewhat physically unrealistic. For example,
our prescribed biomass burning aerosols from SSP3-7.0 or SSP1-2.6
could affect wildfire activity and the FIREC trends discussed here.
However, the aforementioned evaluation of the CESM2 single forcing
experiments (34) showed relatively small, nonsignificant changes in
FIREC under prescribed SSP3-7.0 biomass burning aerosol and pre-
cursor gas emissions. Furthermore, canonical model experimental
design (e.g., detection and attribution MIP) lumps both industrial
and biomass burning aerosols emissions together (outside of a few
exceptions, including the CESM2 single forcing experiments). Al-
though including the prescribed SSP3-7.0 or SSP1-2.6 biomass burn-
ing emissions in our simulations may add additional uncertainty to
our results, we suggest this is minimal. This statement is based on the
fact the bulk of historical (2014 relative to 1850) total aerosol ERF (78)
at —1.01 + 0.25 W m ™2 comes from SO, at —1.03 + 0.37 W m~2. The
organic carbon (OC) and black carbon (BC) ERFs however, are much
smaller (and have offsetting effects) at —0.25 + 0.09 and 0.15 + 0.17 W
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m™?, respectively. As wildfire emissions largely emit carbonaceous
aerosols (BC and OC), the bulk of the warming and climate responses
under our aerosol mitigation signal are largely driven by nonbiomass
burning aerosol emission reductions. This is supported by the fact
that total SO, emissions in SSP1-2.6 decrease from 100.8 MtSO,
year ! in 2015 to 22.0 MtSO, year™' in 2060. The corresponding
contribution of forest burning to SO, emissions is very small at
0.67 MtSO, year™" in 2015 and 0.23 MtSO, year™" in 2060 (i.e., <1%
of total SO, emissions). Thus, although forest burning SO, emissions
(the dominant aerosol that will drive future warming and associated
climate changes) decrease under SSP1-2.6, their relative contribution
to the total SO, decrease is very small at <1%. The corresponding cal-
culation for OC and BC shows a larger relative contribution of forest
burning to the total decrease in both species at 22% and 6%, respec-
tively. However, as mentioned above, these will have competing ef-
fects on climate (OC reductions will warm whereas BC reductions will
cool). In addition, the warming effects of future OC reductions
will be much smaller than those associated with future SO, reductions
(i.e., as supported by the much weaker OC ERF as compared to the
SO, ERE).

SSP3-7.0 features large increases in GHGs through the 21st
century but relatively small changes in aerosol and precursor gas
emissions (generally weak increases by mid-century, followed by de-
creases, with small overall changes by 2100). For example, atmo-
spheric CO, concentrations increase to ~900 parts per million by
2100 (>100% increase relative to 2015); CH4 concentrations increase
to 3400 parts per billion (~80% increase relative to 2015). In contrast,
SSP1-2.6 features large reductions in aerosol and precursor gas emis-
sions. For example, by mid-century, global BC emissions under
SSP1-2.6 decrease from ~8 Tg year ' in 2015 to ~2 Tg year " in 2050.
In contrast, under SSP3-7.0, global BC emissions increase slightly to
~9 Tg year™" by mid-century. Similarly, global SO, emissions under
SSP1-2.6 decrease from ~100 Tg year™" in 2015 to ~30 Tg year " in
2050. Under SSP3-7.0, global SO, emissions remain relatively fixed
up to the mid-century. Thus, taking the difference of the two experi-
ments (ssp370-126aer-ssp370) yields the aerosol mitigation signal, as
represented by the difference between the weak air quality control
SSP3-7.0 pathway relative to the strong air quality control SSP1-2.6
pathway. We acknowledge that combining the two pathways (ie.,
large increases in GHGs consistent with SSP3-7.0 with simultaneous
large reductions in aerosol/precursor gases under SSP1-2.6) is un-
likely to occur in reality and that our results (e.g. the magnitude of
the FIREC increase) likely represent an upper bound as the baseline
scenario (SSP3-7.0) contains the highest levels of aerosol/precursor
gas emissions.

Data processing and statistics

We use monthly mean CESM2 data at the model’s native spatial
resolution (1.25° longitude by 0.9° latitude). Climate responses are
estimated as the 2015-2060 slope using a standard least-squares re-
gression, and significance is based on a standard two-tailed t test.
Significance of correlations (r) is estimated from a two-tailed ¢ test as:
t = ——, with n — 2 degrees of freedom. Here,  is either the num-

n—2
ber of years (for a correlation over time) or the number of ensemble
members (i.e., 46 years and 10 realizations, respectively). Quoted

trend uncertainties in the manuscript are estimated as the 90% con-
. . 165 )
fidence interval according to —ff, where ¢ is the SD across the

n
trends and # is the number of trends (i.e., 10). Percent change (relative

120f 15

¥202 ‘60 |1dy uo Buipeay Jo A1sleAiun e 610:8ousids mmmy/:sdny woly pspeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

to 2000-2014 climatology) is estimated from the slope of the 2015-
2060 trend line, multiplied by the 46 years and divided by the 2000-
2014 climatology, and subsequently multiplied by 100.

Aerosol amplification (e.g., Fig. 1, E and F) is quantified on the
basis of the percent change of the trends, which is estimated as [(aero-
sol mitigation trend/ssp370 trend) X100]. Depending on the climate
variable, this could include aerosol amplification of positive trends
(e.g., FIREC) or aerosol amplification of negative trends (e.g., RZSW).
However, under either circumstance, only two conditions are plotted.
Aerosol amplification of a positive trend is graphically displayed in a
dark red color when (i) both the aerosol mitigation and ssp370 trends
are positive and the percent change is greater than 100% or (ii) the
aerosol mitigation trend is positive, but the ssp370 trend is negative.
The former shows regions where both aerosol mitigation and ssp370
yield increases, but larger increases occur under aerosol mitigation.
The latter shows regions where aerosol mitigation drives an increase
whereas ssp370 yields a decrease. Similarly, aerosol amplification of a
negative trend is graphically displayed as a dark blue color when (i)
both the aerosol mitigation and ssp370 trends are negative and the
percent change is greater than 100% or (ii) the aerosol mitigation
trend is negative, but the ssp370 trend is positive. The former shows
regions where both aerosol mitigation and ssp370 yield decreases, but
larger decreases occur under aerosol mitigation. The latter shows re-
gions where aerosol mitigation drives a decrease whereas ssp370
yields an increase. Thus, any shaded region (whether red or blue)
shows amplification of the trend under aerosol mitigation.

The NH boreal forest region is the world’s largest terrestrial biome,
consisting of deciduous trees and conifers. It is a region characterized
by high vegetation carbon content and tree fraction, as well as a region
that experiences wildfires. Here, we define the NH boreal forest re-
gion as all grid boxes over land from 45°N to 90°N with at least 50%
tree fraction (Fig. 1G). It comprises 27% of the land area from 45°N to
90°N. We note that our definition of the boreal forest region does not
include some areas typically included in the definition of “boreal,” in-
cluding the taiga-dominated regions of northern Canada, most of
Alaska, and northern Siberia.

Supplementary Materials
This PDF file includes:

Notes S1 to S6

Figs.S1to S17
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