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Abstract1

Biomass burning can affect climate via the emission of aerosols and their subsequent2

impact on radiation, cloud microphysics, and surface and atmospheric albedo1,2. Boreal3

biomass burning emissions have strongly increased during the last decade and are ex-4

pected to continue increasing as the climate warms3–6. Climate models simulate aerosol5

processes, yet historical and future Coupled Model Intercomparison Project (CMIP) sim-6

ulations have no active fire component, and biomass burning emissions are prescribed7

as external forcings. Here we show that CMIP6 used future boreal emission scenarios8

with unrealistic near-zero trends that have a large impact on climate trends. By running9

sensitivity experiments with ramped up boreal emissions based on observed trends, we10

find that increasing boreal emissions reduce global warming by 12% and Arctic warm-11

ing by 38%, reducing the loss of sea ice. Tropical precipitation shifts southward as a12

result of the hemispheric difference in boreal aerosol forcing and subsequent tempera-13

ture response7. These changes stem from the impact of aerosols on clouds, increasing14

cloud droplet number concentration, cloud optical depth, and low cloud cover, reducing15

surface shortwave flux over northern latitudes. Our results highlight the importance16

of realistic boreal emissions in climate model simulations and the need for improved17

understanding of boreal emission trends and aerosol-climate interactions.18

Significance statement19

Over the past two decades, boreal biomass burning emissions (BBEs) have increased20

dramatically, and are expected to continue increasing. In contrast, CMIP6 models pre-21

scribe a future (2015-2100) boreal BBE scenario with low values and near-zero trends.22

To assess if the difference between observed and prescribed boreal BBE forcing has a cli-23

mate impact, we produced new simulations using CESM2 with standard CMIP6 forcings,24

but increasing boreal BBEs based on observations. The increase in boreal BBEs slows25

down global warming by 12%, Arctic warming by 38%, reducing sea ice loss, and shifts26

tropical precipitation southward. These impacts highlight the importance that future27

boreal fires may have for climate projections, and motivate revising the design of boreal28
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BBEs for the upcoming CMIP7.29

Main30

Aerosols (in particular their sulfate component) generally have a negative radiative forc-31

ing (cooling) effect due to aerosol scattering of solar radiation2 and via aerosol-cloud32

interactions that increase cloud condensation nuclei and cloud optical depth8,9. In con-33

trast, black carbon (BC), mineral dust and other absorbing aerosol components can lead34

to a positive (warming) forcing in the Arctic due to absorption of solar radiation and the35

reduction of surface albedo when deposited on the snow/ice surface10–12. In addition,36

the radiative impact of airborne BC in the Arctic may be elevation-dependent, with BC at37

the surface or the lower (upper) atmospheric layers leading to warming (cooling)13, and38

location-dependent, with some results showing that Arctic BC leads to Arctic cooling39

while northern mid-latitude BC leads to Arctic warming14.40

While current climate models participating in the Coupled Model Intercomparison41

Project (CMIP) simulate these aerosol processes, these models do not have active fire42

components, meaning that fires do not occur as a result of the interaction between43

different components of the climate system, and biomass burning emissions are in-44

stead prescribed as an external forcing. In the most recent CMIP generation (CMIP6),45

monthly and spatially varying satellite-based estimates of biomass burning emissions46

(BBEs) are based on the Global Fire Emission Database (GFED) over 1997–2014 and47

proxy-reconstructed BBEs prior to 199715, which have smaller interannual variability48

in BBEs than the satellite-based estimates (Figure 1A). For future scenarios, prescribed49

BBEs originate from integrated assessment models to produce a dataset of harmonized50

emissions trajectories over 2015–210016,17, which amounts to a near-constant 0.12 Tg51

C/yr of black carbon (BC) over the boreal region (56°N–70°N; Figure 1A). The enhanced52

interannual variability in prescribed BBEs over the GFED period has been shown to53

have a significant climate impact on historical CMIP6 simulations, with an acceleration54

of global warming and sea ice loss simulated over 1997–2014 as well as the amplification55

of the hydrological cycle poleward of 40°N9,18,19. This is due to the non-linear relation-56

ship between BBEs and their radiative impacts through aerosol-cloud interactions, as57
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years with anomalously low BBEs have more of a positive radiative forcing impact com-58

pared to the negative radiative forcing during years with anomalously high BBEs.59

Earlier research postulated that the Arctic atmosphere may become cleaner in the60

future, especially during the cold season as the climate warms and precipitation in-61

creases20–22, leading to enhanced wet deposition and aerosol scavenging. Past literature62

on changes in BC transport to the Arctic has generally not considered the potential63

impact of an increase in boreal BBEs1, yet recent years have been marked by record-64

breaking boreal fires, particularly over Siberia3–6 and Canada23. The increase in BBEs65

has been attributed to earlier spring snowmelt, summer sea ice loss, warmer summers,66

increases in vapor pressure deficit, drier soils, and increased occurrence of atmospheric67

blocking patterns that lead both to warm and dry weather as well as convection which68

can cause lightning and fire ignitions5,24–26. As all these factors are expected to amplify69

with global warming, boreal fires are also expected to keep increasing in frequency and70

intensity23,25.71

In this paper, we compare observed BBEs over 1997–2023 to the prescribed BBEs72

used in CMIP6 and find that boreal BBEs have drastically increased over the last ten73

years compared to the early 21st century CMIP6 BBEs. To assess the impact of this74

divergence in boreal BBEs between observations and those prescribed in CMIP6, we run75

new simulations with the CESM2 forced with an increase in boreal BBEs over 2015–206076

that reflects recent observed trends and the predicted increase in future boreal fires. We77

find that enhanced boreal BBEs produce a negative radiative forcing that slows down78

future warming especially in the Arctic and boreal region, while also affecting tropical79

precipitation patterns.80

Results81

Increase in observed boreal biomass burning emissions82

Boreal BBEs have sharply increased over the last decade, from an average BC emission of83

0.10 Tg C/yr over 1997–2014 to 0.26 Tg C/yr over 2015–2023 (Figure 1A, we use BC as84

a proxy for total BBEs, see methods). Recent years have recorded increasingly extreme85
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values, with 0.28 Tg C/yr of BC in 2019, 0.45 Tg C/yr in 2021, and 0.68 Tg C/yr in86

2023. Zonally-averaged, the boreal region is the only region that has seen a significant87

increase in BBEs over 1997–2023 (Figure 1D). In contrast, BBEs globally and south of88

56°N have trended negative since the late 1990s (Figure 1B–C)27,28, mainly driven by89

declining BBEs over the tropics associated to a decrease in grassland and savanna area90

related to agricultural expansion27. As a result, the contribution of boreal BBEs to global91

BBEs has starkly increased over 1997–2023, from contributing ∼4% of global emissions92

over 1997–2010 to over 10% almost every year since 2010 and peaking at almost 30% in93

2023 (Figure S1).94

Differentiating observed boreal BC BBEs between North America and Eurasia shows95

that the remarkable increase is both due to an increase in boreal emissions from Eurasia96

and North America, with fires in eastern Siberia driving the record emissions in 201997

and 2021 and the 2023 wildfire season in Canada driving the record value that year98

(Figure 1E). Over the long term, the increasing trend is statistically more robust over99

Eurasia, as the 1997–2023 trend calculated over North America is strongly influenced100

by the highly anomalous value in 2023. Boreal BBE trends of BC over Eurasia are ∼0.05101

Tg C/yr/decade over both 1997–2022 and 1997–2023, while trends over North America102

are 0.02 Tg C/yr/decade over 1997–2022 and 0.06 Tg C/yr/decade over 1997–2023103

(Figure 1E).104

In contrast to recent observed boreal BBEs, the CMIP6 forcing uses a near-constant105

scenario, with 0.12 Tg C/yr of BC from boreal BBEs from 2015 onwards (as was the case106

in CMIP518) such that, in every year since 2015, observed boreal BBEs are greater than107

those used in CMIP6 (Figure 1A). Outside the boreal region, prescribed CMIP6 BBEs are108

within the observed range since 2015 (Figure 1B,C), highlighting the boreal region as109

the main source of diverging pathways in BBEs between observations and CMIP6 future110

simulations. The increase in boreal fires has led to an increase in aerosol optical depth111

during the summer over the boreal region and the Arctic over the past two decades112

(Figure 1G-I). Averaged over 56°N-70°N, mean JJA AOD has doubled from an average113

0.039 in 2003–2014 to 0.078 in 2019–2023. In the Arctic (70°N-86°N), AOD has more114

than tripled, from 0.015 in 2003–2014 to 0.056 in 2019–2023. Given the importance of115
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aerosols for climate, this discrepancy in boreal BBEs between observations and CMIP6116

in the future could lead to important climate impacts that are currently not captured in117

the most recent modeling assessments.118

Model simulations forced with increase in boreal BBEs119

Given that the causes of the recent increase in boreal BBEs (summer warming, loss120

of spring snow cover, loss of Arctic sea ice)23,25,26 are expected to amplify under fu-121

ture warming, it is also expected that boreal fires will continue to increase both in fre-122

quency and intensity25,29,30. To test the impact of an increase in boreal BBEs on future123

climate, we run new model simulations (hereafter named BorealFire) using the fully-124

coupled CESM2 climate model over 2015–2060 with standard CMIP6 SSP3-7.0 forcing125

except for boreal BBEs, which are updated over 2015–2023 based on observations and126

extended to 2060 based on recent observed trends (see Methods for more details). Total127

boreal and global BC BBEs in BorealFire are shown in Figure 1A,B and regional bo-128

real BBEs in Figure S2. Outside the boreal region (56°N–70°N), BBEs in BorealFire are129

kept unchanged relative to CMIP6. While there is an exponential relationship between130

summer temperature and boreal fires25, future boreal fire projections based solely on131

future temperature increase do not take into consideration the negative fuel-availability132

feedback. Thus a linear increase in boreal BBEs, while more conservative than an ex-133

ponential increase, may be a more realistic approach. In addition, applying a linear134

projection results in values over 2020–2060 that, until the late 2050s, are below the135

observed 2023 value, meaning the prescribed BBEs in BorealFire are within the realm of136

past boreal BBEs.137

The increase in BBEs in BorealFire occurs during the boreal fire season (May through138

September), and represents a 4-fold increase averaged over 2020–2060 relative to the139

CMIP6 forcing used for the same period (0.49 Tg C compared to 0.12 Tg C of BC; Fig-140

ure 1F). The resulting aerosol burdens are strongly amplified over the boreal region141

in summer in BorealFire (see Figure 2A-C for particular organic matter [POM], sulfate142

[SO4], and BC), while changes in other seasons are much smaller or insignificant (Fig-143

ures S3–S5). The difference between BorealFire and CESM2-LE not only highlights the144
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Fig. 1 | Evolution of observed, CMIP6, and BorealFire BBEs. (A) BC from BBEs
over 56°N–70°N in GFED (red), prescribed in CMIP6 experiments (blue), and prescribed
in our sensitivity experiment BorealFire (dashed blue). (B–C) As in (A), but for BBEs
globally and south of 56°N, respectively. (D) Observed zonal trends in BC BBEs over
1997–2023, calculated in 15°latitudinal bands. (E) Total BC from BBEs over 56°N–70°N
(red) differentiated between Eurasian (black) and North American BBEs (purple), with
1997–2022 and 1997–2023 trends shown by dots and associated values on the right
y-axis. (F) Monthly-mean BC from boreal BBEs over 1997–2015 (red), CMIP6 over 2020–
2060 (blue), and BorealFire over 2020–2060 (dashed blue). Observed (H) summer and
(G) year-round zonal-mean AOD difference between 2015–2023 and 2003–2014, and (I)
mean Arctic and boreal summer (JJA) AOD, 2003–2023.
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large increase in burdens where fires occur but also that those aerosols are advected145

downstream beyond the boreal BBE source regions (East Siberia and Canada), result-146

ing in enhanced aerosol optical depth during the summer north of 40 °N (Figure 2D-F).147

The simulated changes in summer AOD over the northern high latitudes are compara-148

ble to the observed recent increase in AOD associated with increasing boreal fires (cf149

Figure 1G-I).150

The increase in aerosol burdens in BorealFire results in slower warming rates over151

the high northern and mid latitudes and North Pacific and North Atlantic, which leads152

to a significant weakening of the global warming trend (Figure 3). The ensemble-mean153

global warming trend over 2015–2060 in BorealFire (0.32°C/decade) is weaker relative154

to CESM2-LE (0.37°C/decade), a reduction of 12%, and a statistically robust ensemble-155

mean cooling signal emerges by 2030. Over the Arctic (70°N–90°N), warming rates in156

BorealFire are 38 % weaker (0.49°C/decade) those in CESM2-LE (0.78°C/decade, Fig-157

ure 3B), and a statistically robust ensemble-mean cooling signal emerges by the early158

2020s. Arctic Amplification (defined as the ratio of Arctic to global warming trends) is159

reduced from 2.1 in CESM2-LE to 1.5 in BorealFire. Damped warming in BorealFire160

extends southward to about 40°N over Asia and North America, and further south over161

the north Pacific and North Atlantic. The temperature response over the North Pacific162

tends to be stronger than that over the North Atlantic. Over much of the Southern Hemi-163

sphere, where aerosol burdens are not affected by boreal BBEs, temperature trends in164

BorealFire are comparable to CESM2-LE trends (Figure 3C-E).165

Seasonally-distinct temperature trends emerge in BorealFire relative to the CESM2-166

LE (Figure 4A-D). During summer, the largest surface temperature trend differences167

are about 0.2–0.4°C/decade cooler in BorealFire relative to the CESM2-LE, located over168

the regions of the largest increase in prescribed BBEs and summer aerosol burden in-169

crease (i.e., Siberia and northern Canada) and in their vicinity over land (Figure 4C).170

During fall and winter, temperature trend differences are greatest over the Arctic Ocean171

(-0.5°C/decade in BorealFire relative to the CESM2-LE), while spring trend differences172

are similar in spatial pattern but weaker in amplitude than in other seasons. In the173

North Pacific, temperature trends are significantly more negative throughout the year.174
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Fig. 2 | Changes in aerosol distribution with increased future boreal fires.Difference
(BorealFire − CESM2-LE) in summer (JJA) column-integrated burden averaged over
2015–2060 for (A–C) BC, POM, and SO4. Zonally-averaged aerosol optical depth (AOD) in
(D) BorealFire, (E) CESM2-LE, and (F) the difference between the two. The dashed lines
indicate the boreal region (56°N–70°N). Regions where the difference is greater than the
CESM2-LE ensemble standard error are stippled.
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Fig. 3 | Future warming rates under increased future boreal fires. (A) Evolution of
global mean surface temperature in BorealFire (red) and CESM2-LE (black), with in-
dividual members shown as thin lines and the ensemble mean indicated by the thick
line. The BorealFire ensemble mean line is highlighted with a black border during years
when its difference with the CESM2-LE ensemble mean is greater than the CESM2-LE
ensemble standard error. (B) As in (A), but for Arctic temperature (70°N–90°N). Linear
temperature trend over 2015–2060 in °C per decade in (C) BorealFire, (D) CESM2-LE,
and (E) the difference between the two. Regions where the difference in trends is greater
than the CESM2-LE ensemble standard error are stippled.
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While temperature trends over most of the Southern Hemisphere are unaffected by the175

increase in boreal BBEs, there is a modest relative cooling signal in austral winter and176

spring (JJA and SON) in the Pacific sector of the Southern Ocean (Figure 4C,D). Aver-177

aged zonally, temperature differences are greatest near the surface over the Arctic in178

fall and winter whereas during summer the cooling is focused over 55°N–70°N and ex-179

tends upward into the troposphere more clearly than in other seasons (Figure 4E–H). In180

summer, the cooling in the high Arctic peaks around the top of the boundary layer (800–181

900 mb), and is more muted at the surface. The upper troposphere in the tropics and182

northern sub-tropics tends to cool especially in summer and fall (Figure 4G,H). These183

vertical temperature change patterns are likely a direct response to the aerosol forcing184

during summer and to the sea ice/sea-surface temperature change forcings31, which185

themselves are driven by the summer aerosol forcing. We discuss the processes behind186

these aerosol-climate interactions in more detail below.187

In addition to changes in global and regional warming patterns, we also find im-188

pacts on other key aspects of the climate system as a result of increased boreal fires.189

Precipitation decreases in the northern high latitudes, while tropical precipitation shifts190

southward (Figure 5A, B). The tropical changes are consistent with the hemispheric tem-191

perature differences in Figure 3 and a migration of the ITCZ away from the anomalously192

cooler hemisphere (i.e., southward)7. However, the changes in tropical precipitation, rel-193

ative to its mean state, are basin-dependent. In the Indian Ocean, there is a southward194

shift of the ITCZ, whereas in the Pacfic, the ITCZ narrows, while the South West Pacific195

ITCZ strengthens and expands eastward. In the Atlantic, the ITCZ weakens, but shows196

no increase to the south. In the northern high latitudes, precipitation decreases, which197

is consistent with the relatively cooler Arctic temperatures in BorealFire (a warmer Arc-198

tic is a wetter Arctic32,33). In addition, summer precipitation decreases in the regions199

of enhanced boreal BBEs over Siberia and Canada (Figure S6). In the Arctic, sea ice200

loss is strongly impacted by the increase in prescribed future BBEs. In BorealFire, the201

mean Arctic sea ice extent recovers between 2015 and 2025 and declines over 2025–202

2060 at a slower pace relative to the CESM2-LE (Figure 5C). The September sea ice203

cover (the month of the annual minimum), which is mostly lost in CESM2-LE by 2050,204
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Fig. 4 | Seasonal and vertical distribution of temperature changes. Differences in
(A–D) seasonal surface temperature trends and (E–H) seasonal zonal-mean temperature
trends between Boreal Fire and the CESM2-LE over 2015–2060 in °C per decade.
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is more resilient in BorealFire, with a sea ice extent of 2 million km2 remaining by 2060205

(Figure 5D). Changes in atmospheric circulation in the middle and high latitudes, as re-206

flected by changes in mean sea level pressure (SLP), are mostly insignificant (Figure S7),207

with the exception of slightly higher SLP over the Arctic Ocean in BorealFire during the208

cold season, reflecting a known circulation response in CESM2 to colder Arctic surface209

temperatures and greater sea ice coverage in BorealFire34.210

Why do enhanced boreal BB emissions lead to weaker Northern Hemisphere warm-211

ing? In Figure 6, we show the summer zonal mean differences in aerosol concentration212

number and cloud optical depth between BorealFire and CESM2-LE, and the annual-213

mean differences in cloud droplet number, low cloud cover, and surface net shortwave214

flux (seasonal differences for these variables are shown in Figures S8–S10). During215

summer (JJA), aerosol concentration number in BorealFire is significantly larger over216

the boreal region, with the maximum difference found near the surface between 60°N–217

70°N, while over the Arctic the difference between both ensembles peaks at around 850218

hPa (Figure 6A). The changes in cloud optical depth (Figure 6B) and cloud droplet num-219

ber (Figure S8) mirror those in aerosol concentration number, with more optically thick220

clouds and higher cloud droplet numbers in BorealFire in summer over the boreal re-221

gion, the Arctic, and the northeast Pacific and Atlantic. In addition, low cloud fraction222

increases, especially over the northeast Pacific and Atlantic (Figure S7). During the other223

seasons, differences are much smaller, with the increase more limited to the boreal re-224

gion. As a result of these aerosol-cloud interactions, annual-mean net shortwave fluxes225

at the surface are reduced over the high northern latitudes and over the North Pacific226

and North Atlantic. The annual-mean shortwave flux differences result mainly from227

summer differences (Figure S8) that are driven by increased cloud optical depth and in228

some regions by increased low cloud cover (especially over the Pacific and Atlantic). In229

contrast, the annual-mean low cloud cover over the Arctic Ocean decreases, but this230

change is driven by the cold season changes (Figure S7). During summer, Arctic low231

cloud cover is unchanged in BorealFire relative to CESM2-LE, which has a summer low232

cloud climatology close to full coverage. The summer increase in cloud optical depth233

at around 850 mb over the Arctic Ocean (Figure 6B) and corresponding cooling at this234
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Fig. 5 | Impact on precipitation and Arctic sea ice. (A) Mean annual precipitation
difference over 2015–2060 in m/yr between BorealFire and CESM2-LE, with gray con-
tours showing the 2015–2060 climatology in CESM2-LE, and (B) zonal-mean difference.
(C) Annual mean and (D) September sea ice extent in BorealFire (red) and CESM2-LE
(black), with individual members shown as thin lines and the ensemble mean indicated
by the bold line. The BorealFire ensemble mean line is highlighted with a black border
during years when its difference with the CESM2-LE ensemble mean is greater than the
CESM2-LE ensemble standard error.
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Fig. 6 | Impact on aerosols, clouds and radiation. Summer (JJA) zonal-mean differ-
ences in (A) aerosol concentration number and (B) cloud optical depth, and annual-mean
differences in (C) cloud droplet number, (D) low cloud fraction and (E) net shortwave flux
at the surface (FSNS), between BorealFire and CESM2-LE over 2015–2060.

elevation during summer (Figure 4B) lead to an increase in summer snowfall relative to235

CESM2-LE (not shown) which, together with the greater sea ice extent discussed above236

(Figure 5B), increases the surface albedo over sea ice (Figure S9), thereby reducing net237

surface shortwave fluxes.238

Discussion239

Boreal biomass burning emissions have shown a significant increase over the last decade,240

from an average of 0.10 Tg C/yr of BC over 1997–2014 to 0.26 Tg C/yr of BC over 2015–241
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2023. Recent years have recorded increasingly extreme values, with 0.28 Tg C/yr in242

2019, 0.45 Tg C/yr in 2021, and 0.68 Tg C/yr in 2023. The increase in observed bo-243

real BBEs result from an increase in emissions from Siberia and Canada, which have244

been attributed to significant summer warming, spring snow loss, summer sea ice loss,245

increases in vapor pressure deficit, and convective atmospheric patterns that enhance246

ignition5,23,25,26. This observed increase in boreal BBEs is not replicated by the forcing247

emissions scenario used in CMIP6, which use a near-zero trend over 2015–2100 based248

on a pre-2015 observed climatology.249

Projected summer warming, declining spring snow cover, and permafrost thaw in250

coming decades will likely lead to a continued increase of boreal BBEs25,26,35, and thus251

the divergence between observed boreal BBEs and those prescribed in 21st century252

CMIP6 runs is likely to remain in the near future. Given the importance of BBEs to global253

and Arctic climate8,9,18,19, we assessed the impact of increased BBEs over 2015–2060 in254

CESM2 by forcing the model with new boreal emissions based on observations and their255

linear extrapolation. We found a significant impact on global climate, with increased bo-256

real BBEs leading to damped global warming (0.32°C/decade versus 0.37°C/decade in257

CESM2-LE) and Arctic warming (0.49 °C/decade versus 0.78 °C/decade in CESM2-LE),258

a decline in the rate of Arctic sea ice loss, and a southward shift in tropical precipitation.259

These climate impacts result from the increase in aerosol concentration number, which260

results in larger cloud droplet number, cloud optical depth, and reduced shortwave flux261

at the surface over the mid and high northern latitudes over land and over the North262

Pacific and North Atlantic. These spatial patterns are similar to those found in response263

to historical BBE variability over 1997–2014 in CESM29.264

While the aerosol burden differences and their cloud and radiation impacts are great-265

est in the summer (because of the increase in boreal BBEs during the summer fire266

season), the temperature response is greatest over the Arctic in fall and winter. This267

asynchronous timing in the response relative to the radiative forcing anomaly associated268

with BBEs is consistent with the seasonal modulation of Arctic Amplification36; Arctic269

summer surface temperatures are constrained to the freezing point over the melting sea270

ice surface, attenuating summer surface temperature change, yet sea ice melt is re-271
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duced due to the smaller shortwave flux. The larger and thicker sea ice cover persists272

into fall and winter37, leading to cooler surface temperature as the thicker sea ice cover273

insulates the atmosphere from ocean heat. While surface temperature impacts over the274

tropics and Southern Hemisphere are not significant, tropical precipitation is impacted,275

shifting slightly south in BorealFire relative to the CESM2-LE. This shift illustrates a276

southward shift of the ITCZ, a known response to hemispheric differences in tempera-277

ture gradients related to high latitude ice cover changes7, and similar to the response in278

precipitation to historical BBEs variability in CESM219.279

The results shown here highlight the importance in assessing the impact of realistic280

boreal BBEs on current state-of-the-art GCMs, as well as the need to improve our under-281

standing of trends in boreal forest fires and the physical processes that determine the im-282

pact of boreal BBE aerosols on climate18,38. Further work should also explore feedbacks283

between change in land type after fires (which are kept constant in our experiments) and284

the overall climate response to fire aerosol emissions, as fires affect surface albedo, en-285

ergy and water fluxes and local surface temperature responses39,40. Our results showing286

the impact of increasing boreal fires on Arctic climate may be a contributing factor to the287

recent slowdown in Arctic amplification41, and imply that if global and Arctic warming288

trends are weakened by increasing boreal BBEs, any posterior reduction in future boreal289

BBEs, as a consequence of forest management or the negative fuel-availabilty feedback,290

may in turn contribute to a posterior acceleration of global and Arctic warming. Given291

the divergence in observed and prescribed boreal BBEs, and their simulated impact on292

climate, we strongly argue that CMIP7 model simulations should consider projections of293

increased boreal BBEs in future 21st century simulations.294

Methods295

For the timeseries analysis in Figures 1 and S1, we show BC from BBE emissions as a296

proxy for total BBEs, which over boreal and temperate forest are estimated as a fixed297

factor of total dry matter burned15, and note that all other prescribed BB emissions298

(dimethyl sulfide, primary organic matter, sulfur dioxide, sulfate aerosols, and secondary299

organic aerosols), when normalized, follow the same time evolution as BC (Figure S1).300
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To inspect trends in observed boreal BBEs, we use the Global Fire Emission Database301

version 4 (GFED4s)42,43 over 1997–2023. To inspect trends in observed aerosol optical302

depth, we use the AOD 550 Dark Target Deep Blue Combined Mean, available from NASA303

MODIS/Aqua Aerosol Cloud Water Vapor Ozone Monthly level 3 Global product over304

2003–2023. We assess the climate impact of increasing boreal BBEs with the CESM2305

model44. We run a new set of simulations (hereafter named BorealFire) over 2015–2060,306

branched off from existing CESM2 CMIP6 and CESM2-Large Ensemble (CESM2-LE)45
307

members in 2015. These sensitivity experiments are forced with the CMIP6 Shared308

Socioeconomic Pathway 370 (SSP3-7.0, representing the medium to high end of the309

range of plausible future forcing pathways) scenario emissions except for boreal BBEs310

which are taken from GFED4s values over 2016–2023 and follow an extrapolation of the311

observed 1997–2023 linear trend for the period 2023–2060 for each grid cell and each312

month. For the 21st century simulations, the standard CESM2 model prescribes BBEs313

at decadal timesteps (2020, 2030, 2040, etc.) and linearly interpolates between them. To314

capture the large observed values over 2019–2023, we use the GFED4s BBEs averaged315

over 2019–2023 for the first prescribed timestep (2020) in our sensitivity experiments316

BorealFire. For the 2030–2060 timesteps, we prescribe new boreal BBEs by calculating317

the linear trend of observed boreal BBEs over 1997–2023 at each grid cell and month and318

extrapolate these trends over 2030–2060. While prior studies examining the influence319

of summer temperature increase and boreal fire found an exponential dependence on320

temperature25, we utilize a linear increase as a conservative assumption under which321

boreal emissions remain below observed 2023 annual values until the late 2050s. If322

the linear extrapolation for a grid cell and month beyond 2023 reaches values below323

zero, prescribed boreal BBEs in that grid cell and month are set to zero beyond that324

year – this occurs very seldom and does not impact significantly the overall increase325

in boreal BBEs in the ramped simulations. Another consequence of the methodology326

is that future emissions are only prescribed in months and locations with a history of327

emissions during 1997–2023, which may be a conservative approach (it is possible that328

future boreal fires may expand, both in seasonality and locations, beyond those observed329

over 1997–2023). BBEs outside the boreal region are unchanged from CMIP6 forcing and330
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the model physics are identical to CESM2. We focus our analysis through only 2060, so331

that even if feedbacks such as the fuel availability negative feedback limit an increase in332

fire, the prescribed BBEs are precedented. The BBE species that are modified are the333

same as in past biomass burning senstitivity experiments with CESM29,18. We run an334

ensemble of 9 members (see Table S1 for details on initial conditions). For comparison335

to CESM2-LE, we use members 51-100 from the 100-member CESM2-LE, which use a336

smoothed version of the CMIP6 biomass burning protocol (11-year running means) that337

is more comparable to the treatment of CMIP6 BMB emissions used before 1997 and338

after 2014, and thus more directly comparable to the BorealFire ensemble. Conclusions339

however are unchanged if using CESM2-LE members 1-50 (not shown).340
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Table 1: Summary of BorealFire model simulations.

Run ID Initial conditions IC experiment forcing, years

BorealFire01 b.e21.BHIST.f09 g17.CMIP6-
historical.001

CMIP6 CMIP6, 2015-
2060

BorealFire02 b.e21.BHIST.f09 g17.CMIP6-
historical.002

CMIP6 CMIP6, 2015-
2060

BorealFire03 b.e21.BHISTcmip6.f09 g17.LE2-
1001.001

CESM2-LE CMIP6, 2015-
2060

BorealFire04 b.e21.BHISTcmip6.f09 g17.LE2-
1231.001

CESM2-LE CMIP6, 2015-
2060

BorealFire05 b.e21.BHISTcmip6.f09 g17.LE2-
1251.001

CESM2-LE CMIP6, 2015-
2060

BorealFire06 b.e21.BHISTcmip6.f09 g17.LE2-
1281.001

CESM2-LE CMIP6, 2015-
2060

BorealFire07 b.e21.BHISTsmbb.f09 g17.LE2-
1011.001

CESM2-LE CMIP6, 2015-
2060

BorealFire08 b.e21.BHISTsmbb.f09 g17.LE2-
1231.011

CESM2-LE CMIP6, 2015-
2060

BorealFire09 b.e21.BHISTsmbb.f09 g17.LE2-
1251.011

CESM2-LE CMIP6, 2015-
2060
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Supplementary Fig. 1 | (A) Global (black) and boreal (red) (56°N–70°N) BC from BBEs in
GFED4s and (B) their ratio. (C) Boreal BBEs of total dry matter (/1000, black), BC (red),
SO2 (green), POM (/10, blue), and (D) as in (C), for global BBEs.
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Supplementary Fig. 2 | Mean spatial boreal BC from BBEs in kg/m2 over 2020–2060 in
(A) CMIP6 forcing and (B) BorealFire.

Supplementary Fig. 3 | Mean seasonal primary organic matter (POM) burden in Boreal-
Fire (top row), CESM2-LE (middle row), and the difference between the two (bottom row).
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Supplementary Fig. 4 | As for Supplementary Fig. 3, but for BC burden.
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Supplementary Fig. 5 | As for Supplementary Fig. 3, but for aerosol optical depth
(AOD).
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Supplementary Fig. 6 | Seasonal changes in precipitation between BorealFire and
CESM2-LE.

30



Supplementary Fig. 7 | As for Supplementary Fig. 5, but for sea-level pressure.
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Supplementary Fig. 8 | As for Supplementary Fig. 5, but for cloud droplet number.
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Supplementary Fig. 9 | As for Supplementary Fig. 5, but for low cloud cover.
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Supplementary Fig. 10 | As for Supplementary Fig. 5, but for net surface shortwave
flux (FSNS).
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Supplementary Fig. 11 | As for Supplementary Fig. 5, but for surface albedo.
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