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In the late spring to summer season of 2023, Canada witnessed unprecedented wildfires,
with an extensive burning area and smoke spreading as far as the East Coast of the United
States and Europe. Here, using multisource data analysis and climate model simulations,
we show that an abnormally warm North Adlantic, as well as an abnormally low Barents
Sea ice concentration (SIC), are likely key climate drivers of this Canadian fire season,
contributing to ~80% of the fire weather anomaly over Canada from June to August
2023. Specifically, the warm North Adantic forms an anomalous regional zonal cell with
ascending air over the Atlantic and descending air encircling Canada, creating hot and
dry local conditions. Meanwhile, reduced Barents SIC leads to a high-pressure center
and reinforces the dry northern winds in Canada through Rossby wave dynamics. These
exacerbated dry and hot conditions create a favorable environment for the ignition and
spread of fires, thus contributing to the prolonged and extreme fire season in Canada.
These teleconnections can extend to decadal scales and have important implications for
understanding and predicting decadal fire activity in Canada and the surrounding regions.
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Wildfires serve as pivotal natural disturbance agents, exerting profound effects on bioge-
ochemical cycles, ecosystem structures, and hydrological dynamics in various ecological
system (1). Canada, renowned for its extensive forest coverage and diverse array of tree
species, has experienced substantial wildfire occurrences resulting from both human activ-
ities and lightning strikes (2, 3). This region has witnessed a notable increase in fires of
both natural and anthropogenic origins in boreal spring and autumn, with the most
catastrophic wildfire season on record observed in late spring to summer in 2023. As of
the end of 2023, the cumulative land area devastated by wildfires in Canada has exceeded
seven times the annual average and double the previous maximum in 1989 (4), emitting
more than doubled Canada’s planned cumulative anthropogenic emissions reductions in
10y (4, 5). Moreover, the smoke associated with the burning has traveled as far as Eastern
United States or even Europe, exerting serious impact on the ecosystems, public health,
and biological communities globally (5). Additionally, there are indications that certain
regions of Canada have witnessed an increase in area burned, the number of fires, seasonal
fire severity, extreme weather events, and fire season durations in recent decades (4-8).
Against the backdrop of climate change and other anthropogenic influences on forests
and fire regimes, wildfires in Canada have become a major climate and environmental
concern (9-11). Therefore, it is essential to understand the underlying mechanisms that
contribute to these fires, especially those associated with climate variability.

Wildfires are mainly triggered by abnormal weather conditions, especially droughts and
heatwaves (8). These extreme weather events are caused by a combination of factors including
ocean circulation patterns, positive geopotential height anomalies, and climate change. The
above factors interact both spatially and temporally to increase fuel flammability, which in
turn affects Canada’s fire activity indirectly (12). Similarly, the unprecedented burning season
of 2023 in Canada is also believed to be associated with abnormal weather conditions,
including high temperatures, low precipitation, and stronger northerly winds. These con-
ditions are formed through a complicated interaction between remote forcing and local
processes (5). While global warming increases the likelihood of these extreme events (13-15),
the particular climate variability that causes the abnormally high fire-prone weather condi-
tions in the late spring to summer season of 2023 in Canada remains unclear.

Canadian weather can be influenced by both local and remote climate variability. In
particular, ocean variability, such as those of North Atlantic, the Arctic, and Pacific (16-19),
can remarkably impact Canadian climate through atmospheric teleconnection mechanisms.
For example, statistical analyses have also presented compelling evidence on the role of
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warmer North Adantic in shaping hotter summer of Canada (18).
Meanwhile, diminished Arctic sea ice concentration (SIC) has sub-
stantially impacted the regional climate of Canada, with the preced-
ing decrease in sea ice in the Arctic being associated with intensified
droughts and heatwaves during summer (17, 19). This teleconnec-
tion is maintained by wave-train structures, which are persistent
from spring to summer. Previous studies have also identified the
significant role of the positive phase of El Nifio Southern Oscillation
and Pacific Decadal Oscillation on intensifying Canadian fire activ-
ities of the following year by modulating the strength and position
of western Canadian continental ridge (17). However, the extreme
fire season in 2023 is unlikely to be related to the El Nifio climate
pattern because its effects are not expected to manifest in the sum-
mertime (20).

Having said the above, it is of great importance to investigate
and clarify the key climate variability that drives the abnormal
weather conditions and extreme fire events in Canada this year. In
this study, we focus on ocean variability and identify the North
Adantic and Arctic as the major drivers of the abnormal summer
2023 climate conditions that favor the ignition and spread of wild-
fires in Canada. We have designed a comprehensive approach that
includes multisource data analysis and climate model simulations
to reveal the underlying mechanisms connecting this remote vari-
ability with Canadian fire weather. This research is of great impor-
tance for improving the fire near-term prediction ability and
adaption and prevention ability to fire of the local government. We
further anticipate that our findings will advance our knowledge
about the variables influencing fire weather conditions in Canada,
thereby improving wildfire modeling and forecasting efforts.

Results

Canadian Fire and Climate Anomalies in the Summer Season of
2023. Multiple fire proxy datasets, including the fire weather index
(FWI) (21, 22), and satellite retrieved fire radiative power (FRP)
(23), and fire count (FC) (23) were considered to comprehensively
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describe the intensity of fires in Canada. Specifically, FWI serves as a
rating system that quantifies the atmospheric conditions conducive
to fire ignition and spread taking meteorological elements into
consideration (24). A higher FWT value suggests more favorable
weather conditions for the occurrence of wildfires (25). FRP, FC,
and BA products are indices assessing the intensity, occurrence
number, and the spatial extent of fires (21, 26, 27), respectively.

Different fire proxies consistently show significant increases up
to ~150% over Canada in summer 2023 compared to climatology
(Fig. 1 A-C), especially over northern and northeastern parts.
These areas, characterized by dense vegetation with high normal-
ized difference vegetation index (NDVI), are susceptible to fre-
quent ignition and fire propagation (28, 29). The FW1I (Fig. 1A4)
exhibits the most notable positive anomaly, ranging from 1.5 to
2 times the climatological average. FC and FRP also both increased
by 100 to 200%, with similar spatial distribution of the anomalies
to that of FWI (Fig. 1 Band C).

The extreme burning emitted higher than normal smoke aero-
sols, including black carbon, organic carbon, and carbon monox-
ide (Fig. 1 D—F), analyzed by MERRA-2 reanalysis datasets. The
distribution of these acrosol and gases are more uniform due to
the atmospheric transport and mixing, with two major hotspots
in western and eastern Canada respectively, but extends to eastern
United States and north Atlantic. It is noted that the black carbon
and organic carbon mass density applied in this study is through-
out the atmospheric column and it captures the plumes for the
Canadian fire peak events. Similar smoke transport patterns of
this fire season are widely recognized in previous studies (30, 31).
It is also noted that there are some differences between the distri-
bution of pollutants and FWI distribution, as pollutants also
depend on the content, type, and structure of combustibles (20).

Examination of climate variables further indicates that Canada
experienced an abnormal weather condition that is conducive to
fires. This includes the occurrence of higher than normal surface
temperatures, reduced precipitation, local high-pressure systems,
and intensified northward winds (Fig. 1 G-1), which promote fire
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Fig. 1. Fire activity percentage anomaly in Canada in JJA in 2023 using multiple fire proxies, expressed as the ratio of the anomaly with respect to climatological
mean calculated for the 1980-2019 period (2003-2020 period for FRP and FC due to the limited time span of satellite data). (A) FWI, (B) Fire radiative power (FRP),
(C) FC, (D) BCCMASS density, (F) OCCMASS density, (F) COSC, (G) T2M, (H) Total precipitation (TP), and (/) Sea level pressure (SLP) + 10 m zonal and meridional
wind (UV10) in JJA. The region containing white (black for FRP and FC) dots passes the Student's ¢ test significance test with P < 0.1. The black dashed boxes

correspond to main fire regions.
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activity by reducing the moisture content of vegetation (fuels),
increasing evaporation, and reducing vegetation transpiration (31).
As a result, the exacerbation of these conditions not only amplifies
the ignition of local fires but also facilitates the southward trans-
portation of pollutants, thereby leading to adverse effects on ecol-
ogy, human health, and the environment.

Teleconnection Linking Canadian Fire Weather with North
Atlantic SST and Barents SIC. Considering the climatological peak
season of fires and FWI in Canada (averaged between 140°W to
60°W and 50°N to 65°N) is the boreal summer (June, July, August,
JJA), our main focus is on JJA fire activities (S/ Appendix, Figs. S1
and S2). An examination using multiple reanalysis datasets reveals a
robust correlation between JJA Canada FWI and JJA North Atlantic
Sea Surface Temperature (SST) (30°N to 60°N, 60°W to 0°) as
well as Barents SIC (SIC, defined as the area fraction) (72°N to
85°N, 0° to 70°E) in the leading months (May, June, and July, MJ])
(Fig. 2 A and B and SI Appendix, Figs. S3 D—I and S4 D-I). The
delayed relationship between Barents SIC and Canada FWI can
be attributed to the cumulative impact of the ice-albedo feedback
and the duration required for atmospheric teleconnection, similar
to the lagged relationship documented in the previous study (21).
Positive changes in the North Atlantic are correlated with positive
changes in the FWI in Eastern Canada, with a correlation as high
as 0.6. On the other hand, decreases in Barents SIC are associated
with positive anomalies in the FWI, particularly in central and

northern Canada. Notably, the region with the most significant
response is consistent with the fire anomaly and climatological
range, further verifying the significant impact of SST and SIC on
the 2023 fire event (Figs. 1 and 2 A and Band SI Appendix, Fig. S2).
Because the correlation coefficient between detrended Barents SIC
and North Atlantic SST is around -0.07 with a P-value of 0.62,
these two variables can be considered independent, and thus their
explained variances can be added. Historically, the combined
variability of these two oceanic factors accounts for approximately
40% of the FWI variance (calculated by summing the squared
correlation coefficients) across Canada on average, and over 60%
in northwestern and eastern Canada (Fig. 2C). Similar correlation
patterns are noted for FC and BA (S Appendix, Fig. S5), confirming
the teleconnection between Canadian fires and ocean variability,
although the correlation patterns appear with a higher level of noise
due to the inaccurate retrieval methods and limitations of clear-sky
conditions in these two datasets (32, 33).

As correlation does not necessarily indicate causality, the phys-
ical relationship between Canadian fires and ocean variability is
further verified through climate model simulations, i.e., Ocean
Basin Experiments (OBEs; Methods). These simulations are carried
out with the observed SST and SIC variability in the targeted
ocean basin, while the SST and SIC in other ocean basins are
maintained as seasonally varying climatology (Methods).

The response of the FWI to positive forcing of Atlantic SST is
even stronger in the model simulations compared to the reanalysis

A North Atlantic (Reanalysis) D North Atlantic (OBE) G North Atlantic (FWI percentage anomaly)
70°N 70°N 70°N
65°N 65°N 65°N
60°N 60°N 60°N
55°N 55°N 55°N
50°N 50°N R 50°N
o et N AN ° s
°N M 45N ; oy an] ; .
45N Z20°W 120°W 100°W  BO°W  60°W 140°W 120°W 100°W 80°W 60°W A5°NTI40°W 120°W 100°W  80°W  60°W
B Barents Sea (Reanalysis) E Barents Sea (OBE) H Barents Sea (FWI percentage anomaly)
70°N 70°NF 70°N
65°N 65°N 65°N
N o
° 55°N
55°N
50°N 50°N
: B oS A fis 50°N
45°N 5 o YV T ¥ 45°N s . SYYRYO o 9
140°W 120°W 100°W 80°W  60°W 140°W 120°W 100°W 80°W 60°W 45°N -
140°W 120°W 100°W  80°W 60 W
C Sum (ReanaIyS|s) F Sum (OBE) | Sum (FWI percentage anomaly)
70°N —y 70°N “ 70°N
65°N | 65°N 65°N
60°N P ggo: 60°N
55°N N 55°N
SN LT 45°N > 50°N
45°N —7 s s W 80°W - B0° 140°W 120°W 100°W 80°W 60°W o SN
140°W 120°W 1oow 80°W  60°W 45°N 5o 120°W 100°W  BOSW BO°W
-:I i . ] _ Coeff|c|ent (un]ﬂess) -: A -
06 -04 -02 0 02 04 . -200 -100 0 100 200

-60 -40 -20 0 20 40 60

Variance (%)

Percentage anomaly (%)

Fig. 2. Teleconnection pattern represented by correlation and explained variance between Canadian FWI and North Atlantic SST/Barents SIC variability with
FWI percentage anomaly caused by North Atlantic SST/Barents SIC anomaly in 2023. (A) The distribution of correlation coefficients between JJA Canada FWI
and JJA North Atlantic SST in ERA-5 reanalysis dataset. (B) Similar to (A), but for MJJ Barents SIC. (C) Total explained variance [calculated by the sum of squared
correlation coefficients, that is (a)? + (b)*] explained by North Atlantic SST and Barents SIC variability on FWI in the reanalysis dataset. (D-F) Similar to (A-C), but
for the OBE. (G) FWI percentage anomaly caused by 2023 North Atlantic JJA SST anomaly calculated by OBE (Methods). (H) Similar to (G), but for M]J Barents SIC.
(/) Similar to g, but for the total FWI percentage anomaly of JJA North Atlantic SST and MJ) Barents SIC. The correlation coefficients in (B) and (E) are multiplied by
-1 to indicate the Barents SIC reduction. Before the correlation coefficients are determined, all of the time series were detrended. The region containing white
dots passes the Student’s t test significance test with P < 0.1. The black dashed boxes correspond to main fire regions.
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data. Significant positive anomalies extend throughout Canada,
with the strongest signals in the central to western parts (Fig. 2 A
and D). The reduced Barents SIC leads to significant increases in
the FW1, particularly in central and northern Canada (Fig. 2E),
which agrees qualitatively with the reanalysis results. The total
variance of the FWT explained by the variability in the Atlantic
and Barents Seas in the OBE reaches approximately 40% across
most parts of Canada, highlighting the significant role of these
two ocean basins in shaping Canadian weather and fire activities.
In contrast, the FWTI responses to other oceanic variabilities con-
sidered in the OBE are notably weak and insignificant (S Appendix,
Fig. S6 A-E), suggesting their negligible contribution to driving
Canadian fire anomalies (SI Appendix, Fig. S6F).

We further focus on the 2023 summer burning season and
examine the FW1 responses to the observed Atlantic SST (JJA) and
Barents SIC (M]]). Remarkably, the geographic pattern of Atlantic
SST and Barents SIC forced FWI anomalies coincides with the
unprecedented wildfire anomaly witnessed during the 2023 burn-
ing season (Figs. 14—Cand 3A4). This year also witnessed an unprec-
edentedly high JJA North Adantic SST and anomalously low MJ]
Barents SIC (Fig. 3 Band C). Global warming has also been iden-
tified as a driver of increased frequency, intensity, and duration of
extreme wildfire events (34-36). For the specific event in 2023,
global warming is unlikely to play the major role, since the great
contributions of North Atlantic SST and Barents SIC are verified
through detrended time series analysis and OBE simulations.
Moreover, the Atlantic warming in summer 2023 is much higher
than its linear trend, with SST anomalies close to 1 K, far higher
than other years even after detrending (Fig. 3E). Similarly, Barents
SIC reduction in this year is also much lower than its linear trend,
with SIC anomalies around 10% (Fig. 3F). Therefore, the extreme
fire event of this year should be mainly attributed to the abnormal
Adlantic warming and the abnormally low Barents SIC, rather than
general warming trend. It should also be noted that the entire
North Adantic is anomalously warm, especially in the northwestern
part near Canada (Fig. 3G). Using the observed Adantic SST and
Barents SIC as the combined forcing field, the climate model

simulated an increase in FWI of up to 100% in most parts of
Canada (Fig. 2/). Simulations with individual forcing indicate that
North Atlantic SST and Barents SIC result in 76% and 39%
increases in FWI (Fig. 2 G and H), which account for approxi-
mately 52% and 27% of the observed 2023 FWI anomalies
(Figs. 1A and 2 G and H), respectively. The simulated FWI anom-
aly pattern is also largely consistent with that observed (Figs. 14
and 2/), which highlights western and northern Canada as the
main burning areas with hotspots. Overall, the FWTI anomaly pat-
tern simulated by the North Adlantic and Barents Sea forcings can
together explain ~80% of the observed FW1 anomalies throughout
Canada (Figs. 14 and 21). Because both the fire proxies and the
ocean variability time series have undergone detrending, these cor-
relations are robust and independent of the global warming back-
ground. Furthermore, there is no direct evidence to suggest that
the 2023 fire was directly caused by global warming up to now
(37, 38), and this topic is beyond the scope of this study and needs
further investigation.

The above teleconnection between Canadian fire and ocean
variability is realized through the modification of meteorological
conditions by remote oceans, which is further examined here using
reanalysis datasets, along with Atmospheric Model Intercomparison
Project (AMIP) and OBE simulations. Both ERA-5 and OBE
results indicate that warming anomalies in the North Atlantic
correspond to higher temperatures (T2M, SI Appendix, Fig. S7 A
and B), lower precipitation (TP, ST Appendix, Fig. S7 Band F), and
a high-pressure system (SLP changes, S Appendix, Fig. S7 E and G)
over most parts of Canada, although a slight spatial shift is
observed for simulated temperature changes. The pressure changes
are further associated with stronger northerly winds, especially in
the eastern part. Meanwhile, similar meteorological anomalies but
with weaker magnitudes are observed for negative Barents SIC
forcing (SI Appendix, Fig. S7 I-Kand M-0). The North Atlantic
SST and Barents SIC forced changes combined create hot and
dry conditions in Canada that are prone to fires, with the stronger
northerly winds promoting smoke transport to the United States.
Indeed, the spatial pattern of FWI anomalies (S/Appendix,

Original Detrended North Atlantic SSTA
A D
g il m
= = . H Lol L
: all Hmhum”, s of! ML o
It e
Z . g
i | SO L EY L L
2 (P B 5 5 FRP B ® 1980 1985 1990 1995 2000 2005 2010 2015 2020
T g0 1985 1990 1995 2000 2005 2010 2015 2020 .
B ' f I Hadley SST NOAA V4 SST [l ICOADS SST E ' FHedley SST NOAA V4 SST Il ICOADS SST‘
1 I Cobe SST  IMINOAA V5 SST Il NOAA Ol SST! H 1 I Cobe SST IMNOAA V5 SST Il NOAA OI SST
o osb 9 os 2 0 2
: il 2 L | ~
* ™ Al ||| Moy mnlwlﬂ L o ik : 0JﬁﬁnﬂﬂmJMlmmllen.Jhummuﬂ by Py H  Arcticsica
05 - -0'5 AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
1980 1985 1990 1995 2000 2005 2010 2015 2020 1980 1985 1990 1995 2000 2005 2010 2015 2020
C | F o
= 0;1M “‘“ L“ U-IW‘I'J g lm u i ul “ = Iui .J.u,l Ll LHH Il iJ liu LII ii L Il “I,I'
AN T!I ”! g I 'vnl Iy ” |'
£ on £ 01
3 02! S 4
w (B Hadley SIC NI Cobe SIC EEBINOAA O SIC EEBINSIDC SIC a  [madiey SIC W Cobe SIC BEMINOAA OI SIC EEBINSIDC SIC] e
O 0 1985 1990 1995 2000 2005 2010 2015 2020 1980 1985 1990 1995 2000 2005 2010 2015 2020 BT U (unitless)
Year -04 -02 0 0.2 0.4

Year

Fig. 3. (A-F) Annual mean of Canada fire activity proxies, North Atlantic SST, and Barents SIC. Bar charts of annual mean. (A) Standardized and 5-y moving average
JJAfire activity proxies, (B) JJA North Atlantic SST anomaly (SSTA), and (C) MJJ Barents SIC anomaly (SICA) from 1980 to 2023 from different reanalysis datasets before
detrending. (D-E) Similar to (A-F), but for the time series after detrending. FWI: FWI, BA: burned area, FRP: FRP, and FC: FC. The light gray rectangle represents
the situation in 2023. (G) North Atlantic SST anomaly (SSTA) in JJA of 2023, and (H) Arctic SIC anomaly (SIC) in MJJ of 2023. The range of the black dashed box is

the location of the North Atlantic in (G) and the Barents Sea in (H).
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Fig. S7 D, H, I, and P) caused by the above meteorological changes
estimated by the random forest model (Methods) agrees well with
that of observation (Fig. 2 A, B, D, and E). The teleconnection
patterns between Canadian meteorological variables, as well as
FWTI and North Adantic SST/Barents SIC, are further supported
by NCEP, MERRA-2 reanalysis datasets, and AMIP simulations
(SI Appendix, Figs. S3 and S$4).

In summary, a strong link has been identified between a tele-
connection pattern that causes an increase in North Atlantic SST
and/or a decrease in Barents SIC, and heightened wildfire activity
in Canada. This teleconnection pattern modifies local weather
conditions, leading to the extreme fire events. The combination
of these two oceanic variations has the potential to account for up
to 80% of the increased FWI in Canada during the summer of
2023, suggesting that they are the primary climate drivers behind
this extreme event.

Physical Processes Underlying the Atlantic SST (Barents SIC)-
Canadian Fire Teleconnection. In order to gain insights into
the underlying mechanisms linking changes in North Atlantic
SST and Barents SIC to fire weather in Canada, we examine
the responses of atmospheric circulation patterns represented
by the 500 hPa geopotential height (GPH500), 500 hPa zonal
and meridional wind (U500 and V500), as well as vertical cross-
sections of geopotential height (GPH) and vertical velocity in both
reanalysis and OBE results (Fig. 4).

The elevated SST in the North Atlantic induces an increase in
the temperature of the overlying air mass, leading to the formation

B

of a local low-pressure system in the lower troposphere (Fig. 4 A
and B). This atmospheric response triggers vertical uplift and
divergence in the upper troposphere, resulting in high-pressure
anomalies at 500 hPa (Fig. 4 C and D). The changes in surface
pressure patterns then form an anomalous zonal circulation cell,
which is distinguished by the presence of a high-pressure center
at 500 hPa and descending motions from 200 hPa to near the
surface above Canada (Fig. 4 C and D). Associated with this
high-pressure center, north and northeast winds prevail on the
southern side of the circulation cell (S7 Appendix, Fig. S8 C and
G). Meanwhile, the descending airflows undergo adiabatic heat-
ing, leading to increased temperature and dryness over most of
Canada. The prevailing wind patterns also result in reduced mois-
ture transport to Canada, exacerbating the arid conditions there
and enhancing southward smoke transport.

On the other hand, the decrease in MJ] Barents SIC induces a
pronounced warming effect in the Barents Sea, primarily driven
by the ice-albedo feedback mechanism. This temperature increase,
in turn, influences the thermal properties of the overlying atmos-
phere, leading to the formation of a localized low-pressure system
in the upper troposphere (Fig. 4 E and F). The resulting signal
acts as a source for the generation of Rossby waves and their sub-
sequent propagation from west to east, manifested as a distinctive
pattern of alternating high and low-pressure centers that arrive
above Canada as an anomalous high pressure (Fig. 4 £ and F).
'The presence of this high-pressure system corresponds to descend-
ing motions in the atmosphere, again creating drier and hotter air
masses. Additionally, prevailing northerly winds on the western
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Fig. 4. Physical processes underlying the teleconnection. (A) The distribution of correlation coefficients between JJA 500 hPa GPH (shaded) +UV (arrows) and JJA
North Atlantic SST in the ERAS5 reanalysis (1980-2019). (B) similar to (A) but in OBE. (C) The cross-sections of correlation coefficients between zonal mean GPH
(shaded), vertical and zonal wind (arrows) averaged from 40°N to 60°N and JJA North Atlantic SST in the ERAS reanalysis (1980-2019). (D) similar to (C) but in
OBE. (F) The distribution of correlation coefficients between JJA 500 hPa GPH (shaded) +UV (arrows) and M]J Bering SIC in the (E) ERAS reanalysis (1981-2020). (F)
similar to (E) but in OBE. The correlation coefficients in (£) and (F) are multiplied by -1 to indicate the Barents SIC reduction. Before the correlation coefficients
are determined, all of the time series were detrended. The region containing white dots passes the Student’s t test significance test with P < 0.1.
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Fig. 5. Schematic illustration of the teleconnection mechanisms in a schematic diagram. Teleconnection between warmer North Atlantic SST (reduced Barents
SIC) and more frequent fire activities in Canada. “A” and “C" represent anticyclonic and cyclonic circulations, respectively.

side of the anticyclone circulation, induced by the aforementioned
high-pressure center, contribute to reduced moisture transport
toward Canada. Notably, the location of this high-pressure center
is different from that of the high-pressure system generated by the
North Atlantic warming anomaly (Fig. 4 A4 and B), which could
partially explain the different distribution of FWI anomalies in
Canada under these two forcing fields (Fig. 2).

The above-mentioned physical processes are further validated
by the relationship between Barents SIC and 500 hPa steam func-
tion in reanalysis datasets and the OBE (SI Appendix, Fig. S8).
The Rossby wave propagation from the Barents Sea to Canada is
supported by the correlation coefficients of the stream function
(SI Appendix, Fig. S8). The reaction of the upper level stream func-
tion over Canada to the decreased SIC in the Barents Sea suggests
the presence of a high-pressure center and descending airflow in
this region. Since the wave propagation pathway travels a great
distance and the initial conditions contain uncertainties and
parameterizations, it is reasonable to expect that the model will
not fully capture all the complex interactions and anomalies in
the large-scale circulation. Still, there is a fair amount of agreement
between the OBE’s overall patterns and the reanalysis datasets.

In conclusion, the intricate physical mechanisms by which
North Adantic SST and Barents SIC influence the Canadian
region have been succinctly captured within the outlined sche-
matic diagram shown in Fig. 5. First, increased North Atlantic
SST engenders the formation of a surface low-pressure system,
which, in turn, leads to the establishment of a quasi-stationary
high-pressure system akin to a blocking high over northern
Canada. Reduced Barents SIC in the preceding month also forms
a high-pressure system over Canada through propagating Rossby
waves, mainly in eastern and southern Canada. The two systems
collectively create hot and dry conditions and enhanced north and
northwest winds, which favor the ignition, spread, and southward
transport of wildfires.

Discussion

In summary, this study finds that increased SSTs in the North
Atlantic and reduced SIC in the Barents Sea are the primary
drivers of severe hot and dry weather in Canada during the sum-
mer of 2023. These factors contribute to about 80% of the
Canadian FWI during this wildfire season. The study reveals that
the Atlantic impacts Canadian weather by creating a regional
circulation pattern with upward air motions over the Atlantic and

https://doi.org/10.1073/pnas.2414241121

downward motions over northern Canada. The teleconnection
between Barents SIC and Canadian climate is established through
Rossby waves, which travel around the high latitudes of the
Northern Hemisphere and reach Canada as a high-pressure
center, particularly in the southern part. These combined mech-
anisms lead to prolonged droughts, heatwaves, and increased
northerly winds, creating favorable conditions for the generation
and southward spread of wildfires. The findings of this study are
robust and supported by various data analyses, including reanal-
ysis datasets, AMIP simulations, and experiments using state-of-
the-art climate models. Notably, unlike meteorological elements
extending the long time period (1980-2019), the data of FC
(2003-2020), FRP (2003-2020), and burned area (BA) (2001-
2020) are only available during the satellite era. Nonetheless, the
climate models are in good accordance with the observational
analysis, mitigating the uncertainty associated with the relatively
limited satellite records.

Previous studies have mostly focused on the increase in extreme
events caused by global warming (13-15), while our research aims
to reveal the specific variability and teleconnection mechanisms.
In particular, compared with previous studies focusing on the
2023 catastrophic wildfire, this study highlights the significant
contribution of SST and SIC variability to such extreme events.
Previous studies have discussed the 2023 Canadian extreme fire
event and related environmental issues (37, 38). Sdenz-Romero
mentioned that the catastrophic forest fires in Canada has made
Canadian forest a clear carbon source rather than a carbon sink,
potentially contributing to global warming (37). Wang et al.
focused on the impact of Canada’s recording-breaking wildfires
and discussed that the substantial amounts of greenhouse gases
from forest and peat fires might contribute to the positive feedback
to the climate, potentially further accelerating the global warming
(38). However, up to now, these studies have no direct evidence
to suggest that the 2023 fire was directly caused by global warm-
ing. Nonetheless, the contribution of North Atlantic SST and
Barents SIC might be underestimated due to detrending data used
in this study. Admittedly, both North Adantic SST and Barents
SIC changes may be related to global warming, as well as internal
natural variability (39, 40). These two ocean basins might also be
intrinsically connected, as North Atlantic SST variability could
lead to the interannual and decadal variability of Arctic sea ice
(41). These envision new challenges for discussing the impact and
contribution of variability on wildfires, which will be thoroughly
investigated in our future study.
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Looking ahead, the vulnerable Canada region is poised to face
even greater environmental challenges for two reasons. First, it is
projected that Arctic SIC will continue to diminish until complete
disappearance in September prior to the 2050s under the modest
and extreme shared socioeconomic pathways (SSP2-4.5 and
SSP5-8.5) (41). Even under the SSP1-2.6 scenario, the Arctic SIC
might still be halved (41). Second, North Atlantic SST is expected
to persistently rise due to the effects of global warming, despite
of its warming hole and the slowdown of the AMOC (42, 43).
The confluence of declining Arctic sea ice extent and warmer
North Atlantic SST thus likely cause more frequent fire conditions
in Canada according to the teleconnection revealed by this study.
Furthermore, global warming and CO, fertilization have the
potential to enhance vegetation growth, which in turn serves as
fuel for wildfires. This warming trend also exacerbates warmer and
drier conditions, characterized by exceptionally low water vapor
deficit, thereby further amplifying the risk of wildfires in the mid
to high latitudes (27, 44).

In essence, our investigation underscores that the projected
reduction in Arctic sea ice and the warming of the North Atlantic
are anticipated to contribute to an escalation in wildfires across
Canada, making situations such as the summer of 2023 more
likely to occur in the future, potentially accelerating the global
warming trend. When combined with the exacerbating effects of
global warming on wildfires, this compounded impact heightens
the risk of devastating wildfires in Canada.

Methods

Fire Proxy Data. The current study uses the FWI, BA, FC, and FRP as monthly fire
proxies as indicators of fire activity.

Agrading system called the FWI uses variables including wind speed, surface
temperature, TP, and surface pressure to determine how intense a fire is (22). Itis
composed of various components that consider the impact of fuel moisture and
wind on wildfire behavior and propagation. A higher FW! indicates more favora-
ble meteorological conditions for the occurrence of wildfires (25). This index is
calculated by initial spread index and build-up index, and more frequently used
for general public information about fire danger conditions in Canada (45-47).
Daily FWI data (0.25° x 0.25°, 1981-2019) are sourced from the historical fire
danger indices offering a straightforward way for quantifying the atmospheric
conditions favorable for fire ignition and spread (21, 48). For additional analysis,
the daily FWI is then averaged into monthly FWI.

Global data on total burned area at pixel and grid scales with 0.25° x 0.25° res-
olution are provided by BA products. We make use of the Copernicus Emergency
Management Service's monthly BA product for the years 2001-2019 (26). Because
Moderate Resolution Imaging Spectroradiometer (MODIS) fire products have a
longer time span than more recent sensors like the Visible Infrared Imaging
Radiometer Suite, FC and FRP datasets are derived from MODIS fire products.
This product has significantly enhanced detection capabilities in boreal regions.
For further analysis, monthly FC and FRP data from 2003 to 2019 are resampled
to a monthly dataset after being interpolated to a 0.25° x 0.25° grid. We use
data processing techniques for FC and FRP that are comparable to those used
in earlier research (49).

Moreover, to demonstrate the impact of wildfires on air pollution in surround-
ing areas, we also used MERRA-2 monthly black carbon column mass density
(BCCMASS), Organic carbon column mass density (OCCMASS), and monoxide
surface concentration (COSC) (50, 51).

Meteorological Data. Because the FWI is largely determined by meteorologi-
cal factors, such as wind speed, precipitation, and surface temperature (25), we
mainly use monthly meteorological variables from the interpolated ERAS reanal-
ysis datasets to examine how these variables response to SSTand SIC forcing in
different ocean basins (52). Following Lawson and Armitage (25), we choose a
spatial resolution of 0.25° x 0.25° for the following datasets: 10 m wind speed
(WND10, computed from the meridional and zonal component of 10 m wind),
SLP, TP, and 2 m temperature (T2M). The above-mentioned datasets span the
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time period from 1981 to 2019. We also use the corresponding variables from
the MERRA-2 datasets (0.625° x 0.625°) and NCEP-NCAR Reanalysis 1 datasets
(2.5° x 2.5°) to evaluate sensitivity to alternative reanalysis datasets (53, 54).

Furthermore, we utilize the following SSTand ice datasets for the same period:
International Comprehensive Ocean-Atmosphere Dataset (ICOADS SST, 2° x 2°),
NOAA Optimum Interpolation SSTversion 2 (NOAA OI SSTand SIC, 0.25° x 0.25°),
Monthly Averaged Hadley Center Sea Ice and SST dataset (Hadley SSTand SIC, 1° x
1°), Centennial in situ Observation-Based Estimates SSTwith SIC(COBE SSTand SIC,
1° x 1°), National Oceanic and Atmospheric Administration Extended Reconstructed
SSTversion 4 (NOAAVA4 SST, 1° x 1°), NOAA Extended Reconstructed SSTversion 5
(NOAAVS5 SST, 1° x 1°), and ICOADS (ICOADS SST, 2° x 2°)(55-57). Besides these
reconstructed SST and SIC datasets, the more accurate SIC data provided by the
National Snow and Ice Data Center from multiple satellite observations (NSIDCSIC)
are also applied in this study (58).

Correlation and Contribution Analysis. To eliminate the impacts of global
warming, all of the time series were detrended before calculating the correlation
coefficients. Comparing the time series before and after detrending, it was found
thatthe linear trend of global warming has a significantimpact on fire proxies and
SST, while itsimpact on SICis relatively small (Fig. 3 A-F). Lag correlations are also
conducted between JJA Canada FWI and North Atlantic SSTas well as Barents SIC
in seasons other than JJA (North Atlantic) and MJJ (Barents Sea), which indicate
weaker correlation for the other seasons. Likewise, no similarly strong correlation
is identified between JJAFWI and other parts of the Arctic. Therefore, the analysis
in this study concentrates on JJA Canadian fire activity and JJA North Atlantic SST
as well as MJJ Barents SIC.

Moreover, based on the OBE results and observed SST and SIC in 2023, we
can calculate the FWlanomaly (FWI,,,) associated with the SSTand SIC anomalies
in 2023. The specific calculation method is summarized in Eq. 1 and described
as follows. First, the meteorological variables simulated by the OBE are passed
through the random forest regression (RFR) model (described below) to obtain the
corresponding FWI. Second, a regression analysis is conducted between the FWI
and the SST(SIC). Finally, the regression coefficients are scaled by the observed
JJA North Atlantic SSTand MJJ Bering SIC anomalies in 2023:

FWI,,, = reg(OBE FWI, SST(SIC)) x SST(SIC),1o 2073 (1]

where FWI,, is the FWI anomalies associated with observed SSTand SIC anom-
aliesin 2023,reg(OBE FWI, SST(SIC))is the regression coefficient of FWI against
SST(SIC), and SST(SIC), 2023 is the JJA North Atlantic SST and MJJ Bering SIC
anomalies in 2023.

Furthermore, by applying FWI,,, and Eq. 2, we calculated the contributions
of North Atlantic SST and Barents SIC anomalies to the Canadian FWI anomaly
of summer 2023.

FWI

L x100%, [2]

Contributiong,,., = T
ano,2023

where Contributiony,, is the contribution of SSTand SICforcing to Canadian FWI
anomaly of summer 2023, FWI,, 502315 the observed FWI anomalies of summer
2023.

Furthermore, considering that the correlation coefficient between detrended
Barents SICand North Atlantic SSTis approximately —0.07 with a P-value of 0.62,
these two variables are independent. Consequently, their explained variances can
be combined as the total explained variances of these two factors.

Climate Model Simulations. We carried out a series of forcing experiments
using the Community Earth System Model-Community Atmosphere Model ver-
sion 5 (CESM-CAMS), in order to examine the underlying mechanism by which
North Atlantic SSTand Arctic SIC affect Canada (S Appendix, Fig. S9) (59). The deci-
sion was made in order to capitalize on CAM5's improved capabilities, specifically
its increased ability to simulate physical processes and climate dynamics at high
latitudes compared with the previous model version (Community Atmosphere
Model version 4) (60).

To isolate the meteorological response in Canada to this remote forcing, the
model was updated to include the SST and SIC variability from 1979 to 2019
based on observed SSTand SIC utilizing data from the Hadley SSTand SIC datasets.
Specifically, in North Atlantic OBE, North Atlantic SST(30°N to 60°N, 60°W to 0°) was
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updated with observed SSTvariability. Similarly, in Arctic OBE, Barents SIC(78°N to
85°N, 0° to 60°E) was updated with observed SIC variability. Meanwhile, SSTand
SICinthe other ocean basins remain as seasonally varying climatology (S/ Appendix,
Fig.S9). In orderto identify the distinct roles of the North Atlantic and Arctic, we also
assessed the impact of other ocean basins. In particular, the tropical Atlantic (20°N
to 20°S), tropical Pacific (20°N to 20°S), tropical Indian (20°N to 20°S), North Pacific
(25°Nto 75°N), and Southern Ocean (60°S to 80°S) regions were individually added
to the monthly SSTvariability utilizing data from the Hadley SSTand SIC datasets,
with a bufferzone of 10°added to the north and south of the forcing region, whereas
the other ocean basins remain in climatological state. These simulations are referred
to as OBEs hereafter and in the main text. An eight-member ensemble simulation
with different starting conditions was conducted. The ensemble mean was applied
inthe further research. Specifically, we first ran a CAM simulation with climatological
forcing for eight model years, and the eight members of the ensemble then began
with the restart files for each year. Next, we conducted benchmark experiments
based on climatological mean SST and SIC. The responses of the atmosphere to
SST(SIC) forcing are calculated as the difference between OBE forced by observed
SSTand SICand the benchmark simulation results. This simulation is similar to that
used in earlier research (61). It is noted that these are atmosphere-only experiments.

AMIP Experiments. Meteorological conditions from the AMIP experiments
support the reanalysis data. The atmospheric models used in these simulations
are compelled by observed SICand SST(62). The meteorological variables for 13
models are accessible in AMIP, each of which includes several ensemble mem-
bers (63). Details on the chosen models are given in S/ Appendix, Table S1.The
response of meteorological variables in Canada to North Atlantic SST and Arctic
SIC since the 1980s is examined using data spanning from 1980 to 2014. For
use in later analyses, all of the afore-mentioned datasets in the CMIP6 have been
interpolated to a 1° x 1° resolution.
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