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Enhanced Pacific Northwest heat
extremes and wildfire risks induced by the
boreal summer intraseasonal oscillation
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The occurrence of extreme hot and dry summer conditions in the Pacific Northwest region of North
America (PNW) has been known to be influenced by climate modes of variability such as the El Niño-
Southern Oscillation and other variations in tropospheric circulation such as stationary waves and
blocking.However, theextent towhich the subseasonal remote tropical driver influences summer heat
extremes and fire weather conditions across the PNW remains elusive. Our investigation reveals that
the occurrence of heat extremes and associated fire-conducive weather conditions in the PNW is
significantly heightened during the boreal summer intraseasonal oscillation (BSISO) phases 6-7, by
~50–120% relative to the seasonal probability. The promotion of these heat extremes is primarily
attributed to the enhanced diabatic heating over the tropical central-to-eastern North Pacific, which
generates a wave train traveling downstream toward North America, resulting in a prominent high-
pressure system over the PNW. The ridge, subsequently, promotes surface warming over the region
primarily through increased surface radiative heating and enhanced adiabatic warming. The results
suggest a potential pathway to improving subseasonal-to-seasonal predictions of heatwaves and
wildfire risks in thePNWby improving the representation ofBSISOheating over the tropical-to-eastern
North Pacific.

Understanding, predicting, and anticipating summer heat extreme events is
critically important in the Pacific Northwest region of North America
(hereafter the Pacific Northwest; PNW; 42–57°N, 112–130°W) due to the
potential risks andprofound impacts onhumanhealth, agriculture, drought,
wildfires, water supply, and the environment1–6. For example, extremely hot
and dry conditions due to a prolonged, record-breaking heatwave across the
PNWin the summer of 2021 caused a significant increase in wildfire activity
and elevated rates of heat-related deaths3–6. The extremely high temperature
and dry conditions also contributed to the 2014 Carlton fire, which became
one of the largest wildfires in recorded history for Washington State1,2. The
Intergovernmental Panel on Climate Change (IPCC) reported that the
length, frequency, and intensity of summer heat extremes are projected to be
exacerbated by a warming climate, and their impacts could be more
devastating due to increasing human populations and inadequate regional
infrastructure7–9. Due to the significant societal, economic, and ecological
impacts of heat extremes, understanding the mechanisms and dynamical
drivers of these events in thePNWis of critical prerequisite for preparedness.

A growing body of literature has linked the summer heat extremes in
the PNW to the El Niño-Southern Oscillation (ENSO)10–12, and other

variations of tropospheric circulation, such as stationary waves13,14 and
atmospheric blocking4–6,15. The ENSO is the dominant mode of interannual
variability that is known to influence precipitation and heatwave frequency
in northwestern North America10–12. Likewise, interannual variability in
stationary waves and a blocking event contribute to heightening the like-
lihood of heat waves in the region4–6,13–15. Stationary waves and blocking can
arise as a result of internal atmospheric dynamics and are not necessarily
linked to tropical heating15–17. However, their occurrence can be modulated
by the ENSO,which acts as a tropical heat source that induces Rossbywaves
altering the extratropical circulation14,18,19. While the impact of the ENSO,
stationary waves, and blocking has been studied extensively4–6,10–15,17,
understanding how the remote tropical subseasonal driver influences
summer heat extremes and fire weather conditions across the PNW has
remained elusive. Deepening this understanding could improve predictions
of heat extremes and wildfire risks in the PNW on S2S timescales.

The boreal summer intraseasonal oscillation (BSISO) is the dominant
subseasonal variability in the tropics during boreal summer20–23. Compared
to its wintertime counterpart, the Madden-Julian oscillation (MJO), the
BSISO exhibits more complicated spatiotemporal evolution, featuring
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northeastward propagation over the northern Indian Ocean and western
North Pacific as well as eastward propagation along the equator20–23. The
BSISO not only exerts a profound influence on tropical weather and
climate24–26, but it also strongly impacts the midlatitudes27–34. Previous stu-
dies have shown that the BSISO is an important driver for extreme
precipitation27,32–34 andheatwave events29–31 inAsianmonsoon regions, such
as South and East Asia. However, unlike the Asian summer monsoon
regions, the studies of the teleconnection impacts of the BSISO on down-
stream heat extremes in North America are relatively scarce23,28. A more
recent investigation revealed that the latent heat release during the BSISO
phase 7 contributed to the improved prediction of the unprecedented 2021
PNW heatwave35. These authors showed that the S2S models’ ability to
represent and account for the BSISO is essential for more accurate predic-
tions of this heatwave event. Despite this finding, empirical evidence that
clearly shows the influence of BSISO on heatwaves and fire weather in the
PNW is still lacking, and amechanistic understanding of the teleconnection
remains unknown.

Dynamically speaking, the BSISO’s impacts on the extratropics are
influenced by the propagation of Rossby waves, giving rise to the so-called
teleconnection patterns23,28. However, such teleconnection patterns can
strongly vary depending on the BSISO phase23,27,28,30,31. Emerging research
suggests that two teleconnection patterns tend to occur when the BSISO
convection is centered over the Indian Ocean or the western North
Pacific23,27,30. When the BSISO convection centers over the Indian Ocean, it
gives rise to a wave train pattern in the midlatitudes that propagates from
Southern Asia to the North Pacific. This wave train can be interpreted as a
Rossby wave response to tropical heating that travels along the Asian Jet
which serves as a waveguide23,30. Meanwhile, when the BSISO convection is
centered over thewesternNorth Pacific, it triggers a downstreamwave train
over the North Pacific accompanied by anticyclonic circulation anomalies
over East Asia23,27. Notwithstanding this progress, it remains unclear which
mechanisms and pathways are responsible for the heat extremes in the
PNW region through the BSISO teleconnection.

Here, we present the first comprehensive observational evidence
linking the BSISO’s impacts on summer heat extremes and wildfire risks
across thePNW, covering the past 42 years (1979–2020).We thenpropose a
plausible mechanism responsible for the observed heat extremes down-
stream from the perspective of large-scale circulation, wave energy propa-
gation, and thermodynamics. Our work offers a new perspective on the
subseasonal driver of heatwaves and wildfire weather in the PNW via the
BSISO and has implications for improving climate model simulations. This
study also offers a potential route to develop early warning signals for
heatwaves and wildfire risks in the PNW on S2S timescales.

Results
Convective features of the BSISO
The subseasonal variability of the BSISO was examined using the daily
bimodal index, as constructed following Kikuchi23 (see theMethods section
for details). This index accurately captures the coherent northward and
eastward propagation of the BSISO and is better suited for tracking the
global BSISO-associated convection than alternative indices20,26. To increase
the sample size, we consider two consecutive BSISO phases with similar
convective patterns (i.e., phases 8-1, 2-3, 4-5, and 6-7).

Figure 1 shows the composite of outgoing longwave radiation (OLR)
and diabatic heating anomalies (averaged over the most active convective
regions) associated with these four pairs of BSISO phases. In phase 8-1,
BSISO convection starts to develop over the central Indian Ocean (IO),
while organized, albeit limited, convection is also observed in the central-to-
eastern North Pacific, representing the remnant of the preceding BSISO
cycle (Fig. 1a). During these phases, positive diabatic heating anomalies due
to enhanced convection are primarily observed over the IO (Fig. 1e). In
phases 2-3, the BSISO convection splits into two: one moves eastward
toward the Maritime Continent, and the other moves northward or
northwestward in the northern IO (Fig. 1b). This results in intensified
diabatic heating over the northern IO, while reduced heating is observed

over the tropical western and eastern North Pacific due to enhanced sub-
sidence (Fig. 1f). In phases 4-5, the eastern flank of the BSISO convection
reaches the tropical western North Pacific, with an overall structure
resembling a northwest-southeast tilted convection band (Fig. 1c). The
enhanced convection leads to more pronounced positive diabatic heating
anomalies in the region compared to the preceding phases (Fig. 1g). Finally,
in phases 6-7, the convection over the western North Pacific continues to
move northeastward, whereas the northward-propagating convection over
the northern IO dissipates. At the same time, the eastward-propagating
convection extends eastward in the central-to-eastern North Pacific along
the Pacific intertropical convergence zone (ITCZ) (Fig. 1d). The enhanced
convection over the central-to-eastern North Pacific accounts for
~21.02 ± 2.59% of the total variance during summertime (not shown). This
is consistent with previous studies21,23, showing that the BSISO-related
convection signal can propagate eastward along the ITCZ to the central-to-
eastern North Pacific during phases 6-7. Overall, the OLR anomalies
observed during phases 6-7 are consistent with the positive diabatic heating
anomalies observed over the western and eastern North Pacific along the
ITCZ and suppressed heating over the IO (Fig. 1h).

Downstream impacts on heatwaves and fire weather conditions
in the PNW
Figure 2 presents a composite of daily maximum temperature (Tmax)
anomalies during active phases of the BSISO from June to August.
Anomalies are defined relative to the climatological daily mean values from
1979 to 2020. This analysis is conducted for pentads 0 to+1 (i.e., average of
days 0 to +9) to account for the observed delay in midlatitude circulation
responses to tropical convection, attributed to the propagation of Rossby
wave energy23,28. The significance of the composites is calculated using a
moving-block bootstrap test applied at the 95% confidence level and
employing 1000 random resamples (refer to the Methods section for
detailed procedures).

In thePNW,Tmax anomalies exhibit distinct variationswith respect to
theBSISOphases. Themost substantial increase inTmax is observed during
phases 6-7, especially over Washington, Oregon, northern Idaho, western
Montana, andwesternCanada,with thedailyTmax anomaly reachingup to
1.5 °C (as shown inFig. 2d).Conversely, duringphases 2-3, there is a notable
decrease in Tmax in the PNW, with a lesser magnitude, particularly across
the north of North America (as depicted in Fig. 2b). The Tmax anomalies
during the remaining BSISO phases are relatively weak, with negative
(positive) Tmax anomalies observed over the PNWduring phases 8-1 (4-5)
(Fig. 2a, c). Box plots of averaged Tmax values over the PNW region for
different BSISOphases are presented in Fig. 2e to enable a better assessment
of the regional impact of the BSISO. The peak increase in both mean and
extreme (displaying the 96th, 97th, 98th, and 99th percentile values) is
observed during phases 6-7, whereas the most notable decrease occurs
during phases 2-3. This implies that summer extreme heat events in the
PNW could happen much more frequently in phases 6-7 than in other
BSISO phases.

To quantify the impact of the BSISO on the frequency of heatwave
events, we then calculate the probability ratio (PR) of heatwave occurrences
during each BSISO phase and compare it against the baseline probability
during the summer months (JJA; see the “Methods” section for details). A
PR greater than 1 suggests heatwaves are more likely to occur following a
BSISO phase event, while a PR less than 1 implies a reduced likelihood.
Consistent with the Tmax anomalies (Fig. 2), the frequency of summer heat
waves is significantly influenced by the BSISO phases. Notably, during
phases 6-7, the likelihood of heatwaves increases by around 1.5–2.2 times
(50% to 120%) relative to the seasonal probability across most of the PNW,
particularly in Washington and northern Oregon (Fig. 3a, d). In contrast,
the frequency of heatwave events is reduced during phases 2-3 (Figs. 3d
and S1), consistent with negative Tmax anomalies observed in the
PNW (Fig. 2b, e). The increased occurrence of heatwave events during
phases 6-7 is robust in both mean and extremes relative to other phases
(Figs. 3d and S1). We further identify the type of heatwaves under
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different humidity conditions (see the Methods section for classifica-
tion criteria). Our findings indicate that the increase in heatwave fre-
quency across the PNW during phases 6-7 is predominantly associated
with an increase in extremely hot and dry conditions (Fig. S2), which
accounts for ~70% of the mean heatwave probability.

As extremely high temperatures are favorable conditions for wildfires,
the probability of dangerous fire-weather conditions in the top 5%, as
measured by the fire weather index (FWI; see the “Methods” section), is
more than doubled (increases by up to around 2.2 times or ~120% as
compared to the climatology) across much of Washington, northern Ore-
gon, northern Idaho, and southwestCanadaduringphases 6-7 (Fig. 3b).The
far west region of Montana is also vulnerable to increased wildfire danger
during these phases. In contrast, the least vulnerable conditions for wildfires
are observed during phases 2-3, consistent with a reduced occurrence of
heatwaves in the PNW (Figs. 3e and S1). These findings are confirmed by
another fire weather risk metric, the Fire Danger Index (FDI; see the
Methods section), albeit with a slightly lower PR (Fig. 3e). The more

frequentdangerousfire-weather conditionsduringphases 6-7 are consistent
with increased extreme vapor pressure deficit (VPD) in the PNW region
(Fig. 3c, f). The probability of the VPDbeing in the top 5% and 10% ismore
thandoubledas compared to the climatologyduringphases 6-7 in regionsof
Washington, northern Oregon, northern Idaho, and southwestern Canada
(Fig. 3c, f). A high VPD indicates a low relative humidity and a high tem-
perature, causing increased evapotranspiration and the rapid drying of
vegetative fuels36. The resulting drier environments, which are consistent
with an increased probability of dry and hot heatwaves (Figs. 3a, d and S1),
make it easier for fires to ignite and spread rapidly.

Mechanisms of the downstream impacts on heat extremes
Dynamically speaking, it is often assumed that persistent surface heat
extremes require an anomalously persistent, large-scale high-pressure sys-
tem, which leads to stable conditions37,38. We check this assumption by
evaluating canonical large-scale circulation patterns following BSISO
events. Given the significant contrast in heatwave frequency between phases
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Fig. 1 | Convective signatures of the four BSISO phase pairs. Pentad-0 composite
of 20–90-day bandpass filtered OLR anomalies (Wm−2) during the boreal summer
(JJA) from 1979 to 2020 for different BSISO phase pairs: (a) phases 8-1 (450 days),
(b) phases 2-3 (377 days), (c) phases 4-5 (520 days), and (d) phases 6-7 (457 days).
Here, pentad 0 corresponds to the average of days 0–4 following the BSISO event.
The white dots indicate statistically significant values at the 95% confidence level as
determined by a bootstrap test (refer to the “Methods” section for details).

e–hColumn-mean diabatic heating anomalies (×10−5 K s−1) calculated from 1000 to
100 hPa over the Indian Ocean (IO, blue box), the western North Pacific (WNP, red
box), and the central-to-eastern North Pacific (CEP, green box). The vertical widths
of boxes represent interquartile range, whiskers extend from 5% to 95%, and hor-
izontal lines and asterisk (*) indicate median and mean values, respectively. The
orange dots in each box represent the 96th, 97th, 98th, and 99th percentile values.
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6-7 and phases 2-3, our analysis will focus on these two-phase periods
(see Fig. S3, for all phases).

Figure 4 a, b shows a lagged composite of geopotential height (GPH)
anomalies averaged from day 0 to day +9, following BSISO phases 6-7
and 2-3, respectively. The anomalous circulation responses are char-
acterized by an equivalent barotropic vertical structure (between 500 hPa
and 200 hPa) butwith opposite signals between the two phases, especially
over the North Pacific and North America. In particular, during phases
6-7, the tropical easternNorth Pacific region exhibits a weak anticyclonic
anomaly, followed by an arch-shaped, tripole anomalousGPHpattern in
the midlatitudes, extending from the eastern North Pacific to eastern
North America (Fig. 4a). The tripole pattern consists of a strong cyclonic
anomaly center over the North Pacific, a strong anticyclonic anomaly
over the PNW, and a strong cyclonic anomaly center over northeastern
North America (Fig. 4a). This circulation pattern, overall, resembles a
barotropic Rossby wave train emanating from the tropical central-to-
eastern North Pacific (Fig. 4a), with its barotropicity implying that these
patterns are not thermally forced locally. This is consistent with previous
studies, showing that barotropic Rossby waves are primarily responsible
for the MJO and BSISO teleconnection patterns, unlike baroclinic waves
that are strongly trapped within the tropics23,39. The anomalous antic-
yclone associated with the wave train, in turn, strengthens the back-
ground ridge associated with summer stationary waves over the PNW
(Fig. S4), resulting in a prominent high-pressure system over the region.
The enhanced high-pressure system over the PNW, in turn, fosters stable
conditions characterized by reduced cloud cover (Fig. S5). These

conditions promote heat accumulation in this area consistent with
increasing the frequency of heat waves (Fig. 3a, d). In contrast, during
phases 2-3, an opposite GPH anomaly pattern is observed, with a low-
pressure anomaly more confined over the PNW (Fig. 4b). This anom-
alous trough over the PNW in turn weakens the upper-level background
ridge (Fig. S4), resulting in less impact on heat extreme events.

To further elucidate the basic structures and dynamics of the upper-
level wave train pattern traveling downstream over the PNW, we examine
the stream function (SF) andwave activity flux (WAF) at 200 hPa as defined
by Takaya andNakamura40. As shown in Fig. 4c, a wave-train-like structure
consisting of a strong cyclonic SF anomaly center over the northern Pacific,
a strong anticyclonic SF anomaly over the PNW, and a strong cyclonic SF
anomaly center over northeastern North America appears during the
heatwave period. Along with this wave train, there is strong northward
propagation of wave energy from the tropical central-to-eastern North
Pacific (between 180° and 110°W) toward the North America (see pointing
WAF vectors in Fig. 4c). This northward wave propagation is supported by
background westerly flow, associated with the central-eastern North Pacific
subtropical jet, which acts as a waveguide for sub-seasonal Rossby waves
entering theNorthAmerica. Thiswaveguide structure (refer to regionswith
Ks > 0 in Fig. 4c, south of 30°N andbetween180° and 110°W; see “Methods”
for the definition of Ks) is consistent with the region of positive meridional
gradient of absolute vorticity (not shown). TheWAFvectors converge in the
vicinity of the high-pressure system over the PNW, indicating that the wave
activity supports the development of the ridge by slowing down the circu-
lation (westerlyflow)40,41. In addition, there is also zonal propagationofwave

Fig. 2 | Anomalousmaximum surface temperature conditions following the four
BSISO phase pairs. Composite anomalies of daily maximum temperature averaged
over the first two pentads (0–9 days) following the BSISO phase pairs: (a) phases 8-1,
(b) phases 2-3, (c) phases 4-5, and (d) phases 6-7. Stippling indicates values that are
statistically significant at the 95% confidence level as determined by a bootstrap test

(see “Methods” for details). e The daily maximum temperature anomaly averaged
over the PNW (42–57°N, 112–130°W) (refer to the black box in Fig. 2d) for the 0–9-
day period following different BSISO phases. The horizontal dashed line represents
the mean temperature anomaly averaged across all phases, while the gray shading
indicates the range within one standard deviation.

https://doi.org/10.1038/s41612-024-00766-3 Article

npj Climate and Atmospheric Science |           (2024) 7:232 4

www.nature.com/npjclimatsci


www.nature.com/npjclimatsci


www.nature.com/npjclimatsci


www.nature.com/npjclimatsci


www.nature.com/npjclimatsci


www.nature.com/npjclimatsci


www.nature.com/npjclimatsci


forests ofwesternNorthAmerica61,62, suggesting that theFWIcanbeauseful
metric for assessing the impact of BSISO on wildfire risks in the PNW.
However, the FDI has been widely used to assess and quantify forest fire
risks, particularly in Australia and Europe63,64.While both the FWI and FDI
are intended to evaluatewildfire risks, theFWI is consideredmore adaptable
and comprehensive across different environments, as it considers different
aspects offire behavior and fuelmoisture conditions61,62. In contrast, the FDI
employs a relatively simpler calculationmethod, focusing on direct weather
factors and their impact on fire danger. Both the FWI and FDI are used and
compared in this study to assess the impact of theBSISOonfiredanger risks.
The indices are produced by ECMWF and are made available through the
Climate Data Store62.

BSISO bimodal index and event definition
The daily observed BSISO index is computed using the methodology out-
lined in ref. 23. An extended empirical orthogonal function (EEOF) analysis
of OLR anomaly with three time lags (−10,−5, and 0 days) is conducted to
identify the spatial-temporal patterns of the BSISO modes during the JJA
period. Prior to the EEOF analysis, a Lanczos band-pass filter with cut-off
periods of 25 and 90 days and with 141 weights, is applied to extract
intraseasonal variability from the daily OLR anomaly. The first two leading
principal components (PCs) are calculated by projecting the intraseasonal
OLR anomaly onto each EEOF mode. At any given time, the BSISO is
classified as active (inactive) if its amplitude A ≥ 1 (A < 1), where
A ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PC12 þ PC22

p
. The two-dimensional phase space constructed by

PC1 and PC2 is then divided into eight equally sized sections, each corre-
sponding to one of the eight distinct phases of the BSISO.

To increase the sample size, two consecutiveBSISOphaseswith similar
convective patterns are combined (i.e., 8-1, 2-3, 4-5, and 6-7) (see Fig. 1). In
order to isolate robust and discrete signals, we only consider the BSISO
events that satisfy the following criteria: (i) the BSISO index phase retains its
amplitude A ≥ 1 for at least five days, (ii) the interval between two events is
10 days or longer, and (iii) the start and end dates of events occur in JJA. By
applying these criteria, we identify 53 events (450 days) for phases 8-1, 44

events (377 days) for phases 2-3, 58 events (520 days) for phases 4-5, and 52
events (457 days) for BSISO phase pairs 6-7.

Heatwave definition
According to the IPCC (IPCC: Annex VII: Glossary, 2021)65, a heatwave is
generally defined as “a period of abnormally hotweather, often definedwith
reference to a relative temperature threshold, lasting from 2 days to
months.” Similar to prior studies66–68, here we consider a heatwave to be at
least three consecutive days with temperatures exceeding the threshold
TX90p during the warm season (JJA). This threshold is determined as the
90th percentile of daily maximum temperatures (Tmax) within a sliding
windowof 30 days centered around the specific day over a 42-year reference
period from 1979–2020. We further classified dry and moist heatwaves by
the presence of relative humidity below 33% or above 66%, respectively,
during the corresponding heatwave days41.

Estimation of conditional probabilities
We use the probability ratio (PR) metric69 to quantify the impact of BSISO
on heatwaves (see Eq. (2)). More specifically, this metric compares
the conditional probability of heatwaves during each BSISO phase
((NHW∣B)/NB) to the climatological probability of heat waves during sum-
mer (JJA) ((NHW∣S)/NS), where NS is the number of time steps during
summer, NHW∣S is the number of time steps with heatwaves during sum-
mer, NB is the number of time steps in a BSISO phase, and NHW∣B is the
number of heatwave time steps associated with a BSISO phase. The prob-
ability ratio of heat waves (PRHW) can be expressed as:

PRHW ¼ ðNHW jBÞ=NB

ðNHW jSÞ=NS
: ð2Þ

PR > 1 indicates that a heatwave ismore likely to occur than usual following
aBSISOphase event,while PR<1 indicates adecreased likelihood.NHW∣B is
calculated by counting the number of heatwave days over the first two
pentads (0–9 days) following each BSISO phase.
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Fig. 9 | Schematic representation illustrating the relationship between the BSISO
heating in the tropical central-to-easternNorthPacific and the increase in upper-
level ridge in the PNW. Enhanced diabatic heating over the tropical central-to-
eastern North Pacific during BSISO phases 6-7 strengthens Rossby wave sources,
inducing a Rossby wave train that propagates downstream over the North America.

This propagation is supported by background westerly flow (associated with the
central-eastern North Pacific subtropical jet), which acts as a waveguide for sub-
seasonal Rossby waves entering North America. As a result, the upper tropospheric
ridge in the PNW intensifies, leading to surface warming through increased solar
radiation and enhanced adiabatic subsidence.
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ThePRHW is further partitioned into the contribution of dry andmoist
heatwaves as follows:

PRHW ¼ PRHWD
þ PRHWM

þ res ð3Þ

PRHW ¼ ðNHW jRH<33%;BÞ=NB

ðNHW jSÞ=NS
þ ðNHW jRH>66%;BÞ=NB

ðNHW jSÞ=NS
þ res:

ð4Þ
PRHWD

is the probability ratio of dry heatwaves, PRHWM
is for moist

heatwaves, and res is the residual of the PRHW that does not belong to either
the dry ormoist events category.NHW∣RH < 33%, B andNHW∣RH > 66%, B
are the number of “dry” and “moist” heatwave time steps associated with a
specific BSISO phase, respectively.

In addition, we calculate PR values for various parameters, including
extremeFDI, FWI, andVPDvalues. The term “extreme” is definedas values
exceeding either the 90th or 95th percentile of the distribution in JJA at each
grid point.

Description and experimental design of the linear
baroclinic model
A linear baroclinic model (LBM)70 with prescribed BSISO heating and
summer mean states is employed to validate our findings, particularly
regarding the underlying dynamics responsible for the impacts of
tropical intraseasonal modes on extratropical responses. The model
resolution is set to T42 with 20 sigma levels in the vertical. The
numerical damping, horizontal diffusion with an e-folding time scale of
1 h for the largest wavenumbers, is used. The Newtonian damping is set
at 30 day−1 for most vertical levels, 5 day−1 for the fourth level, and
1 day−1 for the lowest three and highest two levels. These parameters are
held constant across all experiments to ensure that any differences in
LBM results arise only from variations in BSISO heating, not from
changes in LBM parameters.

The climatological summer means (JJA average) of surface
pressure, three-dimensional temperature, and zonal, meridional, and
vertical winds were used as background conditions, wherein the
BSISO-like adiabatic heating anomalies are imposed as a forcing in the
model. We run the model with two different locations of BSISO phases
6+7-like diabatic heating: one is forced by BSISO-like heating in the
tropical center-north Pacific, while the other is forced by similar
heating in the tropical northwest Pacific. The steady response is
averaged over a period of 5 to 15 days, corresponding to the time when
the LBM reaches equilibrium. The basic equations for vorticity,
divergence, temperature, and surface pressure linearized about a
three-dimensional summer climatology on a vertical sigma coordinate
(σ) are:

∂ζ 0

∂t
¼ 1

a cosφ
∂A0

v

∂λ
� 1
a cosφ

∂

∂φ
A0
u cosφ

� �� αζ 0 � Kv ∇4 � 22

a4

� �
ζ 0;

ð5Þ

∂D0
∂t ¼ 1

a cosφ
∂A0

u
∂λ þ 1

a cosφ
∂
∂φ A0

v cosφ
� �� ∇2

σ ϕ0 þ R �T
� �

π0 þ E0� �� αD0

�Kv ∇4 � 22
a4

� �
D0;

ð6Þ

∂T 0
∂t ¼ � 1

a cosφ
∂
∂λ �ueT 0 þ u0eT	 


� 1
a

∂
∂φ �veT 0 þ v0eT	 


cosφþ eT 0 �Dþ eTD0 � _σ ∂T 0
∂σ

� _σ 0 ∂T∂σ þ kT 0 ∂�π
∂t þ VH :∇σ�π þ _σ

σ

	 

þ kT ∂π0

∂t þ V 0
H :∇σ�π þ VH :∇σπ

0 þ _σ 0
σ

� �
� αT 0 � Kv ∇4 � 22

a4
� �

T 0;

ð7Þ

∂π0
∂t ¼ �VH :∇σπ

0 � V 0
H :∇σ�π � ∇σ :VH � ∇σ :V

0
H � ∂ _σ

∂σ � ∂ _σ 0
∂σ ; ð8Þ

where ζ 0, D0, T 0 and π0 represent the vorticity, divergence, temperature,
and surface pressure perturbations, respectively; u and v represent the
zonal and meridional wind, respectively; VH is the horizontal wind
vector; α is the Rayleigh friction andNewtonian cooling coefficients;Kv is
the biharmonic diffusion coefficient; and E is kinetic energy. All
remaining symbols have the conventionalmeanings. Additional specifics
can be found in ref. 70. All variables in the above equations can be
categorized into the basic state variables (denoted by bar) and deviations
from the basic state (denoted by prime).

Diagnostics for the Rossby wave propagation and ray tracing
In the upper troposphere, Rossby wave propagation is controlled by so-
called waveguides, which are determined by the background zonal
flow71,72. Diabatic heating anomalies, such as those linked to the BSISO,
can initiate Rossby wave trains in these waveguides, impacting extra-
tropical circulation. To quantify this influence, we calculate the zonal
stationary wavenumber (Ks), which is akin to a refractive index for
Rossby waves. Regions with peaks in Ks serve as effective waveguides. In
spherical coordinates, Ks is determined by72,73

Ks ¼ a cosφ
β�

U

� �1=2

; ð9Þ

where U is the time mean of the upper-tropospheric zonal wind, φ is the
latitude, a is the equatorial Earth radius, and

β� ¼ 2Ω cosφ
a

� 1
a2

∂

∂φ

1
cosφ

∂

∂φ
ðU cosφÞ

� �
ð10Þ

is the meridional gradient of absolute vorticity in a spherical coordinate
system, withΩ representing the Earth’s rotation rate. Ks offers insights into
regions acting as primary waveguides for quasi-stationary Rossby wave
propagation.

To identify the wave source location, the Rossby wave source (RWS) is
calculated following the Sardeshmukh and Hoskins74 as:

RWS ¼ �∇ � ð v!× ζÞ ¼ �ðζ∇ � v!þ v!� ∇ζÞ; ð11Þ

where ∇ ⋅ denotes the divergence operator, v! is the velocity field, and ζ is
the absolute vorticity. Negative RWS values in the Northern Hemisphere
indicate an increase in the wave source.

To diagnose the horizontal wave energy propagation associated with
the BSISO, we calculate wave activity flux (WAF) as described by ref. 40.
While the WAF analysis may introduce non-negligible errors when the
quasi-geostrophic (QG) approximation is invalid, this limitation is con-
sidered non-crucial for quasi-stationarywave propagation north of 15°N. In
addition, as the formulation approximates the beta-plane on a zonally
varying basic flow, it provides advantages in our study for analyzing the
coupling between tropical and extratropical phenomena with zonally
varyingmidlatitude jets in summer. The horizontalWAF (W

!
h) in spherical

coordinates can be written as:

W
!

h ¼
p cosφ

2∣ Uc

!

∣

Uc
a2cos2φ

∂ψ0

∂λ

	 
2
� ψ0 ∂2ψ0

∂λ2

� �
þ Vc

a2 cosφ
∂ψ0

∂λ
∂ψ0

∂φ � ψ0 ∂2ψ0

∂λ∂φ

h i
Uc

a2cos2φ
∂ψ0

∂λ
∂ψ0

∂φ � ψ0 ∂2ψ0

∂λ∂φ

h i
þ Vc

a2
∂ψ0

∂φ

	 
2
� ψ0 ∂2ψ0

∂φ2

� �
0
BBB@

1
CCCAþ CpM

ð12Þ

where Uc and Vc are the average JJA 200 hPa zonal and meridional winds,
respectively. ψ0 is the daily streamfunction anomaly associated with the
BSISO, calculated as ψ0 ¼ Φ0=f , whereΦ0 is Geopotential anomaly, f is the
Coriolis parameter (f ¼ 2ω sin ϕ), and p is the air pressure. The Geopo-
tential anomaly is calculatedas deviations from thedaily climatology. Before
computing the anomaly, theGeopotential data isfilteredusing a10-day low-
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passfilter to focus onquasi-stationary eddies. The phase speedCp in Eq. (12)

is assumed to be zero. The termW
!

h is approximately parallel to the group
velocity of a stationary Rossby wave, thereby giving a snapshot of the
direction of wave energy propagation. The horizontal divergence ofWAF is

calculated as: ∇� ¼ 1
a cosφ

∂
∂λ ;

1
a cosφ

∂
∂φ cosφ

	 
T
. The convergence of W

!
h

indicates an overall slowing or reversal of westerly flow.

To cross-validate the Rossby wave energy propagation obtained
from the WAF analysis, we employ a Lagrangian approach to track
Rossby wave propagation developed by refs. 75,76, commonly referred to
as the Rossby wave ray tracing. In contrast to previous equations
assuming Rossby wave propagation in a zonally symmetric flow77, the
derived Rossby wave dispersion equation is applicable to waves in a
horizontally nonuniform flow, thereby permitting cross-equatorial wave
propagation75. The zonal and meridional components of the group
velocity evolve in time as follows:

dgx

dt
¼ cg;x ¼ U þ k2 � l2

� �
�qy � 2kl�qx

	 

=K4; ð13Þ

dgy

dt
¼ cg;y ¼ V þ k2 � l2

� �
�qx � 2kl�qy

	 

=K4: ð14Þ

Here, k and l denote the zonal andmeridional wavenumbers, respectively.U
and V represent the background state of the zonal and meridional winds at
200 hPa, respectively. The horizontally nonuniform background flow is
derived from the 200 hPawinds, averaged fromday−15 to day 15 relative to
the first date in each of phases 6 and 7 of BSISO. However, the results are
insensitive towhether the JJAmeanbackgroundflowor theBSISO-modified
flow is used. The terms qx and qy denote the zonal andmeridional gradients
of absolute vorticity, respectively. The Lagrangian variation associated with

the group velocity is expressed as
dg
dt ¼ ∂

∂t þ cg;x
∂
∂x þ cg;y

∂
∂y. Additionally, K

2

corresponds to the total wavenumber, defined as K2 ¼ �qyk��qx l

UkþVl

	 

.

Statistical significance
A moving-block bootstrap resampling test with 1000 iterations is
employed to assess the statistical significance of the BSISO’s impacts on
heat extremes and fire danger risks. We randomly select 5-day blocks
with replacement from the samples of each BSISO phase combination.
The total sample size is equivalent to the number of BSISO days used in
the composites. Five days are included in a block because this is the
average duration of each BSISO phase. The 95% confidence interval is
defined as the 2.5th and 97.5th percentile values of the sample results
using a two-sided test. Unlike a traditional bootstrap test that draws
individual samples randomly from the pool, the moving-block test
selects randomly consecutive elements and, hence, is more suitable for
studying the BSISO, which has a strong autocorrelation.

Data availability
The Rossby wave ray paths and linear wave model data are available on
request from S.L. and Z.C. All other datasets used in this study are freely
available for download from European Centre for Medium-Range
Weather Forecasts (https://www.ecmwf.int/en/forecasts/datasets/
reanalysis-datasets/era5) and from NOAA/NESDIS (https://psl.noaa.gov/
data/gridded/data.olrcdr.interp.html).

Code availability
The data in this study is analyzed with NCARCommand Language (NCL).
The relevant codes in this work are available, upon request, from the cor-
responding author S.L. and Z.C.
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