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Arctic warming contributes to increase in
Northeast Pacific marine heatwave days over the
past decades
Se-Yong Song 1, Sang-Wook Yeh 1✉, Hyerim Kim 3 & Neil J. Holbrook 2,4

The frequency and duration of marine heatwaves have been increasing with ocean warming

due to climate change. In particular, the Northeast Pacific has experienced intense and

extensive marine heatwaves since the late 1990s – characteristically called “the Blob”. Here,

an investigation of satellite-derived and reanalysis data supported by idealized coupled model

experiments show that Arctic warming plays an important role in the increase in Northeast

Pacific marine heatwave days during boreal summers. Strong Arctic warming has acted to

change the atmospheric circulation pattern over the Northeast Pacific and reduce the low-

level cloud fraction from late spring to early summer. We show that the enhancement of solar

radiative heat fluxes and reduced latent heat loss over a relatively large area has favored an

increase in sea surface temperatures and marine heatwave days. An idealized model

experiment performed here, designed to isolate the impact of Arctic warming, supports this

hypothesis. The projected changes of Arctic climate on the occurrence of marine heatwaves

should be considered in climate change adaptation and mitigation plans.
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Marine heatwaves (MHWs) are prolonged extreme
oceanic warm water events that can have profound
impacts on marine ecosystems threatening marine

biodiversity1. Reported impacts include mass bleaching of
corals2,3, high mortality rates of marine animals4, and impacts to
fisheries5,6. Several significant MHWs over the past 20 years have
led to substantial impacts in the Mediterranean Sea in 20034,7, off
Western Australia in 20118, the Northwest Atlantic in 20129,
Tasman Sea in 2015/1610, around northern Australia in 201611,
and in the Northeast Pacific from 2013–201512,13, in 201914 and
in 202015. The properties of MHWs, including their frequency
and duration, have been amplified due to anthropogenic
warming16, with these changes clearly detected in historical
observations17,18 and model projections under future climate
change scenarios19,20.

Due to the profound impacts associated with intense
MHWs1,21,22, understanding the mechanisms that lead to chan-
ges in MHWs is essential23,24. Important drivers of MHWs
include local atmosphere-ocean coupled processes (producing net
downward heat fluxes), warm ocean advection, and large-scale
modes of climate variability, with atmospheric and/or oceanic
teleconnections important when remotely forced24. In addition, a
new driver, the Atlantic meridional overturning circulation, has
been proposed in a recent study25. The Atlantic meridional
overturning circulation slowdown will not only affect MHWs in
the North Atlantic, but also affect those in the North Pacific via
the hemispheric temperature contrast response. While long-term
oceanic warming is the most important reason for changes in
MHWs globally17, there are notable differences in the mechan-
isms that affect regional MHW occurrences, intensity and
duration24.

The Northeast Pacific Ocean has experienced severe and broad-
scale MHWs in recent years. Known iconically as “the Blob”, recent
characteristic Blob MHWs have been observed during the winters
of 2013–1412 and 2014–1513, and the summers of 2014 and 201914.
These events have led to sometimes devastating impacts on sea life
including the mortality of sea animals, critically reduced ocean
primary productivity, and changes in biological species12,26,27.
These Northeast Pacific MHWs have been attributed primarily to
anomalously high sea level pressures associated with the North
Pacific Oscillation (NPO)28,29 as well as persistent low pressure
anomalies in the Gulf of Alaska, which suppress heat loss from the
ocean to atmosphere, causing extreme and prolonged warm sea
surface temperature (SST) anomalies12–14,30. The associated
reduction in surface winds and cloud cover has been identified as
an important mechanism to explain summertime MHWs when
marine stratocumulus clouds are otherwise typically most
prevalent14. In addition, these overlying atmospheric conditions
cause the shoaling of the ocean mixed layer, allowing excessive heat
to distribute in a thin ocean mixed layer, leading to warm upper
ocean temperature extremes in the Northeast Pacific14,31.

Here, we explore the role of Arctic warming in increasing the
number of MHW days experienced in the Northeast Pacific. The
remarkable reduction in Arctic sea ice during the late spring and
early summer since the late 1990s32,33 has led to significant Arctic
warming through increased local downward heat flux forcing and
feedbacks34. Recent studies suggest that Arctic warming exerts a
strong influence on mid-latitude extreme weather events by
altering the atmospheric circulation patterns35–38 including the
NPO39,40, albeit that the mechanisms are complex and
debated41–43. In the present study, we provide observational and
modeling evidence to show that accelerated Arctic warming acts
to modify the North Pacific atmospheric circulation and has likely
contributed to the recent increases in MHW days in the North-
east Pacific.

Results
Historical MHW properties in the Northeast Pacific. Figure 1a
shows the spatial distribution of the average total number of
MHW days per year (see “Methods” for MHW definition) in
the Northeast Pacific from 1982 to 2019. In particular, the area-
averaged total number of MHW days per year within the boxed
region of the Northeast Pacific (32°−50°N, 132°−152°W, black
box in Fig. 1a) is ~29 days with 7.4 days during summer
(Fig. 1b).

The boreal summer (June-July-August, JJA) exhibits the largest
significant upward trend in the number of MHW days since 1982
(average of 6.23 days decade−1; Fig. 1c, e) compared to other
seasons (Supplementary Fig. 1a–c). Similar to the upward trend
in the box-averaged MHW days per year, the box-averaged SST
during JJA also shows a significant upward trend in MHW days
in the Northeast Pacific region (0.39 °C decade−1; Fig. 1d, e)
compared to other seasons (Supplementary Fig. 1d–f). The trend
in the number of MHW days during spring (March-April-May)
and autumn (September-October-November) could be partly
explained by the increase in SST variability, which is known as
the dominant driver for changes in MHW properties (Supple-
mentary Fig. 2), and in contrast to that during JJA. Although
MHW impacts will vary for different marine species depending
on their ecological vulnerability and seasonality44,45, summer
MHWs might be expected to have larger ecological effects due to
thermal tolerances exceeding those of other seasons20. We
therefore focus our attention here on the total number of
MHW days in the Northeast Pacific during JJA.

While there are some discrepancies in the spatial structure of
climatological MHW days using different minimum duration
thresholds (Supplementary Fig. 3), their hotspots of MHW days
are very similar in spite of different minimum duration thresh-
olds during JJA (Supplementary Fig. 3e–h) and annually
(Supplementary Fig. 3a–d). The spatial pattern correlation
coefficient (see “Methods”) between the trends in mean SST
and the MHW days (Fig. 1c, d) is 0.59 in the Northeast Pacific.
The increased MHW days in recent decades, which resulted from
the longer and more frequent MHWs, might be associated with
increases in mean SST17,18,46. Our analysis also indicates that the
time series of area-averaged SST (black box, Fig. 1d) is closely
correlated with the MHW days during JJA over the period
1982–2019 (r= 0.75 detrended, where r is a simultaneous
correlation coefficient, statistically significant at the 99% con-
fidence level) (Fig. 1e). These results support the area-averaged
SST variability including its upward trend—which may be due to
natural variability, anthropogenic forcing, or their combined
influences—being associated with the increased numbers of
MHW days in the Northeast Pacific. In particular, the distinct
SST warming trend in the Northeast Pacific (0.65 °C decade−1) is
statistically significant at the 95% confidence-level for the most
recent 20-year period from 2000–2019, but not for the previous
period from 1982–1999 (0.41 °C decade−1). Indeed, the number
of MHW days averaged over the Northeast Pacific (black box in
Fig. 1) is about 2.2 and 12.1 days during the periods 1982–1999
and 2000–2019, respectively, and its difference is statistically
significant at the 95% confidence-level. There are also distinct
upward trends in MHW frequency, duration and intensity during
JJA (Supplementary Fig. 4). In particular, the MHW days during
JJA have significant correlation coefficients with their frequency
(r= 0.96), duration (r= 0.80) and intensity (r= 0.52) over the
period 1982–2019, and all correlation coefficients are statistically
significant at the 95% confidence level. This demonstrates that the
accelerated warming over the record is associated with the
distinct increase in MHW days attributed to the longer and more
frequent MHWs in the Northeast Pacific Ocean.
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Increases in MHW days and Arctic warming. In accordance
with the accelerated Arctic warming and rapid decline in Arctic
sea ice concentration since the late 1990s32,33 (Supplementary
Fig. 5), we hypothesized that the Arctic warming has led to the
recent increases in SST and MHW days in the Northeast Pacific.
To examine the effects of Arctic warming on the increased
number of MHW days, we first selected the years since the late
1990s when the total number of MHW days during JJA is
>10 days (2004, 2009, 2011, 2013, 2014, 2015, and 2019) (see
“Methods”). We conducted a composite analysis based on sea ice
concentration (SIC), sea level pressure (SLP) and low-level cloud
cover (LCC) from the late spring to early summer (May-June-
July, MJJ), respectively (Fig. 2). One month’s lead time (i.e., MJJ)
was found to be sufficient for SSTs to respond to the exchange of
surface heat fluxes (Supplementary Tables 1, 2).

We find that the increase in MHW days during JJA is
associated with a significant reduction in Arctic SIC during MJJ

(Fig. 2a). This implies that there may exist connections of Arctic
SIC during MJJ and the following atmospheric circulation in the
Northeast Pacific with a lagged time. Atmospheric circulation
patterns that lead to the increased MHW days are characterized
by dipole-like SLP anomalies reminiscent of a positive phase of
the NPO (+NPO) (Fig. 2b). A+NPO-like atmospheric circula-
tion anomaly can induce anomalous easterly winds when the
prevailing surface westerlies weaken. The resulting reduction in
surface evaporation from the oceans causes anomalous surface
layer warming by limiting latent heat loss from the ocean to the
atmosphere (Supplementary Fig. 6). These processes are verified
by significant correlations between the NPO index (see
“Methods”) and anomalous SSTs in the Northeast Pacific over
the period 1982–2019 (Supplementary Table 1). Furthermore,
this relationship becomes stronger during 2000–2019 than in the
prior period from 1982–1999. Our further analysis indicates that
a decrease in LCC during MJJ precedes the MHW event during

Fig. 1 Characteristics of the properties of MHWs and SST in the Northeast Pacific. Climatological distribution of a annual and b summer (June-July-
August, JJA) count of MHW days (in days) for 1982–2019. Trend map of c MHW days (days decade−1) and d SST (°C decade−1) during JJA. Hatched
regions in c and d indicate statistically significant values at the 90% confidence level based on a two-sided t test. The black box represents the area
(32°–50°N, 132°–152°W) where SST and MHW days have been significantly increased. e Time series of mean SST (°C, red line) and MHW days (days,
black line) during JJA averaged over the black box in a. Linear trends for 1982–2019 in each component are shown at the top left of the figure in e. Shade in
gray in e denotes the years (2004, 2009, 2011, 2013, 2014, 2015, and 2019) when the MHW days during JJA were >10 days since the late 1990s.
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JJA (Fig. 2c). A decrease in LCC results in an increase in solar
(shortwave) radiation reaching the ocean surface, leading to
anomalous warming of the upper Northeast Pacific (Supplemen-
tary Fig. 7). These radiative effects induced by the low-level cloud
cover are verified by a linear relationship between the LCC index
(see “Methods”) and anomalous SSTs in the Northeast Pacific
(Supplementary Table 2).

While these surface heat fluxes locally drive the anomalous SST
in the Northeast Pacific, MHW-favorable conditions appear to
also be largely and remotely driven by the +NPO-like atmo-
spheric circulation (Supplementary Figs. 6–8). Indeed, the peak of
latent heat flux anomalies precedes the largest solar radiation
anomalies by one month (Supplementary Fig. 8b, d). That is, the
surface warming induced by the reduced latent heat loss acts to
suppress the low-level cloud fraction along with the increase in
shortwave radiation, maintaining the perturbed SST warming.
This result implies that the +NPO-like atmospheric circulation is
a primary driver of the increasing MHW days and the low-level
cloud feedback has an important role in sustaining the MHWs in
the Northeast Pacific similar to the prolonged 2019 summertime
MHW event14.

In addition, we found that trends in the atmospheric
circulation are characterized by a +NPO-like SLP pattern along
with a decreasing trend in LCCs over the period 1982–2019
(Fig. 3a, b). This suggests that the atmospheric circulation change
toward a +NPO-like structure along with a decreasing trend of
LCC contributes to the observed increases in MHW days in the
Northeast Pacific in the recent past. Given that surface heat fluxes

are closely linked to the atmospheric circulation over the North
Pacific47,48, the +NPO-like trend in atmospheric circulation may
contribute to the upward trend in SSTs (Fig. 3c), comprising of an
accelerated increase in SST after the late 1990s (0.65 °C decade−1)
compared with that before the late 1990s (0.41 °C decade−1)
(Fig. 3d). While correlation analysis does not indicate a cause-
effect relationship, this result may imply that the +NPO-like
trend in atmospheric circulation (Fig. 3a) is favorable to the
increase in SSTs and the increased MHW days in the Northeast
Pacific.

To verify this, we analyzed the probability distribution of daily
Northeast Pacific SST anomalies, and specifically the changes in
this distribution between the periods of 1982–1999 and
2000–2019. Note that the mean SST in the Northeast Pacific is
17.0 °C (16.4 °C) for the periods 2000–2019 (1982–1999), and
their difference of 0.6 °C is statistically significant at the 99%
confidence level (Fig. 3d). Notably, this distribution has shifted to
a warmer state (Fig. 3e) and the right tail of the probability
distribution shows a substantial increase in the warm extremes, in
line with the increased MHW days since the late 1990s.

Model experiment. We hypothesized that the atmospheric cir-
culation that characterizes a +NPO-like structure and the asso-
ciated upward trend in the Northeast Pacific SSTs are attributable
to the observed Arctic warming along with a rapid decline in
Arctic SIC. To test this hypothesis, we conducted an idealized
climate model experiment (Methods).

Fig. 2 Preceding conditions of sea ice concentration, atmospheric circulation and low-level cloud cover for the years of long MHW days. Composite
map of a sea ice concentration (%), b sea level pressure (in hPa) and 850-hPa winds (m s−1) and c low-level cloud cover (%) during May-June-July (MJJ)
for the years (2004, 2009, 2011, 2013, 2014, 2015, and 2019) when the MHW days during JJA were >10 days since the late 1990s. The gray and black
boxes in b and c represent definition for the NPO and LCC index, respectively (see “Methods”). Stippling regions in b and c indicate statistically significant
values at the 90% confidence level based on a two-sided t test.

ARTICLE COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-023-00683-y

4 COMMUNICATIONS EARTH & ENVIRONMENT |            (2023) 4:25 | https://doi.org/10.1038/s43247-023-00683-y | www.nature.com/commsenv

www.nature.com/commsenv


There is considerable agreement that CO2 forcing is the main
cause of SST warming globally. Here, we emphasize the role of
Arctic warming in the Northeast Pacific Ocean. To isolate the
Arctic warming, we restored the historical SST with a fixed CO2

concentration in the Arctic region (north of 65oN) as referred to
ART_Exp. However, we do not exclude the role of greenhouse gas
forcing because the Arctic warming is mainly due to the
greenhouse gas forcing49. Such a model design has been used
previously and successfully to isolate the impact of Arctic
warming in previous studies39,50. We analyzed the simulated
ensemble mean atmospheric and oceanic variables from 30
ensemble members by excluding internal variability to emphasize
the role of Arctic sea-ice boundary forcing.

Similar to the observations, we found that the Arctic-forced
atmospheric responses are characterized by a +NPO-like atmo-
spheric circulation and a decreasing low-level cloud fraction from
1982–2019 (Fig. 4a, b). That is, the atmospheric circulation
characteristic of a +NPO-like structure and decreasing low-level

cloud fraction appears to play a key role in the simulated upward
trend in SST over the Northeast Pacific (Fig. 4c). Concurrently,
there is a distinct difference in mean SST between 2000–2019 and
1982–1999 (0.14 °C) in ART_Exp, which is statistically significant
at the 99% confidence level (Fig. 4d). Furthermore, this result is
verified by the overall warming shift of the probability
distribution of daily SST anomalies simulated for each ensemble
member between the last two decades of the 20th century and the
first decades of the 21st century in ART_Exp (Fig. 4e). Hence, our
model experiments demonstrate that Arctic warming related to
sea ice loss provides a plausible attribution mechanism for the
increases in MHW days.

It is noted that the magnitudes of trends in the ensemble mean
response derived from the idealized model simulation (Fig. 4a–c)
are smaller than those in the observations because the internal
variability is reduced and the response to Arctic warming is
isolated in the ensemble mean. In addition, the mean SST
difference between ART_Exp and satellite-derived SST data

Fig. 3 Trends of atmospheric circulation, low-level cloud cover, SSTs and the probability distribution of daily SST obtained from reanalysis and
observational-based datasets. Trend map of a SLP (hPa decade−1) and 850-hPa winds (in m s−1 decade−1), b LCC (% decade−1) during MJJ and c SST (°C
decade−1) during JJA for 1982–2019. Black contour, vector and stippling regions in a–c indicate statistically significant values at the 90% confidence level based
on a two-sided t test (all other vectors are shown in gray). d Time series of mean SST (°C, black line) during JJA in the Northeast Pacific. The light blue and red
line in d denotes the mean SST values for 1982–1999 and 2000–2019, respectively. e Probability distribution of daily SST anomalies (SSTAs, °C on lower x-axis)
in the Northeast Pacific during JJA for 1982–1999 (blue bar) and 2000–2019 (red bar) with their mean SST (°C on upper x-axis).
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during JJA is characterized by a cold (warm) bias in the western-
to-central (eastern) North Pacific (Supplementary Fig. 9). This
might act to underestimate (overestimate) MHW days in the west
(east) of the Northeast Pacific.

Discussion
Remarkable MHWs occurred in the Northeast Pacific over the period
2013–15 and in 2019 (Fig. 1e). Those events were characterized by
their distinct onset-to-decay mechanisms related to the large-scale
ocean-atmosphere variability13,14. For example, the MHWs in
2013–15 and 2019 have been linked to SST variability in the tropical
Pacific including El Niño–Southern Oscillation13,14. However, few
studies have explored the role of atmospheric forcing from the high
latitudes including the Arctic region on Northeast Pacific MHWs
during the boreal summer. In the present study, we hypothesized that
accelerated Arctic warming along with the diminished sea ice may act
to drive the atmospheric circulation toward a +NPO-like structure
and reduce the low-level cloud cover over the Northeast Pacific,

providing conditions conducive to increase the number of MHW
days during JJA. Along with changes in atmospheric circulation
patterns, reduced latent heat loss and increased downward shortwave
heat flux over the ocean may contribute to an increase in SST and
MHW days in the Northeast Pacific.

Our idealized climate model experiment with 30 ensemble
members supported the notion that the accelerated Arctic
warming related to sea ice loss since the late 1990s significantly
contributes to increase SST over the Northeast Pacific through the
modulation of the atmospheric circulation patterns, resulting in
an increase of MHW days there. However, there are notable
differences between the observations and model simulations. For
example, the atmospheric circulation pattern is more confined to
high latitude (Fig. 4a), and the SST response is more shifted to the
west coast of North America (Fig. 4c) in ART_Exp. Note that the
CO2 concentration is fixed at 353 ppm as the CO2 concentration
in 1989 in ART_Exp. This implies that a higher CO2 con-
centration is prescribed during 1982–1988 than the observations.
This might also be associated with a negative SST trend before

Fig. 4 Trends of atmospheric circulation, low-level cloud cover, SSTs and the probability distribution of daily SST simulated in ART_Exp. Trend map of
a SLP (hPa decade−1) and 850-hPa winds (m s−1 decade−1), b LCC (% decade−1) during MJJ and c SST (°C decade−1) during JJA for 1982–2019. Black
contour, vector and stippling regions in a–c indicate statistically significant values at the 90% confidence level based on a two-sided t test (all other vectors
are shown in gray). d Time series of mean SST (°C, black line) during JJA in the Northeast Pacific. The light blue and red line in d denotes the mean SST
values for 1982–1999 and 2000–2019, respectively. e Probability distribution of daily SSTAs (°C on lower x-axis) in the Northeast Pacific during JJA for
1982–1999 (blue bar) and 2000–2019 (red bar) with their mean SST (°C on upper x-axis).
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1989 (Fig. 4d). The ART_Exp is designed to isolate the impact of
Arctic warming. In addition, the trend derived from observations
might be influenced by other factors including CO2 forcing and
internal variability. While a single climate model experiment with
a large ensemble is useful to isolate the forced response from
internal variability51,52, there are some issues regarding the
required ensemble size and model dependency51,53. Thus, it
would be useful in future to conduct the same simulations using
different climate models with a large set of ensemble members.
Nevertheless, we infer that the ongoing Arctic warming and
further sea ice loss over the coming decades will further increase
the MHW days in the Northeast Pacific. These projected changes
are likely to pose further threats to marine ecosystems in this
region without rapid and substantial global commitments and
action to reduce carbon emissions together with the imple-
mentation of relevant climate change adaptation plans.

Methods
Observational-based SST and SIC data. Satellite-derived daily sea surface tem-
perature (SST) data were obtained from the National Oceanic and Atmospheric
Administration (NOAA) Optimum Interpolation (OI) SST v2.154. These data were
recently updated from the previous version of OISST v255, which has significantly
improved the data quality since January 1, 2016. The NOAA OISST v2.1 is a 1/4° global
gridded SST product based on Advanced Very High-Resolution Radiometer (AVHRR)
infrared satellite data and in situ measurements (ships, buoys, and Argo float) with daily
temporal coverage beginning in late 1981 to the present. For sea ice concentration (SIC),
we used the monthly satellite SIC estimates from the Climate Data Record (CDR)
provided by the NOAANational Snow and Ice Data Center (NSIDC)56. This SIC dataset
provides a comprehensive Arctic SIC estimates since 1979 gridded on a polar stereo-
graphic projection with nominal 25 km × 25 km grid cells. Seasonal anomalies were
derived by subtracting the climatological daily and monthly mean for 1982–2019 from
the total mean field for the SST and SIC datasets, respectively.

Reanalysis atmospheric and heat flux data. The fifth generation of the European
Centre for Medium-Range Weather Forecast (ECMWF) reanalysis product data-
sets (ERA5), with a horizontal resolution of 1°, was used for the atmospheric
circulation and heat flux fields57. Although data errors and uncertainties may exist
in the reanalysis datasets, among the available datasets for the present analysis
period, the ERA5 data have been successfully implemented in previous studies of
air-sea heat flux, low level cloud and large-scale climate variability in the North
Pacific58–60. Seasonal anomalies were obtained by subtracting the climatological
monthly mean for the period 1982–2019 from the total mean field.

Statistical significance test. To evaluate the statistical significance, we carry out
the Student’s t test with the effective degree of freedom due to serial correlation in
the time series that given by the theoretical approximation61,62.

Definition of a MHW event and composite years. We applied the now com-
monly used MHW definition63 to detect MHWs in satellite-derived SST daily
datasets (1/4° gridded) from NOAA OISST v2.1 for the period 1982–2019. MHWs
were identified when daily SSTs were found to exceed the 90th percentile threshold
above the seasonally varying daily climatology (baseline from 1982 to 2019) for at
least five consecutive days. There is little change in the result when the 95th per-
centile threshold is used to detect a MHW event (Supplementary Fig. 10). For each
MHW, we calculated its duration as the number of days from onset to end date.
The duration of a single MHW event that crossed from one month to the next (one
year to the next) is assigned to the month (year) when the event started. We then
defined the MHW days as the total number of MHW days in each season and year.
To identify favorable conditions for increased MHW days over the Northeast
Pacific in recent decades, we performed the composite analyses for SST, SIC and
low-level cloud cover (LCC).

The mean and one standard deviation for the MHW days during JJA were
found to be 7.4 and 12.3 days, respectively. We selected the years since the late
1990s when the MHW days during JJA were above 10 days. The large temporal
variance for MHW days (i.e., 12.3 day) makes it difficult to select the composite
threshold. The 10 days are basically obtained from the composite thresholds based
on the SST averaged over the Northeast Pacific (32°–50°N, 132°–152°W, box in
Fig. 1). The mean SST averaged over the Northeast Pacific during JJA is 16.7 °C and
one standard deviation is 0.71 °C. The years >0.7 standard deviation (0.5 °C) from
its mean are 1991, 2004, 2009, 2013, 2014, 2015 and 2019, which are almost
identical with the years when the total number of MHW days during JJA is
>10 days since the late 1990s (2004, 2009, 2011, 2013, 2014, 2015, and 2019). For
convenience, we use the composite threshold based on MHW days (i.e., 10 days),
not the SST. In fact, 10 days is the closest threshold following the mean SST
mentioned above. Note that the main results in the present study are not sensitive

to the choice of the composite threshold including the 75th percentile of the
interquartile range. Meanwhile, there is some discussion about the spatial and
temporal scale for MHW detection44. We further examined the sensitivity to the
MHW detection using various thresholds of minimum duration including 10-days,
20-days, and 30-days (Supplementary Fig. 3). The spatial structures of
climatological MHW days with different thresholds are similar over the Northeast
Pacific (Supplementary Fig. 3a–h). Furthermore, there are distinct MHW trend
patterns and temporal evolutions consistent with those based on the 5-day
threshold MHW detection metrics (Supplementary Fig. 3i–m). The composite
years with peaks for MHW days also show little change.

North Pacific Oscillation index. To quantify the NPO variability, we defined the
NPO index as the difference in SLP anomalies between the northern (50°−65°N,
140°−170°W) and southern (25°−45°N, 150°−175°W) lobe of the North Pacific region,
as shown in Fig. 2b. The NPO index shows a positive linear trend for the present
analysis period (Supplementary Fig. 11a) and there is a strong interannual relationship
between this index and SST over the Northeast Pacific (Supplementary Table 1).

Low-level cloud cover index. The LCC index was calculated as the LCC anomalies
averaged over (28°−44°N, 135°−155°W), as shown in Fig. 2c. It displays a negative
linear trend (Supplementary Fig. 11b) and a tight connection with SST over the
Northeast Pacific (Supplementary Table 2).

Spatial pattern correlation. To measure how similar the mean SST and MHW
days trend patterns are over the Northeast Pacific (25°−55°N, 115°−165°W), we
estimated the spatial pattern correlation coefficient. We calculated the centered
pattern correlation coefficient between paired spatial patterns weighted by the
cosine of latitude.

Model experiment. We performed idealized coupled general circulation model
experiments using the GFDL CM2.164. The horizontal resolutions of the atmosphere
and land were 2° latitude and 2.5° longitude, with 24 atmospheric levels. The ice-
ocean model was composed of a 200-latitude and 360-longitude tripolar grid with 50
oceanic vertical levels. To investigate the impact of Arctic warming, the SSTs in the
high latitudes (north of 65°N) were restored to the linearly interpolated historical
observed daily SST for the period 1951–2019. The experiment consisted of 30
ensemble members with different initial atmospheric and oceanic conditions. Note
that the CO2 concentration, which is known to be one of themajor contributors to the
long-term SST trend, is fixed at 353 ppm as the CO2 concentration in 1989.

Specifically, the historical SST was restored in the Arctic region with a five-day
restoring time scale. The SIC simulated in this model mostly follows the
observational evolution (Supplementary Figs. 5, 12), implying that sea ice rapidly
adjusts to the SST evolution because the simulated SIC was thermodynamically
balanced with the restored SST in the Arctic. In addition, the ocean model was fully
coupled with the atmosphere and sea ice models outside of the SST restoring
region. This model experimental configuration has been previously used to explore
the impact of Arctic warming in previous studies39,50. For example, the simulations
used in this study are the same as those undertaken by Kim et al.39 that investigated
the connection between Arctic sea ice loss and the occurrence of Central Pacific El
Niño events. It is noteworthy that we performed the additional 15 ensemble
member simulations with an extended integration period in the present study to
more rigorously isolate the forced response from internal variability. That is, these
idealized experiments were designed to identify whether Arctic warming related to
sea ice loss, which is known to be strongly due to anthropogenic climate change49,
could contribute to the atmospheric circulation over the North Pacific in
association with the increases in MHW days. In particular, we used ensemble mean
variables from each of 30 ensemble members in CO2 fixed simulations to
emphasize the response of the Arctic warming related to sea ice loss by minimizing
the impact of internal variability and greenhouse-gas forcing in other non-Arctic
parts of the climate system. Seasonal anomalies were derived by subtracting the
climatological daily and monthly mean for the period 1982–2019 from the total
mean field for SST and all other variables, respectively.

Data availability
The OISSTv2.1 (ref. 54) data set is available from the NOAA Physical Sciences Laboratory
website (https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html). The satellite
SIC (ref. 56) data set is available from the NSIDC website (http://nsidc.org/data/nsidc-
0051.html). The ERA5 (ref. 57) data set is available from the ECMWF website (https://
www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5). The GFDL CM2.1 model
and corresponding data are available from the GFDL portal server (https://nomads.gfdl.
noaa.gov/CM2.X).

Code availability
Codes used to generate main figures are available on request from the author
(sysong619@gmail.com).
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