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During 2010 to 2020, Northeast Pacific (NEP) sea surface temperature (SST) experi-
enced the warmest decade ever recorded, manifested in several extreme marine heat-
waves, referred to as “warm blob” events, which severely affect marine ecosystems and
extreme weather along the west coast of North America. While year-to-year internal
climate variability has been suggested as a cause of individual events, the causes of the
continuous dramatic NEP SST warming remain elusive. Here, we show that other than
the greenhouse gas (GHG) forcing, rapid aerosol abatement in China over the period
likely plays an important role. Anomalous tropospheric warming induced by declining
aerosols in China generated atmospheric teleconnections from East Asia to the NED,
featuring an intensified and southward-shifted Aleutian Low. The associated atmospheric
circulation anomaly weakens the climatological westerlies in the NEP and warms the
SST there by suppressing the evaporative cooling. The aerosol-induced mean warming
of the NEP SST, along with internal climate variability and the GHG-induced warm-
ing, made the warm blob events more frequent and intense during 2010 to 2020. As
anthropogenic aerosol emissions continue to decrease, there is likely to be an increase
in NEP warm blob events, disproportionately large beyond the direct radiative effects.

warm blob | aerosol forcing | atmospheric teleconnection

Since the 2010 s, multiple record-breaking warm sea surface temperature (SST) events
(also known as warm blobs or marine heatwaves) have occurred in the Northeast Pacific
(NEP). These events have had severe impacts on marine ecosystems (1-3), including
biodiversity and the provision of ecosystem services (4), habitat compression of coastal
upwelling and forage redistribution (5), and a coastwide toxic algal bloom along the North
America west coast (6). In addition, such events have brought losses of billions of US
dollars with widespread socioeconomic impacts (7). For example, the highly impactful
California drought accompanied by the NEP warm blob events (8, 9) during 2013 to
2016 led to multibillion US dollars in agricultural losses (10-12) and the death of more
than 100 million trees (13). These severe ecological and social consequences indicate the
urgency of revealing the causes of these emerging climatic extremes.

The mechanisms underlying the recent dramatic NEP SST warming remain ambiguous.
Previous studies have linked the NEP SST warm blob events to internal atmospheric
variability associated with the North Pacific oscillation (NPO), El Nifio and Southern
oscillation (ENSO)-linked atmospheric forcing, and the Pacific decadal oscillation (PDO)
(14-16). The NPO-like sea level pressure (SLP) pattern with a high-pressure (low-pressure)
anomaly over the high-latitude (low-latitude) NEP acts to reduce surface winds, further
reducing local evaporative cooling as well as wind-driven upper ocean mixing, resulting
in strong NEP SST warming (8, 17, 18). The positive SST anomaly initiates positive
thermodynamic feedback between the ocean and atmosphere through the wind-evaporation-
SST (WES) feedback (19) and activates meridional modes (20), leading to the propagation
of SST anomalies from the subtropics to the central equatorial Pacific and generating El
Nifo (21). Anomalous tropical convection due to El Nifio induces atmospheric telecon-
nection to the extratropics, leading to the strengthening of the Aleutian Low and driving
the oceanic expression of the positive PDO (22), reinforcing the NEP SST warm blob
(15). Furthermore, the NEP SST warming reduces lower tropospheric stability, thereby
decreasing low cloud cover and amplifying the NEP SST warming through the positive
cloud-radiative-SST feedback (23), which played an important role in the summer 2019
warm blob event (24).

In addition to internal variability, greenhouse gas (GHG)-induced mean ocean warming
may also contribute to an increase in marine heatwaves globally (25, 26), including in the
NEP region. Anthropogenic aerosol emission is another important driver of climate
change, which has offset a considerable portion of the GHG-induced warming (27) and
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induced a north—south interhemisphere asymmetric SST response
pattern (28). Specifically, the increased aerosol emissions from the
Northern Hemisphere may contribute to the global warming hia-
tus and the associated negative PDO prior to 2012 (29, 30), albeit
the aerosol’s effect is weaker than that of GHG, and its influence
on PDO is debatable (31, 32).

Given that internal variability regulates SST periodically and
the GHG-induced warming has been ongoing for decades, the
abrupt and conspicuous NEP SST warming in the last decade or
so (Fig. 1) is unexpected. More importantly, aerosol emissions have
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substantial spatial and temporal changes that may have contributed
to the recent NEP warming. In particular, since the 2010 s, aerosol
emissions over East Asia have declined as a result of China’s Clean
Air Act (33, 34), leading to a greater local enhancement in pre-
cipitation (35, 36). It remains unclear to what extent the recent
NEP SST warming is related to the concurrent decline in China
aerosol emissions. Here, we show that the aerosol abatement in
China causes localized tropospheric warming and induces atmos-
pheric teleconnection from East Asia to the NEP with an inten-
sified and southward-shifted Aleutian Low, reinforcing the recent
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Fig. 1. Observed NEP SST warming and the corresponding atmospheric circulation anomalies. (A-C) The annual mean relative (referenced to the global mean
SST) SST anomalies of 2014, 2015, and 2019, based on ERSSTV5 (shadings, in °C), and 500 hPa stream-function anomalies based on ERAS5 (contours, in m?s™,
1% 10°m?s™" contour interval with 0 line omitted, solid contours denote clockwise circulation anomalies and dashed contours denote anticlockwise circulation
anomalies). (D) The mean of the 2014, 2015, and 2019 relative SST and 500 hPa stream-function anomalies, with dots represent the mean relative SST anomalies
are significant above the 95% (bigger dots) and 90% (smaller dots) Cl based on Student’s t test. (E) Time series of the annual mean NEP indices (in °C) during
1920 to 2020 in ERSSTVS (red), HadISST (yellow), and COBE2 (blue). The NEP Index is defined as the regional mean relative SST anomaly averaged over the box of
160°W-120°W, 40°N-60°N (green box in D). (F) Time series of rolling 11-y trends of the annual mean NEP indices (in °C decade™) during 1920 to 2020 in ERSSTV5
(red), HadISST (yellow), and COBE2 (blue). The climatology is constructed over the 1950 to 2000 period.
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rapid NEP SST warming through WES feedback and contributing
to increased warm blob events beyond warming from the associ-
ated direct radiative effect.

Results

Observed Extraordinary NEP SST Warming. We investigate
relative North Pacific SST anomalies referenced to global mean
SST changes (Detection and Attribution Analysis) since in no other
time in the recent history has there been a comparable rise in global
mean temperature due to the increase in GHG concentration.
The annual mean relative North Pacific SST anomalies in 2014,
2015, and 2019 show robust warming centers in the NEP after
the global mean SST anomalies have been removed (Fig. 1 A-C),
resembling the patterns of prominent warm blob events (15, 24).
The mean of the relative SST anomalies of the three warm blob
events features robust warming along the Bering Strait, Gulf of
Alaska, and throughout the west coast of North America to low
latitudes (Fig. 1D), with the warming center located in the NEP.
Previous studies highlighted the importance of atmospheric forcing
in driving the NEP SST warming (37) and the warm blob events
(17, 38). The NPO-like north-south dipole anomalies of the
500 hPa stream-function reduce the climatological westerlies in
the NEP (contours in Fig. 1 A-D), hence the evaporative cooling
through the WES feedback, leading to the warm NEP SST anomaly.

To quantify the strength of the NEP SST warming over a longer
period, we define a NEP Index (Detection and Attribution Analysis)
as the regional mean relative SST anomaly that is centered around
the significant NEP warming (green box in Fig. 1D). Except for
the abovementioned events, the NEP Index is relatively stable
throughout the entire 20th century, with changes between -1 °C
and 1 °C and no robust warming trend (Fig. 1E). We calculate
11-y rolling trends of the NEP Index (Fig. 1F and Detection and
Attribution Analysis). Results indicate that the rolling relative NEP
warming trends never exceed 1 °C decade™ in the 20th century,
but show a rapid increase after 2007, and reach ~1.5 °C decade™
in the very recent decade.

Given that the meridional dipole SST pattern in the North
Pacific related to the PDO and ENSO is favorable for the warm
blob events (15, 24), we remove the PDO- and ENSO-related
SST anomalies (Detection and Attribution Analysis) from the orig-
inal SST fields and calculate the North Pacific relative SST anom-
alies in 2014, 2015, and 2019, as well as the corresponding NEP
Index during 1920 to 2020 (SI Appendix, Fig. S1). The residual
SST anomalies in the North Pacific resemble those warm blob
events (S Appendix, Fig. S1 A-D). The magnitude of the relative
NEP SST warming is ~0.75 °C (SI Appendix, Fig. S1E), more
than half of that in the original fields (~1.4 °C) with the PDO
and ENSO signals (Fig. 1£). Importantly, these recurring patterns
due to internal climate variability cannot explain the dramatic
NEP SST warming in the recent decade.

Furthermore, as variation in atmospheric circulation is a key factor
in controlling the North Pacific SST anomalies (14, 17, 37, 38),
we also examine the atmospheric circulation change during 1950
to 2020 by using empirical orthogonal function (EOF) analysis
(Detection and Attribution Analysis) on the North Pacific SLP and
investigate the associated SST pattern by regressing the North
Pacific SST onto the principal components (PCs). The first and
second EOF modes show the PDO and the NPO pattern, respec-
tively. The PDO modulates the North Pacific SST and atmospheric
circulation anomalies with its decadal signal, and the phase tran-
sition after 2010 may contribute to the NEP SST warming
(81 Appendix, Fig. S2 A and C). The NPO contributes to the NEP
SST anomalies by modulating surface heat flux changes through
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intensifying (weakening) the climatological westerlies in their pos-
itive (negative) phase (S Appendix, Fig. S2B). However, the NPO
shows large interannual variations (SI Appendix, Fig. S2D) and
hence is unlikely responsible for the recent rapid NEP SST
warming.

We perform an EOF analysis on the low-frequency North Pacific
SST (81 Appendix, Fig. S3 and Detection and Attribution Analysis)
to distinguish the role of internal variability from external forcing
atlonger time scales. The leading PC1 features a continuous warm-
ing trend in the North Pacific SST, due primarily to external forc-
ings (8] Appendix, Fig. S3 A and C). The second mode (PC2)
correlates with the PDO index at 0.97, reflecting the low-frequency
internal variability (S Appendix, Fig. S3 B and C). The NEP SST
anomalies show positive (negative) trends during a PDO warm
(cold) phase, highlighting the role of the low-frequency PDO in
modulating the NEP SST changes (7 Appendix, Fig. S3 Cand D).
Correlation between the low-frequency NEP Index and the sum
of PC1 and PC2 is 0.80, suggesting that low-frequency NEP SST
variability is driven by both external forcing and internal variability
(SI Appendix, Fig. S3D).

Atmospheric GHG concentrations, as the major external forc-
ing of the climate system, have increased steadily since the latter
half of the 20th century, leading to the continuous warming of
the global ocean. The PDO, as a robust recurring pattern of dec-
adal climate variability in the extratropical North Pacific (39, 40),
also contributes to the low-frequency change in the NEP SST (41,
42) (SI Appendix, Fig. S3D). After 2010, the negative-to-positive
phase transition of the PDO and the GHG forcing partially
explain the NEP SST warming, but the NEP has never experi-
enced such rapid and substantial warming in any other historical
period. The abrupt increase in PC1 after the 2010 s (S/ Appendix,
Fig. S3C) suggests that the dynamics underpinning the sudden
NEP SST warming likely include external forcings beyond GHG
emissions. Below, we show that reduced emissions of aerosols in
China likely play an important role.

Reduced East Asia Aerosols. In contrast to the well-mixed GHGs,
aerosol emissions are constantly evolving in space due to their short
atmospheric residence time. Before 2007, both the aerosol emissions
in East Asia and the global CO, concentration (Fig. 24) showed a
monotonic increase. Since 2014, global CO, levels have continued
to rise sharply, but acrosol emissions from East Asia (mainly from
China) have declined rapidly due to the implementation of Chinas
Action Plan on the Prevention and Control of Air Pollution (Fig. 2
Aand B). Other aerosol emission centers (i.e., South Asia, Europe,
and North America, boxes in Fig. 2B) showed monotonic trends
in the 21st century (SI Appendix, Fig. S4). We examine whether
the reduction in aerosol emissions in East Asia affects the rapid
SST warming in the NEP,

Unmasking of Warming in All-Forcing Experiments. We use 12
climate models from the same institution that participate both the
phases 5 (CMIP5) (43) and 6 (CMIP6) (44, 45) of the Coupled
Model Intercomparison Project (SI Appendix, Table S1). These
simulations include “All forcing” agents subject to historical
emissions and natural forcings (1850 to 2005 in CMIP5; 1850
to 2014 in CMIP6) for past climate change. We extend these data
to 2020 by the Representative Concentration Pathway (RCP) 4.5
emission scenario in CMIP5 and by the shared socioeconomic
pathway (SSP) 2-4.5 (SSP2-4.5) emission scenario in CMIP6,
respectively. The GHG effects are similar in these simulations.
However, they include a range of aerosol pathways. The CMIP6
models simulate the observed rapid reduction in aerosol emissions
from East Asia during 2007 to 2020 (Fig. 24); in contrast, the

https://doi.org/10.1073/pnas.2313797121
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Fig. 2. Observed and simulated rapid changes of aerosol emissions in East Asia. (A) East Asian regional annual mean 550 nm AOD accumulations (in 1) in the
observations (black) during 2001 to 2020, the CMIP6 All-forcing simulations extended using simulations under the SSP2-4.5 scenario (red), and the CMIP5 All-
forcing simulations extended using simulations under the RCP4.5 scenario (blue) during 1920 to 2020. Lines are the multimodel ensemble means, and shadings
represent the intermodel spreads with 1.0 SD. Green line denotes the observed CO, concentration (in parts per million) at Mauna Loa Observatory (1958 to
2020), Hawaii. (B) The annual mean 550 nm AOD trend (in 1 decade™") during 2007 to 2020 in the observations, with gray dots represent the trends are significant
above the 95% (bigger dots) and 90% (smaller dots) Cl based on Student's t test. Boxes are the ranges of regional mean 550 nm AOD accumulations in East Asia
(100°E-130°E, 10°N-50°N), South Asia (70°E-100°E, 10°N-30°N), Europe (0°-50°E, 35°N-60°N), and North America (100°W-60°W, 30°N-50°N).

CMIP5 models are forced by East Asian aerosol emissions that
flattened after the 2000 s, without incorporating a reduction in
aerosol emissions in East Asia (Fig. 24).

To remove the influence of differences in climate sensitivity in
climate models, we normalize the SST and SLP trends during 1920
to 2006 and 2007 to 2020 by their global mean surface temperature
change during 1950 to 2000 in each model and conduct the multi-
model ensemble mean (MMEM) to examine the SST and atmos-
pheric circulation responses between CMIP6 and CMIP5 All-forcing
simulations. Prior to 2006, the CMIP6 and CMIP5 MMEMs show
similar North Pacific SST changes, with a maximum warming in the
Bering Sea at 0.3 ~ 0.4 °C decade™ °C™" and minimum warming in
the mid-latitude North Pacific (87 Appendix, Fig. S5 A and B). Their
difference in the North Pacific is small (S7 Appendix, Fig. S5C). The

40f 10  https://doi.org/10.1073/pnas.2313797121

regional mean normalized NEP SST anomalies during 1920 to 2006
in CMIP6 and CMIPS are both ~0.05 °C decade™ °C™". Thus,
CMIP6 and CMIP5 simulate comparable externally forced changes
in the North Pacific SST during 1920 to 2006.

By contrast, during 2007 to 2020, the CMIP6 MMEM shows
marked North Pacific warming centered in the NEP (Fig. 34),
with a regional mean NEP SST anomaly at 0.93 °C decade™ °C™".
However, the North Pacific SST trend during 2007 to 2020 in
CMIP5 is quite different, showing a warming in the mid-latitude
North Pacific and a weak response in the NEP (Fig. 3B), with
0.22 °C decade™ °C™" of the regional mean NEP SST anomaly.
More importantly, the difference in the North Pacific warming
pattern between CMIP6 and CMIP5 shows a conspicuous NEP
SST warming centered from the Bering Strait to the Gulf of

pnas.org
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Fig. 3. Declined East Asian aerosol emissions induced North Pacific SST and SLP changes in CMIP6 and CMIP5 All-forcing simulations. (A) The normalized
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trends during 2007 to 2020 in the CMIP6 All-forcing simulations extended using simulations under the SSP2-4.5 scenario. (B) Same as A but for the CMIP5
All-forcing simulations extended using simulations under the RCP4.5 scenario. (C) Differences between A and B. The gray dots represent the normalized SST trends
are significant above the 95% (bigger dots) and 90% (smaller dots) Cl among different climate models based on Student's t test. (D and E) The first intermodel
EOF mode (shadings, in °C decade™ °C™") and the corresponding PC of the normalized SST trends during 2007 to 2020 in 12 CMIP6 models (pink bars) and 12
CMIP5 models (blue bars). The explained variance is reported on the Top of the panel. Subplot in £ denotes the probability density functions of the normalized
monthly NEP SST trends during 2007 to 2020 in 12 CMIP6 models (pink, red line denotes the mean value: 1.24 °C decade™ °C™") and 12 CMIP5 models (blue,

blue line denotes the mean value: 0.26 °C decade™ °C™).

Alaska, extending throughout the west coast of North America to
low latitudes (Fig. 3C), resembling the observed NEP warming
pattern during the blob events (Fig. 1D). The corresponding
atmospheric circulation shows an intensified and southward-shifted
Aleutian Low with negative SLP anomalies centered to the south-
west of the Bering Strait in CMIP6, which is manifested in the
difference between CMIP6 and CMIP5 results (contours in Fig. 3
A and C). This anomalous SLP pattern and the corresponding
surface wind anomalies warm the NEP SST by suppressing the
evaporative cooling through WES feedback.

We evaluate the intermodel differences in SST changes by
applying EOF analysis on the normalized SST trends over the
2007 to 2020 period in the 24 models. The leading EOF mode
(40.0% explained variance) captures the pronounced North Pacific
warming pattern, resembling the NEP SST warming in both the
observations and MMEM results (Fig. 3D). The corresponding
intermodel differences in the intensity of the warming pattern are
reflected in the PC values (bars in Fig. 3E). Overall, the intensity
of the warming pattern in CMIP6 (red bars), with decreasing East
Asia aerosols, is larger than that in CMIP5 (blue bars) with flat-
tened East Asia aerosols.

Because the GHG effects are similar between the CMIP6 and
CMIP5 models, and internal variability, whose phase varies

PNAS 2024 Vol.121 No.21 e2313797121

randomly across models, is largely removed in the MMEM, the
warming signals in each MMEM warming pattern are mostly exter-
nally forced. The results indicate that the mean warming of the
NEP SST due to the rapid reduction in aerosol emissions in East
Asia during 2007 to 2020 likely plays an important role in the
formation of the observed NEP SST warm blob events, as captured
by the CMIP6 models but absent in the CMIP5 models.

Using normalized monthly NEP SST trends during 2007 to
2020 in each of the 12 CMIP6 and 12 CMIP5 models, we con-
struct two probability density functions. Their comparlson shows
awarmer NEP SST in CMIP6 (mean value: 1.24 °C decade™ °C” )
than that in CMIP5 (mean value: 0.26°C decade™ °C™)
All-forcing simulations (Fig. 3E), translating into an increased
frequency of samples with high SST anomahes For example, using
a threshold value of 2.0 °C decade™ °C™! warming, the frequency
increases from 8% in CMIP5 with leveled East Asian aerosols to
38% in CMIP6 with decreased East Asian aerosols.

Unmasking of Warming in Single-Forcing Experiments. In
addition to the All-forcing simulations in CMIP6 and CMIP5,
we use the latest simulations from the Detection and Attribution
Model Intercomparison Project in the CMIP6 dataset (S Appendix,
Table S1) to isolate the role of individual forcing in shaping the North
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Pacific SST responses. We use the same 12 models as in CMIP6
All-forcing simulations that performed the historical anthropogenic
aerosol or GHG only single-forcing simulations during 1850 to
2020. In the single-forcing simulations, anthropogenic aerosols
or GHGs are the only time-varying forcing agent, while the other
forcings are fixed at the preindustrial level.

Comparison of EOF analysis on the low-frequency North
Pacific SST changes during 1920 to 2020 between CMIP6
All-forcing and single-forcing simulations (Fig. 4 and Derection
and Attribution Analysis) highlights the role of aerosol-forcing in
modulating the NEP SST anomalies. The leading PC denotes the
long-term change in the external forcing signals; the variance con-
tributions in All-forcing, Aerosol-forcing, and GHG-forcing sim-
ulations are 94.2%, 93.4%, and 97.8%, respectively. In the
All-forcing and GHG-forcing simulations, the NEP SST shows
continuous warming (Fig. 4 A, C, and D). However, in the
Aerosol-forcing simulations, a continuous cooling of the NEP
SST persists until around 2007, thereafter a rapid warming trend
is established when the East Asian aerosol emissions are reversed
(Fig. 4 Band D).

Regressed SLP changes onto the PCs verify the role of atmos-
pheric circulation changes in shaping the North Pacific SST
responses (contours in Fig. 4 A-C). A comparison between the
All-forcing and single-forcing simulations reinforces that the East
Asian anthropogenic aerosol emission reduction dominates the
NEP SST warming after 2007. By contrast, the GHG-forcing
contributes but is not the primary cause of the rapid NEP SST
warming after 2007.

Taking into account all the CMIP6 and CMIP5 All-forcing sim-
ulations, the CMIP6 anthropogenic acrosol, GHG, as well as natural
single-forcing simulations, we find that the NEP indices reaffirm
the role of the reversal in East Asian aerosol emissions in modulating
the NEP SST anomaly. The reversal in aerosol emissions amplifies
warming after 2007 as seen in the comparison between CMIP6 and

A Alforcing EOF1 94.2%

B Aerosol-forcing EOF1 93.4%

CMIP5 All-forcing simulations after 2007 (SI Appendix, Fig. S6A)
and in CMIP6 historical anthropogenic aerosol single-forcing sim-
ulations (S Appendix, Fig. S6B). The GHG single-forcing simula-
tions produce a continuous warming in the NEP SST (S7 Appendix,
Fig. S6C), and the naturally forced experiments generate no persis-
tent NEP SST changing (S/ Appendix, Fig. S6D).

There are four main regions for aerosol emissions in the 20th
century: East Asia, South Asia, Europe, and North America. To
identify their relative importance, we regress the global 550 nm
aerosol optical depth (AOD) anomalies onto the NEP Index in
CMIP6 historical anthropogenic aerosol single-forcing simulations
(Detection and Attribution Analysis) and find that the most signif-
icant AOD anomalies associated with the NEP SST changes are
located in East Asia and to a less extent in South Asia. The aerosol
emissions from Europe are also related to the NEP SST changes
but with a relatively small magnitude (S7 Appendix, Fig. S7).

Impact through Atmospheric Teleconnections. The reduced East
Asian aerosol emissions lead to an intensification and southward-
shift of the Aleutian Low and generate the NEP SST warming by
atmospheric forcing. A tropospheric heating anomaly induced by
East Asian aerosol emissions has been suggested to be an important
mechanism affecting the North Pacific atmospheric circulation
(29, 46).

We test this mechanism by conducting two sets of coupled cli-
mate model simulations with and without Chinese aerosol emissions
using the Community Earth System Model Version 2 (CESM2)
(47) (CESM2 Experiments). To isolate the climate effect of changes
in aerosol emissions from China, all the other forcings are held
constant at their 2000 level. The two sets of simulations differ only
in Chinas SO, and black carbon (major aerosol species) aerosol
emissions, one at their 2000 level as a control simulation (CTRL),
and the other one with the SO, and black carbon aerosol emissions

in China removed (n0CN) (SI Appendix, Fig. S8). Each set of the

C  GHG-forcing EOF1 97.8%
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Fig. 4. Leading modes of externally forced North Pacific SST and SLP changes in CMIP6 simulations. (A) The first EOF mode of 9-y low-pass filtered annual mean
SST anomaly (shadings, in °C) during 1920 to 2020 in CMIP6 All-forcing simulations extended using simulations under the SSP2-4.5 scenario. The explained
variance is reported on the Top of the panel. (B and C) Same as A but for the anthropogenic aerosol single-forcing (B) and GHG single-forcing (C) simulations,
respectively. Contours in A-C are the regressions of the North Pacific SLP onto the PC1 of the EOF analysis (in hPa per SD of the PC1, 0.05 hPa contour interval
with 0 line omitted, solid contours denote high-pressure anomalies and dashed contours denote low-pressure anomalies). The gray dots represent the SLP
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climatology is constructed over the 1950 to 2000 period.
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simulation is branched into a 10-member ensemble with slightly
different perturbations in initial atmospheric states. The ensemble
mean results can substantially remove the internal variability signal
and represent the externally forced responses. Each ensemble mem-
ber is run for 20 y. The global mean net radiative flux at the top of
the atmosphere adjusts fast in the first 5 y (S Appendix, Fig. S9).
Therefore, we use the last 15-y mean as the response. The compar-
ison between the 70CN and CTRL simulations quantifies the

transient climate response (including the rapid NEP SST warming)
by removing major aerosol emissions from China. The total equili-
bration of the deep ocean, which can take hundreds to thousands
of years (48), is beyond the scope of the current study.

We find that the removal of SO, and black carbon aerosol
emissions from China leads to a substantial decrease in AOD
centered in East China (87 Appendix, Fig. S104), resulting in an
increase in the atmospheric absorbed solar flux (87 Appendix,
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Fig. 5. Declined Chinese aerosol emissions induce NEP coupled ocean-atmosphere responses in the CESM2 experiments. Shown are responses normalized
by global mean surface temperature response between the noCN and CTRL simulations. (A) Ensemble mean responses of annual mean 500 hPa atmospheric
temperature (shadings, in °C °C™"), stream-function (contours, inm?s™ °C™", 5x 10° m?s™" °C”" contour interval with 0 line omitted, solid contours denote clockwise
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were derived as the difference between the noCN and CTRL simulations.
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Fig. S10B). In response to the atmospheric radiative heating anom-
aly, the 500 hPa atmospheric temperature increases in and along
the downstream of the heating source due to advection by the
climartological westerlies (Fig. 54). The anomalous atmospheric
warming induces alternating divergent and convergent flows as
illustrated by the 500 hPa stream-function (contours in Fig. 54),
with wave-activity fluxes that signify the propagation of the atmos-
pheric teleconnection pattern from the forcing center to the NEP
(vectors in Fig. 5A4).

As a part of the atmospheric teleconnection pattern, an intensi-
fied and southward-shifted Aleutian Low is induced, promoting the
NEP SST warming through the WES feedback as the local clima-
tological westerlies weaken (contours in Fig. 5B). The SST response
shows a “horse-shoe” like warming pattern with warming from the
Bering Strait to the Gulf of Alaska, extending throughout the west
coast of North America to low latitudes (Fig. 5B). The atmospheric
anomalies and the corresponding SST warming pattern in the
CESM2 experiments resemble the differences between the CMIP6
and CMIP5 All-forcing simulations with and without Chinese aer-
osol reductions (Fig. 3C), providing pieces of evidence for a linkage
between the Chinese aerosol cleanup and the NEP SST warming,

Discussion

The warm blob events are closely related to year-to-year internal
climate variability. However, the internal climate variability cannot
explain the abrupt continuous NEP SST warming in the most recent
decade. The GHG-induced warming, which has been ongoing
steadily for decades, is also not responsible for this specific NEP SST
warming. We found an important role by China aerosol abatement
in driving the rapid NEP SST warming, which provides favorable
conditions for the warm blob events over the past decade. The rapid
warming of the NEP SST is not simply due to the direct radiative
effect of the declined China aerosol emissions; the reduced aerosol
emissions also induce an atmospheric circulation response in the
North Pacific via atmospheric teleconnections that weaken the sur-
face winds over the region. This aerosol-induced North Pacific
atmospheric circulation anomaly (Figs. 3C and 5) is different from
that induced by internal climate variability (Fig. 1D) which directly
leads to the warm blob events. The intensified and southward-shifted
Aleutian Low from the aerosol reduction we emphasized in this
study results in a conspicuous rapid mean NEP SST warming, along
with internal climate variability and GHG forcing, leading to the
frequent and intense warm blob events in the most recent decade.
Our findings thus provide an important advance in understand-
ing and attributing the recent past climate change, relevant for
assessing the probability of future warm blob events in the NEP.
In the coming decades, radiative heating from a continued reduc-
tion in anthropogenic aerosol emissions will itself increases such
events, and the heating will also triggers large-scale atmospheric
teleconnections with far-reaching impacts on climate and society
well beyond the aerosol source regions (34). One such impact is
a substantial increase in NEP warm blob events, disproportionally
large beyond the direct radiative effect, and dramatic when rein-
forced by other factors such as decadal variability (16), the
GHG-induced North Pacific (49), and Arctic (50) warming,.

Materials and Methods
The acronyms used in this paper are listed and explained in S/ Appendix, Table 52.

Observations. We mainly use the National Oceanic and Atmospheric
Administration Extended Reconstruction SST, version 5 (ERSSTv5) product (51)
to evaluate the North Pacific SST changes. The data are available on a 2° x 2°
horizontal grid globally for the period of 1854 to 2020. We also use the HadISST
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(52) and COBE-SST2 (53) products for comparison. The observed monthly PDO
index is taken from the National Centers for Environmental Information, National
Oceanic and Atmospheric Administration for the period of 1920 to 2020. The El
Nifio index is defined as the detrended Nifio3.4 index (5°S-5°N, 170°W-120°W
regional mean SST anomaly). The associated atmospheric variables, including
SLP and geopotential height, are taken from the fifth generation European
Centre for Medium-Range Weather Forecasts atmospheric reanalysis (ERAS)
(54) on a horizontal grid of 0.25° x 0.25%or the period of 1950 to 2020. The
observed AOD at 550 nm wavelength is taken from the NASA Clouds and Earth's
Radiant Energy System (CERES), which collects the Moderate Resolution Imaging
Spectroradiometer/Visible Infrared Imaging Radiometer Suite aerosols (55). The
data are available on a 1° x 1° horizontal grid globally for the period of 2001 to
2020.The CO, concentration at Mauna Loa Observatory is taken from the Scripps
Institution of Oceanography, University of California San Diego for the period of
1958 t0 2020 (56).

CMIP5 and CMIP6 Outputs. We use coupled climate model simulations from
the phases 5 (CMIP5) (43) and 6 (CMIP6) (44, 45) of the Coupled Model Inter-
comparison Project (S Appendix, Table S1). The CMIP5 historical simulations
ended in 2005 and the CMIP6 historical simulations ended in 2014. Thus, we
extend them to 2020 with RCP4.5 and SSP2-4.5 scenarios, respectively. The
roles of distinct external forcing factors are estimated by using CMIPé historical
simulations singly forced by anthropogenic aerosols, GHGs, natural solar varia-
tions, and volcanic eruptions. The CMIP6 historical single-forcing simulations
ended in 2020. The ensemble of CMIP6 analysis includes 12 climate models
that performed the historical simulations, SSP2-4.5 simulations, and historical
single-forcing simulations simultaneously with the same “realization”, “initiali-
zation", "physics” and “forcing” sets. The ensemble of CMIP5 analysis includes 12
climate models from the same institutions as those in CMIP6. We use only the “r1”
realization in each model to keep equal weightin the MMEM analysis. The effects
of anthropogenic aerosol-forcing are diagnosed in two different ways: CMIP6 All-
forcing (extended by SSP2-4.5) minus CMIP5 All-forcing (extended by RCP4.5)
simulations, and CMIP6 historical anthropogenic aerosol single-forcing simu-
lations. All model outputs are regridded to a 2.5° x 2.5° horizontal resolution.

Detection and Attribution Analysis. We analyze the annual mean anoma-
lous relative SST referenced to the global mean SST anomalies and the 500 hPa
stream-function in 2014, 2015, and 2019 in the observations and the mean
of the above three NEP SST warm blob events. The significance of the observed
mean relative SST is tested at 90% and 95% confidence levels with Student's
ttest. The NEP indices are calculated as the annual mean relative SSTanomalies
averaged over the box of 160°W-120°W, 40°N-60°N based on the range of the
three pronounced NEP warm blob events as shown in Fig. 1. We also calculate
11-y rolling trends of the NEP Index (years in Fig. 1F indicate the middle years
of the 11-y rolling windows). The NEP regional mean SST changes among the
distinct PDO phases are evaluated by linear trends.

To analyze the influence of the PDO and ENSO on the NEP SST warming, we
remove the PDO- (with annual mean PDO index) and ENSO- (with annual mean
Nifio3.4 index) related SST anomalies step-by-step through linear regression
and calculate the relative SSTanomalies as well as the NEP Index in the residual
SSTfields.

To diagnose the atmospheric forcing pattern in the North Pacific, the first two
EOFs and PCs of the annual mean SLP anomaly over the North Pacific are com-
puted during 1950 to 2020. Before the EOFs, the SLP is detrended to eliminate
the long-term trend signal. To calculate the contributions from the PDO forcing
and NPO forcing to the North Pacific SST anomalies, we use linear regressions
projecting the SSTanomaly over the North Pacific onto the PC1 and PC2 of the SLP
EOF analysis, respectively. The significance of the regression analysis is also tested
at 90% and 95% confidence levels with Student's t test. To evaluate the internal
variability and the forced climate response from a long-term change perspective,
we compute the first two EOFs and PCs of the low-frequency annual mean SST
anomaly over the North Pacific during 1920 to 2020. Before the EOFs, a 9-y low-
pass filter is applied to eliminate the high-frequency signals of the SST changes.

The regional annual mean 550 nm AOD changes are averaged over East
Asia (100°E-130°E, 10°N-50°N), South Asia (70°E-100°E, 10°N-30°N), Europe
(0°-50°E, 35°N-60°N), and North America (100°W-60°W, 30°N-50°N) based on
observed and CMIP5/6 simulated aerosol concentration changes. Besides, the
linear trend of 550 nm AOD during 2007 to 2020 is also calculated to show the
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rapid reduction in East Asian aerosol emissions. Student's t test is used to estimate
the 90% and 95% statistical significance of the trends.

In the climate model analysis, to minimize the climate sensitivity among dif-
ferent climate models, we calculate the normalized (by the 1950 to 2000 global
mean surface temperature change in each model) SST and SLP trends during
1920 to 2006 and 2007 to 2020 in each of the CMIP6 and CMIP5 All-forcing
models, respectively, and then conduct the MMEM analysis. The statistical signif-
icance of the normalized SSTtrends among different climate models is evaluated
with Student's t test at 90% and 95% confidence levels. Besides, we apply an
intermodel EQF analysis on the normalized SST trends during 2007 to 2020
among the different CMIP6 and CMIP5 All-forcing models to check the inter-
model consistency. We also construct two probability density functions based on
the normalized monthly NEP SSTtrends in each of the 12 CMIP6 and 12 CMIP5
models to examine the frequency of samples with high NEP SSTanomalies.

To isolate the role of anthropogenic aerosol-forcing changes in shaping the
North Pacific SST responses, we apply an EOF analysis on the 9-y low-pass fil-
tered annual mean SST anomalies in CMIP6 All-forcing, anthropogenic aerosol
single-forcing, and GHG single-forcing simulations during 1920 to 2020. The
corresponding atmospheric circulation responses are evaluated by the regres-
sions of the SLP to the PC1 of the EOF analysis and are tested based on Student's
ttest at 90% and 95% confidence levels. In addition, we calculate the NEP indices
in the CMIP6 and CMIP5 All-forcing, and CMIP6 GHG, aerosol, natural single-
forcing simulations along with their intermodel spreads to examine their long-
term changes during 1920 to 2020. Regressions of the 550 nm AOD anomalies
onto the NEP Index during 1920 to 2020 in the CMIP6 anthropogenic aerosol
single-forcing simulations are carried out to examine the relative role of aerosol
source regions. The statistical significance of this regression is tested to be above
the 95% confidence level based on Student's ¢ test.

Diagnosis of Aerosol-Induced Stationary Waves. The wave-activity flux is a
locally applicable conservation relation that is derived for quasigeostrophic sta-
tionary waves on a zonal flow, a generalization of the Eliassen-Palm relation (57).
Itis a useful diagnostic tool for the three-dimensional propagation of stationary
wave activity. By using the wave-activity flux, we can diagnose the atmospheric
circulation anomaly and the corresponding stationary wave propagation along
the mid-to-high latitudes North Pacific, which is driven by the aerosol emission
changes in East Asia.
On the sphere, the nondivergent geostrophic wind velocities are:
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where the stream-functiony = @ / 2Qsing, @ is the geopotential and Q is the

Earth's rotation rate, a is the Earth's radius, and (¢, A) are latitude and longitude,

respectively. The stream-function is calculated at the 500 hPa level in this study.
With the quasigeostrophic theory, the wave-activity flux F, is calculated as follows

(Eq.5.7 inref. 57):
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inwhich p = 522, and the pressure is setto 500 hPa.z = —HInp, where His a

constant scaleheight, N is the buoyancy frequency, and y'is the perturbed change
of 500 hPa stream-function. Detailed programs for calculation of wave-activity flux
are available at http://www.atmos.rcast.u-tokyo.ac.jp/nishii/programs/index.html.
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CESM2 Experiments. We use the CESM2 with a fully coupled atmosphere
(Community Atmosphere Model version 6, CAM6), ocean (Parallel Ocean Program
version 2), land (Community Land Model version 5), sea ice (Community Ice
CodE version 5), and river (River Transport Model) components (47). The CAMé
atmosphere models involve interactive aerosol processes using Modal Aerosol
Model version 4 (58). The atmosphere model runs on a nominal 2° horizontal
grid with 32 vertical layers, and the ocean model is configured with a horizontal
grid of 1° with 60 vertical layers ("f19_gx1v7" horizontal resolution).

Two sets of ensemble simulations (10 members for each case) are conducted
to distinguish the climate response to the Chinese aerosol abatement. In the
CTRL, we restart the model from the year 2000 climate state and integrate for 20y
with the emission scenarios fixed at the year 2000 level including GHGs and aer-
osols (59, 60). Emissions of aerosols and their precursors for the year 2000 were
obtained from the Atmospheric Chemistry and Climate Model Intercomparison
Project (59). In the perturbed simulations, the model configurations and param-
eters are the same as the CTRL simulations, except that we remove the major
anthropogenic aerosol emissions including SO, and black carbon over China,
referred to as noCN simulations. The aerosol-induced climate change can be
obtained by subtracting the noCN from the CTRL ensemble averages. A slightly
different perturbation in the initial atmospheric states is applied to each member
to generate ensemble spreads. The statistical significances of the 500 hPa atmos-
pheric temperature and SST responses among different ensemble members are
evaluated with Student's ¢ test at 90% and 95% confidence levels.

Data Materials, and Software Availability. All processed data to support the
analysis and figure codes are available at https://doi.org/10.5281/zenodo.10648518
(61).The original observed and climate model data are publicly available online and
can be downloaded from the following websites: ERSSTvS: https:/psl.noaa.gov/data/
gridded/data.noaa.ersst.v5.html; HadISST: http://www.metoffice.gov.uk/hadobs/
hadisst/; COBE-SST2: https://psl.noaa.gov/data/gridded/data.cobe2.html; PDO index:
https://www.ncei.noaa.gov/access/monitoring/pdo/; ERAS: https://www.ecmwf.int/
enfforecasts/datasets/reanalysis-datasets/era5; CERES: https:/ceres.larc.nasa.gov/
data/; CO2 observation: http://scrippsco2.ucsd.edu/data/atmospheric_co2/primary_
mlo_co2_record; CMIPS5: https://esgf-node.lInl.gov/search/cmip5/; CMIP6: htps:/
esgf-node.linl.gov/search/cmip6/.The CESM2 code and scripts are publicly available
online and can be downloaded from: https://www.cesm.ucar.edu/models/cesm2.
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