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Abstract
The Atlantic warm pool (AWP) has profound impacts on extreme weather events and climate
variability. Factors influencing the AWP and its predictability are still not fully understood. Other
than local ocean–atmosphere feedbacks and El Niño Southern Oscillation, we find an extratropical
precursor from the Northeast Pacific (known as the Blob), which leads the AWP by 1 year with a
robust correlation (r = 0.68). A suite of Northeast Pacific pacemaker experiments successfully
reproduces the leading influence of the Blob on the AWP. The preceding summer Blob-related sea
surface temperature (SST) warming signal can be transmitted towards the lower latitudes through
the seasonal footprint mechanism, leading to the central Pacific warming in the winter and
following spring. Such a strong tropical Pacific SST heating excites an anomalous atmospheric
wave train that resembles the Pacific/North American (PNA) teleconnection pattern. At the
downstream portion of the PNA, the low sea surface pressure anomalies can be found over the
AWP region during the following spring. The anomalous low initiates the AWP SST warming, and
the AWP warmer SST can persist into summer and is further amplified due to ocean–atmosphere
feedbacks. Our results show that the North Pacific Blob may act as a useful predictor of the AWP
1 year in advance through trans-basin interactions. A Blob-based prediction model shows
considerable hindcast skill for the observed AWP SST anomaly.

1. Introduction

The Atlantic warm pool (AWP) is a part of the
Western Hemisphere warm pool (WHWP), which
is also the second-largest warm pool in the world.
The AWP is undoubtedly influential to the overly-
ing atmosphere regionally or remotely. The impacts
of the AWP on weather patterns and global climate
have received considerable attention. For instance, the
AWP contributes a lot to the moisture transport in
North America and can even reach Western Europe

during the summer when it is the largest in size [1–5].
The AWP is also capable of inducing changes from
local circulation (e.g. sea breezes) [6] to large-scale
systems like the North Atlantic subtropical high and
Caribbean low-level jet at an annual scale, resulting
in the changes in precipitation over the surrounding
regions [7–9]. In addition, the influences of the AWP
on hurricanes are significant. The vertical wind shear
is reduced in response to the sea surface temperature
(SST) warming, therefore increasing the instability
of the troposphere and energizing deep convections,
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which are favorable for the formation and devel-
opment of hurricanes [9–11]. Moreover, a previous
study also suggested that the AWP plays an interme-
dia role in linking the Atlantic multidecadal oscilla-
tion and hurricanes [12]. Given the implications that
the impacts of the AWP may not be limited in the
Atlantic basin, a recent study has found the AWP as
a precursor of El Niño Southern Oscillation (ENSO)
for 1 year ahead [13]. Also, anomalous SST warm-
ing induced by the AWP excites a westward propaga-
tion of the Rossby wave that changes the meridional
circulation over the western North Pacific, modu-
lating the climate variability (next winter) through
local air–sea interaction [14]. It is suggested that the
AWP plays a role in the Atlantic–Pacific trans-basin
teleconnections [15, 16].

Several mechanisms have been proposed to
understand the variability of the AWP. Some stud-
ies pointed out that the SST evolution of the AWP
partly relies on the local air–sea feedbacks asso-
ciated with net heat fluxes [17]. For instance, the
weakened northeast trade winds reduce latent heat
fluxes through less evaporation and consequently
leads to SST warming [18, 19]. At interannual time
scales, ENSO is one of the most prominent climate
signals in the world [20]. It is suggested that El Niño
can induce strong SST warming over the tropical
North Atlantic as well as the AWP [21–23]. The
mature phase of ENSO in the preceding winter leads
to a large warm pool during the spring and early sum-
mer [24]. The ENSO-induced large-scale circulation
changes, like weakened trade winds and subtropical
subsidence, provide favorable backgrounds for local
air–sea feedback to develop, together contribute to
the evolution of the AWP. However, based on a case
study, the occurrence of ENSO does not always guar-
antee a stronger AWP [25], suggesting that consid-
erable uncertainties still exist in predicting the AWP
with this precursor. Thus, it is necessary to search
for other potential precursors serving to enhance the
prediction skill of the AWP. Other than the tropical
ENSO and local air–sea interactions, there are a lim-
ited number of studies that focus on the connection
between extratropical signals and the AWP in the
current literature, raising the question of whether the
extratropical signals play a role.

Over the extratropical Pacific, the prolonged
extreme SSTwarming events, also known as ‘the Blob’
[25], have received considerable research interests.
Such extreme warming events can persist for years
and impose huge impacts on the regional climate
and ecosystem [26, 27]. During the recent decade,
there are two prominent Blob events that occurred
in 2013/2015 and 2019 [28, 29]. In the 2019 sum-
mer, remarkable SST warming took place in the
northeastern Pacific with the SST anomalies close
to 2.5 ◦C [28], raising considerable research interest
in the summertime Blob. In recent advanced know-
ledge about the Blob, many studies have focused on

its detection, driving mechanisms, and future pre-
diction and projections [30, 31], but its local and
remote impacts still require further investigations.
It is suggested that the 2013/2015 Blob is connec-
ted with El Niño during the following winter in
2015/2016 via extratropical–tropical teleconnection
[32]. Meanwhile, previous studies have suggested a
tight connection between tropical Pacific and trop-
ical Atlantic [13, 20, 33, 34]. Therefore, it attracts our
research interest to investigate the variability of the
Blob and its teleconnection with the tropical Atlantic
basin. In the current literature, few studies investig-
ated the relationship between the Blob and AWP, and
the underlying mechanism is unclear. It is import-
ant to extend our understanding of the extratropical–
tropical and Pacific–Atlantic teleconnections. In this
study, a trans-basin teleconnection mechanism is
introduced to explain the interannual variability of
the AWP from an extratropical perspective.We intend
to explore the lead–lag relationship between the sum-
mer Blob and the AWP, which may have implications
for extending the predictability of the AWP to longer
periods, other than the well-known ENSO.

2. Method

2.1. Data and index definitions
In this study, the atmospheric data (low sea sur-
face pressure (SLP), geopotential height, and winds)
are derived from NCEP/NCAR reanalysis 1 monthly
mean dataset [35] for the period 1954–2018 on a
2.5× 2.5 grid. The monthly SST data is derived from
theNOAAExtendedReconstructed SST (ERSST) ver-
sion 5 for the period 1954–2018 [36] with a spatial
resolution of 2◦ × 2◦. We also employ two other
monthly SST datasets from the HadISST [37] and
the COBE [38] to reexamine our results for the same
period. The anomalies are calculated by removing
the climatology for the period 1981–2010 from the
monthly mean data. The net surface radiation data
(defined to be positive downward) is derived from
the NOC version 2.0 surface flux data set [39] for the
period 1973–2014.

2.1.1. Blob index
The Blob index is defined as the area-weighted aver-
age of SST anomalies in a limited box over the north-
eastern Pacific (30◦–60◦ N, 150◦–120◦ W). The SST
anomalies data is based on the ERSST version 5,
as mentioned above. Previous studies also defined
the Blob in a smaller area (40◦–50◦ N, 150◦–135◦ W)
[28, 29]. The correlation of the two indices is 0.84
(significant at the 95% confidence level) for the
period 1955–2017 (figure S1 (available online at
stacks.iop.org/ERL/16/064034/mmedia)), indicating
that the variability of the Blob index is not sensitive
to the choice of area.
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2.1.2. Atlantic warm pool index
The AWP index is defined by averaging SST anom-
alies in the region of Gulf of Mexico, the Carib-
bean Sea, and western tropical North Atlantic,
which are usually regarded as the AWP region
(10◦–35◦ N, 100◦–60◦ W) [40]. The SST data is also
based on the ERSST. Our definition is consistent with
the previous studies [13, 15].

2.1.3. Western hemisphere warm pool index
The WHWP index is derived from NOAA Phys-
ical Science Laboratory (https://psl.noaa.gov/data/
correlation/whwp.data). The index is defined as the
monthly anomaly of the ocean surface area warmer
than 28.5 ◦C in the tropical Atlantic and eastern
North Pacific [41]. This definition gives a better view
of the warm pool changes in size, which reaches its
maximum during the boreal summer and early fall
while disappears in the winter [8, 42, 43]. The index
is calculated based on HadISST and NOAA OI SST
and the climatology is for the period 1971–2000. We
introduce this index in a retrospective of the previous
study [34, 41]. In this study, we find that the correla-
tion between the WHWP and the AWP index reaches
0.86 and the lead–lag relationship of the Blobwith the
AWP index (r= 0.68) is as robust as with theWHWP
index (r = 0.64) when the Blob leads by 1 year.

2.2. Model and experiment
The model we used in this study is the Interna-
tional Centre for Theoretical Physics AGCM version
41 (ICTPAGCM v41) [33] with a horizontal resolu-
tion of T30 (3.75◦ × 3.75◦) with eight vertical levels.
The ICTPAGCM is then coupled to a slab ocean
thermodynamic mixed-layer model (SOM; no ocean
dynamics are involved) with meridionally varying
mixed-layer depth from40m (tropics) to 60m (extra-
tropics), considering the observed mixed-layer depth
spatial variations.

In this study, we perform a model experiment to
investigate the atmospheric responses to the Blob and
the associated SST changes, referring to as the north-
eastern Pacific pacemaker experiment. The north-
eastern Pacific is prescribed with observed monthly
varying SSTs derived from the ERSST, while outside
the northeastern Pacific (30◦–60◦ N, 180◦–120◦ W),
the ICTPAGCM is coupled to the SOM to reproduce
the ocean–atmosphere interactions in response to the
Blob forcing. In the SOM, the mixed-layer temper-
ature is calculated based on net heat fluxes into the
ocean, indicating that the simulated SSTs are forced
by thermodynamic processes. Therefore, the simu-
lated atmospheric circulation changes can be taken as
combined effects directly generated from the Blob as
well as the air–sea coupling outside the northeastern
Pacific.

The northeastern Pacific pacemaker experiment
is integrated for the period 1920–2018 and the first
34 years are for the model to spin up. We also restart

the model with small initial perturbations to create
five ensemble members. The ensemble means of sim-
ulated results from 1954 to 2018 are used for our
analysis.

2.3. Statistical methods
2.3.1. Significance test
The two-tailed Student’s t-test is used in this study to
examine the statistical significance in the linear cor-
relation analysis between two autocorrelated series.
The effective number of degrees of freedom (Neff) is
given by:

1

Neff
≈ 1

N
+

2

N

N∑
j=1

N− j

N
ρXX (j)ρYY (j) (1)

where N denotes the sample size and ρXX (j) stands
for the autocorrelation of sampled time series X and
ρYY (j) is for Y, while j is the time lag.

2.3.2. The k-fold cross-validation
The k-fold cross-validation method [44] is used in
this study to perform a hindcast for the AWP SST
anomaly to examine the prediction capability of our
Blob-based linear prediction model. We perform a
ten-fold cross-validationmethod anddivide the series
into ten groups during the period 1956–2018. Each
group is deleted and uses the remaining to construct
the predictionmodel. Then, the deleted group is used
to test the constructed prediction model.

3. Results

3.1. The Blob leads the AWP by 1 year
Figure 1(a) displays the regressionmap of the preced-
ing year (JJA (−1)) SST anomalies onto the normal-
ized summer (JJA (0)) AWP index (shading). There is
a prominent warming signal over the Gulf of Alaska
(green box in the Pacific) to the following year AWP.
Its spatial pattern resembles the previous Blob stud-
ies [28, 29], indicating a potential linkage between
them.Meanwhile, over the Intra-Americas Sea (green
box in the Atlantic), the regression is rather weak,
indicating the AWP warming has little relation with
the preceding summer SST anomaly persistence. We
also employ the correlation analysis (contour), which
indicates a consistent strong warming signal in the
northeastern Pacific. Therefore, wemay conclude that
the relationship between the AWP and the northeast-
ern Pacific warming, referring to as the Blob, is robust
and independent of the statistical analyses. Note that,
for the remainder of this study, the time notions (0)
refer that the season is in the same year as the AWP
reaches its peak, while (−1) means the preceding
year.

We also examine the time series of the Blob,
WHWP, and AWP index for the periods 1955 (1956)–
2017 (2018), with the Blob index led by 1 year
(figure 1(b)). Both the Blob and WHWP indices
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Figure 1. (a) Regression map (shading) of JJA (−1) SST anomalies (K) onto the normalized JJA (0) AWP index and correlation
map (contour) between JJA (−1) SST anomalies (K) and the AWP index in JJA (0). The dotted shading indicates the regression is
significant at the 95% confidence level. (b) Normalized time series of the Blob index (JJA (−1)) (red) for the period 1955–2017
(the bottom axis), WHWP index (green) and AWP index (JJA (0)) (blue) for the period 1956–2018 (the upper axis). The
correlation coefficient with ∗ means it is statistically significant at the 95% confidence level.

exhibit significant interannual variabilities, with 5–8
peaks during the analyzed period. In recent dec-
ades, the intensity and frequency of the Blob and
WHWP witness consistent uprisings. The correla-
tion coefficient reaches 0.64 (r = 0.62 and 0.65 in
the HadISST and COBE SST, respectively), indicating
a significant statistical connection between the Blob
and the WHWP. In order to highlight the Atlantic
counterpart, we further define the AWP index based
on averaged SST anomaly in the limited area (10–
35◦ N, 100–60◦ W; see the box in figure 2). The
AWP index exhibits generally consistent variation
with the WHWP index (r = 0.86) and also signific-

antly correlates with the Blob (r = 0.68). We also use
HadISST and COBE SST datasets to repeat our ana-
lysis and the correlation coefficient is still significant
and reaches 0.63 and 0.65, respectively. This indic-
ates that the relationship between the Blob and the
warm pool is independent of index definitions and
data selection.Moreover, the AWP index exhibits sur-
prisingly well correspondence among the peak years
with the preceding Blob in 1968–1969, 1997–1998,
2004–2005, and most recently 2015–2016. As shown
in figure 1(b), the AWP index exhibits consistent
slight warming trends and low-frequency (multi-
decadal) variations. We further examine the relation-
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Figure 2. Correlations between the JJA (−1) Blob index and the SST anomalies from JJA (−1) to JJA (0) in both observation
(a)–(e) and the northeastern Pacific pacemaker experiment (f)–(j). The green box is the area of Blob (30◦–60◦ N, 150◦–120◦ W).
The black box is the area of AWP (10◦–35◦ N, 100◦–60◦ W). The blue box is the area of central Pacific
(15◦ S–15◦ N, 180◦–150◦ W). The dotted area represents the correlation is statistically significant at the 95% confidence level.

ship between the Blob and AWP using detrended
data (figure S2 (available online at stacks.iop.org/
ERL/16/064034/mmedia)). The 1 year lead relation-
ship between the Blob and the AWPbarely changes, as
the correlation coefficient reaches 0.66. We also cal-
culate the correlation with their low-frequency vari-
ations removed (with the 21 year running mean sub-
tracted from them) (figure S3 online), and the con-
nection remains. (r = 0.62, significant at the 95%
confidence level). It indicates the Blob–AWP relation-
ship is independent of the low-frequency variation
or the linear warming trend. The above spatial and
temporal analysis reveals an unseen linkage between
the North Pacific Blob and the AWP at a time lag of
1 year, but the evolution of the Blob signal into the
AWP region requires further inspections.

Figure 2(a) depicts the spatial distribution of the
Blob in JJA (−1) by correlating its index with the sim-
ultaneous SSTs. Themost prominent warming occurs
in the northeastern Pacific and extends southwest-
ward, which is similar to the pattern in the previ-
ous case study of the Blob in the summer of 2019
[28]. However, the AWP response is rather weak and
shows no significant correlation with the Blob, sug-
gesting the relationship between them is unlikely to
be simultaneous. The intensity of the Blob abruptly
weakens after peaking in JJA (−1) and the anom-
alous warm water contracts toward the coast and
the tropics during the preceding fall (SON (−1))
(figure 2(b)). While the Blob is continuously weaken-
ing, the anomalous warming center hasmoved south-
westward to the central Pacific throughout the winter
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(DJF (0)) (figure 2(c)) and reaches its maximum in
the next spring (MAM(0)) (figure 2(d)). For theAWP
region, it starts to warm up since SON (−1), but the
correlation between the JJA (−1) Blob and SON (−1)
AWP is only close to 0.5. In the following seasons, the
correlations become stronger since DJF (0), indicat-
ing that there is a significant warming tendency of
AWP in response to the preceding JJA (−1) Blob.
The SST warming continuously enhances and even-
tually reaches the peak in JJA (0). During the peak sea-
son, the AWP exhibits the most prominent warming
response to the preceding Blob. The range of the AWP
also reaches its maximum, covering the areas of the
Caribbean Sea, Gulf of Mexico, and further extend-
ing to the tropical North Atlantic as well as midlatit-
udes. By contrast, the warming center over the central
Pacific significantly weakens during JJA (0), together
with rather weak responses over the equatorial east-
ern Pacific (not significant). We also reexamine the
correlation pattern in JJA (0) based on the HadISST
and COBE SST data (figure S4 online). The correla-
tion maps are overall consistent with that using the
ERSST dataset, exhibiting strong AWP warming in
response to the preceding Blob. Therefore, the lead–
lag relation between them is robust and independent
with data selection.

Based on the above analyses, we determine three
key regions located over the North Pacific (where the
Blob is defined), Intra-Americas Sea (where the AWP
is defined), and central Pacific. Considering the fact
that the DJF (0) central Pacific SST exhibits strong
warming responses to the preceding Blob and leads
AWP SST warming in the following year, the central
Pacific may play an intermedia role in the Blob–AWP
teleconnection. Therefore, we select the area that is
used to define the central Pacific SST anomaly based
on the DJF (0) SST correlation maps with both the
JJA (−1) Blob and JJA (0) AWP indices. In light of
the results (figures are not shown here), we find that
over 15◦ S–15◦ N and 180◦–150◦ W, the correlations
of tropical SST with the following season AWP index
and the preceding season Blob index are consistently
prominent.

We then calculated the lead–lag correlations of the
JJA (−1) Blob index with the central Pacific index
(SST averaged over 15◦ S–15◦ N and 180◦–150◦ W)
and the AWP index over different seasons. As shown
in figure 3(a), the central Pacific region is witnessed
by continuous warming after SON (−1) and reaches
the peak during MAM (0) (r = 0.64). Correspond-
ing to the spatial evolution in figures 2(c)–(d), the
anomalous warming signal in response to the pre-
ceding summer Blob has now moved into the central
Pacific region. As for the AWP region, the preceding
Blob does not correlate with the contemporary AWP
SST very well (r = 0.34), but the response intensi-
fies during MAM (0), following the prior warming
in the central Pacific at a time lag of one or two

seasons. Interestingly, the central Pacific and AWP
SSTs, without direct oceanic ‘tunnel’, share a consist-
ent warming trend, implying a potential ‘bridge’ in
the atmosphere. In JJA (0), the AWP SST warming in
response to the former Blob reaches the maximum
(r = 0.68), indicating a second shift of the warm-
ing center. The above spatial and temporal analysis
reveals a statistically significant connection between
the former Blob and the AWP with a time lag of
approximately 1 year.

Based on the above analyzes, we can infer that
the central Pacific SST may play an intermediate
role in this trans-basin teleconnection. On the other
hand, previous studies have pointed out that the
tropical central Pacific SST variation is able to exert
extreme northeastern Pacific SST anomalies [28,
29]. In addition, the seasonal persistence of cent-
ral Pacific SST anomalies may also impose an influ-
ence on the Blob–AWP teleconnection. It brings the
question: whether the Blob–AWP teleconnection is
only induced by the Blob? To address this issue,
we calculate the correlation between the detrended
JJA (−1) central Pacific SST index and the JJA (0)
AWP index. The correlation coefficient only reaches
0.40, which is much smaller than the lead correla-
tion between the detrended JJA (−1) Blob and JJA (0)
AWP (r = 0.66). The AWP variance explained by the
JJA (−1) Blob is twice larger than that by the JJA (−1)
central Pacific SST. Also, the two time series barely
match (figure S5 online), indicating the summertime
central Pacific SST variation has limited influence on
the following AWP. The partial correlation between
JJA (−1) central Pacific SST and JJA (0) AWPwith the
JJA (−1) Blob index removed is reduced to 0.07, high-
lighting a critical role of the Blob. Moreover, the cor-
relation between the JJA (−1) Blob and JJA (0) AWP
is still significant after removing the JJA (−1) cent-
ral Pacific SST index (partial correlation r = 0.58).
Therefore, we may conclude that the Blob–AWP tele-
connection is not dominated by the JJA (−1) central
Pacific SST variation and independent of its seasonal
persistence. Instead, the DJF (0) central Pacific SST
exhibits strong warming responses to the preceding
Blob (r = 0.59) and significant lead correlation with
the following AWP (r = 0.54), further confirming an
intermedia role of the central Pacific SST in transmit-
ting the preceding Blob signal into the AWP region.

The above observational analysis only suggests
a statistically robust relationship, but their connec-
tion from the physical perspective requires further
inspection. We then carry out the Northeast Pacific
pacemaker experiment to investigate the SST evolu-
tion forced by the simulated atmospheric response
to the preceding Blob. In JJA (−1), the correlation
map (figure 2(f)) is similar to that observed over the
Northeast Pacific and ‘arc-shaped’ warming corres-
ponds well with the Blob. In the following seasons
(figures 2(g)–(j)), the simulated evolution of Pacific
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Figure 3. The lead–lag correlations between JJA (−1) Blob index (1955–2017) and AWP index (red) and central Pacific index
(blue) (1956–2018), respectively. (a) is for the observation and (b) is for the northeastern Pacific pacemaker experiment. The
threshold corresponding to the 95% confidence level for the correlations is marked in the figure (the yellow dash line is for the
central Pacific; the green dash line is for the AWP).

SST anomalies associated with the Blob is overall con-
sistent with the observation. Themost prominent fea-
ture is that a ‘warm tongue’ stretches southwestward
from the northeastern Pacific to the central Pacific,
accompanied by the decaying Blob. Consistent with
the observation, the central Pacific region experiences
a continuous warming process towards the tropics,
together with the warm ridge extending far west.

As shown in figure 3(b), the correlation coeffi-
cients between the Blob and central Pacific SST, after
touching the bottom in JJA (−1), constantly rise till
peaking (r = 0.45) in MAM (0), indicating that the

model well reproduces the first shift of the warming
center inside the Pacific Ocean basin. The pacemaker
experiment aims to understand how the SST reacts
to the Blob-related anomalous atmospheric forcing.
Thus the extension of the Northeast Pacific ‘warm
tongue’ is likely forced by the thermodynamic pro-
cess. However, the model seems unable to repro-
duce the warming response in the western North
Pacific and the Southern Hemisphere tropics, indic-
ating these anomalous signals may be model biases or
they may not be directly related to the Blob-induced
thermodynamic forcing.
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In the Atlantic Ocean, the simulated response of
AWPSST to the Blob ismoderate in JJA (−1) and per-
sists till the next season (figures 2(f) and (g)), but sig-
nificant warming can be found over the subtropical
region while a ‘warm hole’ is locating at midlatitudes,
consistent with the observation (figure 2(a)). Enter-
ing DJF (0), warm water over the Caribbean Sea
develops (figure 2(h)), but in general, the AWP
response is still weak during this period (figure 3(b)).
Abrupt warming in the AWP region takes place
in MAM (0) and constantly strengthens afterward.
In JJA (0), the AWP reaches its maximum intens-
ity in response to the preceding Blob (r = 0.46),
with the largest extent of warm water covering the
Intra-Americas Sea. Based on the above analyses,
both observation and model simulation indicate a
robust relationship between the AWP and the preced-
ing Blob. The pacemaker experiment generally cap-
tures the southwestward SST evolution in the North
Pacific Ocean from JJA (−1) to MAM (0) and the
warm water development in the AWP region from
DJF (0) to JJA (0). More importantly, the time lag
of warming peaks between the central Pacific and
AWP SST is well simulated. It indicates that the Blob-
related thermodynamic processes are responsible for
the SST evolution in each ocean and the trans-basin
coherence.

3.2. Role of seasonal footprint mechanism
We inspect the anomalous atmospheric circulation in
response to the preceding summer Blob by regress-
ing the SLP and wind anomalies onto the normalized
Blob index. In the reanalysis, the strong Blob (SST
footprint) corresponds with an anomalous low SLP
and the associated cyclonic circulation over the North
Pacific midlatitudes (figure 4(a)). In response to the
SLP decline, anomalous westerly winds are found in
the subtropical central Pacific region, south to the
low-pressure. Such anomalous westerlies related to
the Blob weaken the trade winds, preventing heat
loss from the surface due to the depressed evapor-
ation and driving the Northeast Pacific SST foot-
print towards the equator. For the following sea-
sons, the westerlies accompanied by the low SLP
continuously move southward, resulting in the SST
warming towards the tropical central Pacific region.
This process largely resembles the seasonal footprint
mechanism (SFM) proposed by the previous studies
[45, 46]. In DJF (0) (figure 4(c)), the subtropical low-
pressure center strongly intensifies due to the under-
lying SST warming. During the spring (figure 4(d)),
the tropical central Pacific is governed by anomal-
ous high pressure corresponded with the subtrop-
ical pressure decline, indicating a weakened Hadley
circulation. Such a weakened meridional circulation
induces anomalous westerlies along both sides of the
equator, amplifying the central Pacific SST warming
and generating a symmetric pattern in the tropics.

In the North Pacific pacemaker experiment,
those observed features are reproduced to a large
extent. In JJA (−1), the low-pressure corresponds
with the northeastern Pacific SST warming and
induces strong southwesterly winds converging to the
Blob (figure 4(f)). The westerlies constantly exhibit
equatorward movement, consistent with the simu-
lated ‘warm tongue’ extension (figure 4(g)). During
the DJF (0) (figure 4(h)) and MAM (0) (figure 4(i)),
a weakened Hadley circulation can be found and the
anomalous symmetrical divergence flows along the
equator strongly intensify the warming over the trop-
ical central Pacific, consistent with the reanalysis. The
above analyses indicate an important role of Blob-
related thermodynamic processes in the evolution of
the North Pacific ‘warm tongue’. It explains that the
tropical central Pacific warming is largely due to the
extratropical Blob signal through the SFM, consistent
with previous studies [47, 48].

3.3. Role of local air–sea feedback
However, without direct oceanic ventilation to the
Blob, the driving mechanism of the AWP warming
is more likely associated with the local air–sea feed-
back. In the preceding year (JJA (−1)), the AWP
region exhibits high SLP anomalies accompanied by
the weak divergent circulation in response to the Blob
and the contemporary AWP SST warming is relat-
ively weak (figure 4(a)). As shown in figure 4(b), an
anomalous low-pressure associated with the preced-
ing Blob emerges in the warm pool region in SON
(−1)when the AWP starts towarmup. Then, the low-
pressure anomaly develops substantially in the Gulf
region since DJF (0) (figure 4(c)) and further per-
sists throughout MAM (0) and JJA (0), leading the
rapid SST warming over the AWP region. Therefore,
the low-pressure anomaly in the AWP region is likely
a key factor that boots the SSTwarming through local
air–sea interactions.

The cyclonic circulation induces anomalous
ascending motions over the AWP region, which fur-
ther increases the local cloudiness and prevents heat
loss by increasing the downward longwave radiation
(LWR), referring to as SST–SLP–cloud–LWR positive
feedback. We further examine the correlations of JJA
(−1) Blob with the net surface LWR and short-wave
radiation (SWR) over four successive seasons (MAM
(0)–JJA (0)) (figure S6 online). The LWR and SWR
generally exhibit opposite responses to the preceding
Blob signal over the AWP region. This is consistent
with the Blob-associated low-pressure anomalies in
MAM (0), which increase the cloudiness over the
AWP region. As shown in figure S6, the LWR persist-
ently contributes to the AWP SST warming, while in
contrast, the SWR is negatively correlated with pre-
ceding Blob during four successive seasons, suggest-
ing that the SWR has a damping effect on the devel-
opment of underlying SST warming, rather than a
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Figure 4. Regressions of the SLP (hPa) and wind anomalies (m s−1) onto the normalized JJA (−1) Blob index from JJA (−1) to
JJA (0) in both observation (a)–(e) and the northeastern Pacific pacemaker experiment (f)–(j). The dotted shading indicates the
regression is significant at the 95% confidence level. Only vector trends significant at the 90% confidence level are shown in the
figures.

forcing effect. The area-averaged LWR exhibits relat-
ively high correlations with the Blob over all selected
seasons, stronger and more significant than the SWR
(figure S7 online). Based on the above analysis, we
may conclude that the LWR plays a more important
role in forcing the AWP SST warming and linking the

AWP warming with the preceding Blob. The increase
in the net surface downward LWR is consistent with
the AWP SST warming and further results in the per-
sistent development of the warm SST anomaly of
AWP in summer (figure 2). Our results are consistent
with the previous study [34], which suggested that
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Figure 5. Regressions of 500 hPa geopotential height (m) and wind anomalies (m s−1) onto the normalized JJA (−1) Blob index.
(a) and (b) are for observation in DJF (0) and MAM (0), respectively, while (c) and (d) are for the northeastern Pacific pacemaker
experiment. The dotted shading indicates the regression is significant at the 95% confidence level.

the SST–SLP–cloud–LWR positive feedback plays
a dominant role in the development of AWP SST
anomaly. In addition, the westerly winds along with
the low-pressure weaken the northeast trade winds
over the AWP, reduce surface evaporation and pre-
vent latent heat loss, resulting in strong SST warming
(wind–evaporation–SST feedback) [19].

We also inspect the evolution of SLP over the
AWP region in the model simulation. Consistent
with the reanalysis, anomalous low SLP is found
over the AWP from DJF (0) to JJA (0) accompanied
by the relatively strong westerlies that stimulate the
wind–evaporation–SST feedback to heat the under-
lying ocean (figures 4(h)–(j)). The critical low SLP
reaches its maximum intensity during the spring. The
strong ascendingmotions favor the increase in cloud-
iness and the associated SST–SLP–cloud–LWR pos-
itive feedback, further amplifying the AWP warm-
ing. The simulated net surface LWR/SWR patterns
(figure S8 online) also suggest that the LWR dom-
inates the SST warming, consistent with the obser-
vation. This indicates that the SST–SLP–cloud–LWR
positive feedback is well reproduced in the model,
confirming the key role of local air–sea feedback in
the development of AWP SST anomaly. Note that
although the low-pressure anomaly is weakened dur-
ing JJA (0), the summertime convection and lagged
SST response to the preceding thermodynamic feed-
backs can also explain the simulated SST peak in the
AWP region, which agrees with the reanalysis. From
the above, we have addressed how the Blob-related
‘warm tongue’ evolves to the central Pacific and how
the AWP SST warming interacts with the low SLP
anomalies. In both ocean basins, the thermodynamic
feedbacks are keys to the SST evolution, as shown
in both reanalysis and model simulation. However,
the connection between the formation of the low SLP

anomalies in the AWP and the preceding Blob warm-
ing remains unexplored.

3.4. Inter-basin atmospheric teleconnection
We further calculate the correlation coefficient
between the central Pacific SST (MAM (0)) and the
AWP SST (JJA (0)) that reaches 0.56, indicating a
close trans-basin connection exists, with the cent-
ral Pacific SST leading by approximately one season.
However, the partial correlation decreases to 0.23
without considering the effect of the preceding Blob.
We may infer that the relationship between them is
associated with the Blob. Further, it is likely that the
preceding Blob induces SST variations over both the
central Pacific and the AWP during the following sea-
sons. Based on the above analyses, the atmospheric
teleconnection may play a role between the central
Pacific and the AWP. Figure 5 displays the 500 hPa
geopotential height anomalies regressed onto the nor-
malized Blob index during the DJF (0) and MAM (0)
in the reanalysis and pacemaker experiment. The
regression map exhibits the Pacific/North American
(PNA) teleconnection pattern [49, 50] in response to
the preceding summer Blob. A trans-basin telecon-
nection mechanism is proposed here. The preceding
summer Blob signal evolves equatorward through
the SFM, inducing the SST warming over the equat-
orial central Pacific, which further excites the PNA
teleconnection pattern to a large extent. The Blob
itself also shows persistence from DJF (0) to MAM
(0) and may therefore directly contribute to the PNA
teleconnection. The PNA pattern consists of three
alternatively distributed geopotential height anom-
alies centers located over the northeastern Pacific
(negative), North America (positive), and Gulf of
Mexico (negative). Following the great circle path,
the anomalous central Pacific SSTwarming signal can
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Figure 6. Time series of the AWP SST anomalies in the observation (blue line) and hindcast (red line), respectively. The hindcast
SST anomaly is calculated using the k-fold cross-validation method based on the Blob-based linear prediction model (see main
text for details).

be transported across the North American continent
and induces anomalous low SLP in the AWP, which
has been proved to be an essential background that
is favorable to the AWP SST warming. The existence
of the low-pressure anomaly over the AWP region
corresponds well with the development of the PNA
patter during the winter. In MAM (0) (figure 5(b)),
the PNA pattern is weakened but still exists with a bit
eastward shift. It is important to maintain the low-
pressure anomalies in the AWP region and enhance
the associated feedback for the SST warming till
JJA (0). The Northeast Pacific pacemaker experi-
ment also exhibits the consistent PNA pattern in the
winter (figure 5(c)) and spring (figure 5(d)), indic-
ating the inter-basin teleconnection in response to
the preceding Blob is reasonably reproduced in the
model. Therefore, we may conclude that the PNA
pattern explains how the low-pressure is formed and
plays an important role in connecting the central
Pacific and the AWP SST, consistent with the previous
study [51].

3.5. The Blob-based predictionmodel for the AWP
Based on the above analysis, the Blob shows great
implications for predicting the AWP 1 year in
advance. A linear regression model is constructed
based on the preceding Blob index and is shown as
follows:

AWP(t) = a1Blob(t− 1)+ a2t+ a0 (2)

where a1, a2 and a0 are the coefficients, while Blob and
t denote the Blob index and time in years, respectively.
As shown in figure 1(b), the AWP exhibits a slight
warming trend, indicating a contribution from global
warming denoted as a2t in the model. Furthermore,
the k-fold cross-validation method (see section 2) is
used here to examine the prediction capability of the
linearmodel and has also been employed in the previ-
ous study [52]. The hindcast of the AWP SST anom-
alies for the period 1956–2018 is shown in figure 6
and the correlation coefficient between the hindcast

and the observed AWP series reaches 0.76 (signific-
ant at the 95% confidence level). The hindcast res-
ults are insensitive to the low-frequency variations
in the time series (figure S3). After removing the
low-frequency component, the correlation coefficient
between the observed AWP and hindcast remains sig-
nificant (r = 0.57, significant at the 95% confidence
level). The cross-validated AWP SST anomaly is gen-
erally consistent with that observed, further indicat-
ing that the Blob is a useful predictor for the AWP
1 year in advance.

4. Discussion and conclusion

During the recent decades, the AWPhas received con-
siderable attention since its impacts on the American
and western European weather and climate are non-
negligible. In this study, we find an unrevealed factor
that leads the AWP by 1 year from the extratropical
North Pacific, called the Blob (lead–lag r = 0.68).
It has been identified as a prolonged extreme ocean
warming event that has great impacts on regional
climate and ecosystems, but its relation with the
AWP has not been fully documented in the literat-
ure. Our analyses suggest that the preceding sum-
mer (JJA (−1)) Blob induces strong westerly wind
anomalies, which further transmit the anomalous
warming signal towards the central Pacific through
the SFM. The central Pacific SST warming has sub-
stantially developed since DJF (0) and reaches its
peak intensity in MAM (0). Meanwhile, the PNA
teleconnection is established, accompanied by trop-
ical Pacific warming. At the downstream of the wave
train, the AWP region exhibits significant low SLP
anomalies, which plays an important role in the SST
warming. South to the low-pressure, strong wester-
lies compensate the northeast trade winds, trigger-
ing the wind–evaporation–SST feedback to heat the
underlying ocean. Moreover, the corresponding con-
vergence and ascending motions increase the local
cloudiness, preventing heat loss by enhancing the
downward net surface LWR, which dominates the
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AWP warming. Entering the summer, the initial SST
warming together with favorable conditions for deep
convection reinforces the SST–SLP–cloud–LWR pos-
itive feedback and consequently leads to the warm-
ing peak over the AWP in response to the preceding
Blob. The Northeast Pacific pacemaker experiment
reasonably well reproduces the above mechanism
and the atmospheric responses are somewhat agreed
with the reanalysis, indicating that the thermody-
namic process plays a dominant role in the tele-
connection between the AWP and the preceding
Blob.

Our findings considerably extend the AWP pre-
dictability to a longer period of time, comparing
to the previous ENSO as a precursor. We further
examine the partial correlation between the preced-
ing summer Blob and the AWP with the preced-
ing winter ENSO signal (Niño 3.4) removed (partial
correlation r = 0.58). This indicates that the Blob–
AWP connection we found in this study is not dom-
inated by the ENSO. In addition, an ENSO-based
AWP prediction model (see supplementary mater-
ial) is constructed for better comparison (figure S9
online). The ENSO-based hindcast show less skill in
capturing the key interannual features of the observed
AWP variability, probably due to the weaker coher-
ence between ENSO and AWP at interannual times-
cales (r = 0.45). In the current study, we use the
thermodynamic slab ocean model to investigate the
mechanism between the Pacific Blob and the AWP.
Previous studies have suggested the ocean dynam-
ics also play a role in the Pacific–Atlantic connec-
tions [21, 23]. Therefore, future works are required
to employ a dynamic ocean model in the pacemaker
experiment.

Moreover, a recent study has pointed out that the
high impact extreme SST warming event (e.g. the
Blob) is attributed to anthropogenic global warm-
ing [53]. Additionally, more frequent and intense
SST warming events are projected in the future [54].
Therefore, it is worth knowing how the Blob–AWP
teleconnection pattern is changed under the circum-
stances of global warming and whether a stronger
Blob corresponds to a proportionally intensified
AWP.
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