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ABSTRACT

During 2013-15, prolonged near-surface warming in the northeastern Pacific was observed and has been
referred to as the Pacific warm blob. Here, statistical analyses are conducted to show that the generation of the
Pacific blob is closely related to the tropical Northern Hemisphere (TNH) pattern in the atmosphere. When
the TNH pattern stays in its positive phase for extended periods of time, it generates prolonged blob events
primarily through anomalies in surface heat fluxes and secondarily through anomalies in wind-induced ocean
advection. Five prolonged (=24 months) blob events are identified during the past six decades (1948-2015),
and the TNH-blob relationship can be recognized in all of them. Although the Pacific decadal oscillation and
El Nifo can also induce an arc-shaped warming pattern near the Pacific blob region, they are not responsible
for the generation of Pacific blob events. The essential feature of Pacific blob generation is the TNH-forced
Gulf of Alaska warming pattern. This study also finds that the atmospheric circulation anomalies associated
with the TNH pattern in the North Atlantic can induce SST variability akin to the so-called Atlantic cold blob,
also through anomalies in surface heat fluxes and wind-induced ocean advection. As a result, the TNH pattern
serves as an atmospheric conducting pattern that connects some of the Pacific warm blob and Atlantic cold
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blob events. This conducting mechanism has not previously been explored.

1. Introduction

The term “Pacific warm blob”” (Bond et al. 2015) was
coined to refer to the remarkably warm water mass in the
northeastern (NE) Pacific that persisted during 2013-15.
At its peaks during the winter of 2014 and summer of
2015, the positive sea surface temperature (SST) anom-
alies in the warming region reached as high as 2°-3°C and
penetrated as deep as 180m below the ocean surface
(Bond et al. 2015; Hu et al. 2017). This patch of warm
water then propagated from the Gulf of Alaska toward
the coastal regions, resulting in an arc-shaped warming
off the North American coasts during the following
winter (Amaya et al. 2016; Di Lorenzo and Mantua 2016;
Gentemann et al. 2017). This Pacific warm blob event
exerted pervasive impacts on coastal ecosystems, North
American climate, and air quality. Examples of the Pa-
cific blob impacts include a profound species range shift
in the Gulf of Alaska (Medred 2014), dramatic changes in
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the marine productivity in the NE Pacific (Whitney 2015;
Siedlecki et al. 2016), a delay in the onset of the upwelling
off California coasts (Peterson et al. 2015; Zaba and
Rudnick 2016), and altered springtime air temperatures
(Bond et al. 2015) and ozone concentration (Jaffe and
Zhang 2017) in the Pacific Northwest of the United
States. Intensive efforts have been expended on attempts
to understand the causes of this unusual marine heatwave
phenomenon (Di Lorenzo and Mantua 2016).

Studies of the 2013-15 Pacific warm blob event have
largely agreed that the warming was generated by an
unusually persistent ridge system in the atmosphere over
the NE Pacific region (Seager et al. 2014; Swain et al.
2014; Wang et al. 2014; Bond et al. 2015; Hartmann 2015;
Seager et al. 2015; Amaya et al. 2016; Di Lorenzo and
Mantua 2016; Swain et al. 2016; Hu et al. 2017). This
anomalous high-pressure system can induce clockwise
surface wind anomalies that work against the prevailing
surface westerlies to reduce local surface evaporation
and weaken cold ocean advection in the NE Pacific,
giving rise to the Pacific warm blob (Bond et al. 2015).
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Atmospheric circulation patterns that have an anomaly
center close to or encompassing the location of this
anomalous ridge are possibly involved in the generation
of the Pacific blob. A list of such patterns includes at least
the Pacific-North American (PNA) pattern (Wallace and
Gutzler 1981), the North Pacific Oscillation (NPO) pat-
tern (Rogers 1981), and the tropical Northern Hemi-
sphere (TNH) pattern (Mo and Livezey 1986). Among
them, the NPO and PNA patterns have been invoked to
explain how the Pacific blob evolved from the Gulf of
Alaska (GOA) warming pattern to the arc-shaped (ARC)
warming pattern during the 2013-15 event (Amaya et al.
2016; Di Lorenzo et al. 2016; Di Lorenzo and Mantua
2016). The possible role of the TNH pattern has not been
examined in past Pacific blob studies.

Concurrent with the 2013-15 Pacific warm blob event, a
region of persistently below-normal SSTs was observed in
the North Atlantic. This cooling event is referred to as the
Atlantic cold blob (Henson 2016) or the Atlantic warming
hole (Rahmstorf et al. 2015) to emphasize the fact that this
is the most prominent area in global oceans that has
cooled in the face of a prevailing warming trend in global
oceans (Henson 2016; Robson et al. 2016). The Atlantic
cold blob was also suggested to affect downstream Eu-
ropean climate (Duchez et al. 2016). Several mechanisms
have been proposed to explain the generation of the At-
lantic cold blob, including atmospheric forcing associated
with the North Atlantic Oscillation (NAO; Delworth
et al. 2016; Yeager et al. 2016), an ocean circulation
change linked to the Atlantic meridional overturning
circulation (AMOC; Rahmstorf et al. 2015; Robson
et al. 2016; Duchez et al. 2016), and the melting of the
Greenland ice sheet (Schmittner et al. 2016). The general
perspective of the scientific community at this point is to
consider the Atlantic and Pacific blobs as two separate
phenomena that are driven by different mechanisms.
However, the coincident occurrence of the 2013-15
Atlantic cold blob and Pacific warm blob events raises
the possibility that some fraction of such Atlantic and
Pacific blob events may be linked by atmospheric cir-
culation patterns that have a cross-basin structure (i.e.,
from North Pacific to North Atlantic). If such a pattern
exists, it can serve as a mechanism to induce climate
connectivity between the North Pacific and North Atlantic
sectors, some of which may be manifested as the co-
occurrence of Pacific and Atlantic blob events.

In this study, we analyze reanalysis products to show
that the atmospheric circulation pattern associated with
the generation of the Pacific blob closely resembles the
TNH pattern. We discuss the mechanisms through which
the TNH pattern generates the Pacific warm blob (section
3) and the roles of the Pacific decadal oscillation (PDO)
and El Nifio-Southern Oscillation (ENSO) play in the
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evolution of the Pacific warm blob (section 4). The pos-
sible connection between the Pacific blob and the Atlantic
blob events is examined (section 5). Section 6 summarizes
the findings in this study and their implications for the
Pacific—Atlantic climate connectivity and discusses the
possible mechanisms that give rise to the TNH pattern.

2. Datasets and methods

In this study, the SST data are from the Hadley Centre
Sea Ice and Sea Surface Temperature dataset (Rayner
et al. 2003). Atmospheric wind fields, geopotential heights,
and sea level pressure (SLP) are from the National Cen-
ters for Environmental Prediction (NCEP)-National
Center for Atmospheric Research (NCAR) reanalysis
dataset (Kalnay et al. 1996). Mixed layer temperatures,
surface heat fluxes, and ocean currents are from the NCEP
Global Ocean Data Assimilation System (GODAS,
Behringer et al. 1998). GODAS products can differ from
real observations due to the assimilation framework used
that includes model simulation results (Xue et al. 2011,
Kumar and Hu 2012). However, they are capable of cap-
turing the general features of surface oceanic conditions
and are used here to study the blob generation. Anoma-
lies during the analysis period (1948-2015) are defined as
deviations from the 1981-2010 climatology. The linear
trends are removed from these fields before performing
the analyses. Similar results are obtained when these
trends are retained (not shown).

Several indices were used in the analyses. Following
Bond et al. (2015), the Pacific blob index is calculated as
the SST anomalies averaged within the box bounded by
40°-50°N and 150°-135°W. This blob box encompasses
the “point” used in Amaya et al. (2016) to delineate the
Pacific blob warming feature and is also covered by
the two boxes used in the blob study of Di Lorenzo
and Mantua (2016) to depict SST pattern shifts during
2014-15. The Atlantic cold blob index is defined as
minus one (e.g., —1) times the SST anomalies averaged
within the box bounded by 44°-56°N and 45°-25°W,
which is close to the SST cooling region studied by
Rahmstorf et al. (2015). This index is used to charac-
terize the Atlantic cold blob variability. The Nifio-3.4
index is used to represent ENSO activity. The PDO
and PNA indices are obtained from NOAA'’s Earth
System Research Laboratory and Climate Prediction
Center. The NPO index is defined as the second-leading
principal component of SLP anomalies over the North
Pacific sector following Yu and Kim (2011).

The TNH pattern has been identified as an important
atmospheric circulation mode of the Northern Hemi-
sphere (NH) winter season in many studies (Esbensen
1984; Mo 1985; Mo and Livezey 1986; Barnston and
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FI1G. 1. The 500-mb geopotential height (Z500) anomalies regressed onto NOAA’s TNH index for (a) December, (b) January,
(c) February, and (d) the DJF average. (e)-(h) Asin (a)-(d), but for our TNH index. (i)-(1) Regressed Z500 anomalies onto PCs derived from
rotated EOF analysis separately for the different seasons. The numbers in the titles of (i)—(1) are the explained variance associated with each
rotated EOF mode. The stippling indicates that the regression values are statistically significant (i.e., have p values less than 0.05).

Livezey 1987; Panagiotopoulos et al. 2002; Franzke and
Feldstein 2005; Peng and Kumar 2005). The TNH cir-
culation anomalies are suggested to produce anomalous
surface temperatures and precipitation throughout the
North American continents, subtropical North Pacific,
and North Atlantic (for a comprehensive description, see
http://www.cpc.ncep.noaa.gov/data/teledoc/tnh.shtml).
Correlation-based analyses were first used to identify
the TNH mode (e.g., Mo 1985; Mo and Livezey 1986),
but these methods can suffer from difficulties in sepa-
rating the TNH mode from other atmospheric circu-
lation modes, especially when they co-occur. To avoid
the possible mixture of different modes, a rotated em-
pirical orthogonal function (REOF) analysis was also
used to better distinguish the TNH mode from others
(e.g., Mo and Livezey 1986; Barnston and Livezey 1987).
The TNH mode was identified in Barnston and Livezey

(1987) as the fourth mode in January (explaining 9.8% of
the total variance), the sixth mode in February (explaining
7.4% of the total variance), the ninth mode in November
(explaining 4.9% of the total variance), and the ninth
mode in December (explaining 6.3% of the total vari-
ance). These studies indicate that it is reasonable to
identify the TNH pattern using the REOF method despite
the fact that the pattern appears as a higher mode and
explains less than 10% of the total variance.

In the present study, we applied the same REOF
method of Barnston and Livezey (1987) to monthly
700-mb geopotential height (Z700) anomalies in the NH
(20°-90°N) to identify the TNH pattern. The TNH pat-
tern was identified as the ninth REOF mode, explaining
4.96% of the total variance, and its corresponding
principal component was used as the TNH index in our
study. We did not find a strong trend in the TNH index
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and obtained similar results when applying the REOF
analysis to the nondetrended Z700 fields. Our calcula-
tion is applied to all the data rather than just the NH
winter months used in previous studies. To ensure our
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FI1G. 2. Regression maps of 500-mb geopotential height (Z500) anomalies onto the (a) Pacific
blob index, (b) TNH index, (c) negative PN A index, and (d) NPO index. Regression maps of SST
anomalies onto the (e) Pacific blob index, (f) TNH index, (g) negative PNA index, and (h) NPO
index. Contour intervals are 5m in (a)-(d) and 0.05°C in (e)-(h). The light blue boxes delineate
the Pacific blob region (40°-50°N, 150°~135°W) defined in Bond et al. (2015). The stippling in-
dicates that the regression values are statistically significant (i.e., have p values less than 0.05).
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TNH calculation is correct, we first compared our TNH
index to the NH winter [December—February (DJF)]
values of the TNH index provided by NOAA'’s Climate
Prediction Center. We found the correlation coefficients
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(a) Blob and TNH Indices (1-yr low-pass filtered, detrend)
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FIG. 3. (a) Temporal evolution of the Pacific blob and TNH indices during the period 1948-2015. (b) The lead-lagged relationships
between the TNH (—PNA and NPO) and Pacific blob indices. The solid (open) marks denote correlation coefficients that have p values
smaller (larger) than 0.05. The green lines in (b) delineate the 95% significance levels by considering the effective sample sizes determined
based on Eq. (1). (c) The AR1 model-reconstructed Pacific blob index (pink) including the TNH forcing term as described in Eq. (2), and
the original blob index (blue). Note that the lead-lagged correlation coefficients and reconstructed blob index are calculated using

unfiltered time series.

between them to be high for all three winter months (i.e.,
0.74 for December, 0.86 for January, 0.86 for February,
and 0.82 for the DJF average). We then compared the
wintertime 500-hPa geopotential height (Z500) anom-
alies regressed onto NOAA’s TNH index (Figs. 1a—d)
and those regressed onto ours (Figs. 1e-h) and find their
pattern correlations to be high (i.e., 0.73 for December,
0.91 for January, 0.87 for February, and 0.92 for DJF
average) over the study region (20°-80°N, 120°E-20°W).
Lead-lagged regression analyses of Z700, Z500, and
200-hPa geopotential height (Z200) anomalies with these
two indices also reveal similar temporal evolutions
(not shown).

We also examined the seasonality in the TNH pattern
by repeating the REOF analysis to each of the four
seasons (Figs. 1i-1). The TNH mode appears as the fifth

mode in spring (explaining 7.35% of the total variance),
the eighth mode in summer (explaining 4.98% of the
total variance), the fifth mode in autumn (explaining
7.41% of the total variance), and the sixth mode in
winter (explaining 8.06% of the total variance). This
analysis confirms that the TNH pattern exists through-
out the year and that it is strongest during winter/spring
and weakest during summer.

To determine statistical significance in our correlation
analysis, the effective number of degrees of freedom N is
calculated following Bretherton et al. (1999):

N=N1-rr)=rr), 1)
where N is the sample size of the original time series and
1y and r, are the lag-1 autocorrelations of the time series
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FIG. 4. (a) The mixed layer temperature tendency (d7,,/dt), (b) the net SHFs (positive into the ocean), and (c) the horizontal ocean
advection regressed onto the TNH index. (d)-(f) As in (a)-(c), but values are regressed onto the time tendency of the Pacific blob index
(i.e., dBlob/dr). Contour intervals are 0.01°C month '. The shaded regions represent positive values while the unshaded areas represent
negative values. The pink arrows in (a),(b),(d),(e) are the regressed 1000-mb wind anomalies while those in (c),(f) are the regressed 5-m
ocean current anomalies. The light blue boxes delineate the Pacific blob region (40°-50°N, 150°-135°W) defined in Bond et al. (2015). The

blue contour lines indicate the 95% significance level.

x and y that are being correlated. If correlation analysis
is applied to filtered time series, the r, and r, are re-
placed by the lag-1 autocorrelations of the filtered time
series x and y.

3. The relationship between the TNH pattern and
the Pacific warm blob

To investigate which large-scale atmospheric circula-
tion pattern is closely associated with the Pacific blob,
we regressed the Z500 anomalies onto the Pacific blob
index. This regression pattern (Fig. 2a) closely resembles
the Z500 pattern regressed onto the TNH index (Fig. 2b),
both of which are characterized by a wave train structure
with anomaly centers emanating from the subtropical
Pacific and passing through the anomalous ridge region
in the NE Pacific and a meridional dipole structure
extending zonally from North American continents to
the North Atlantic. In contrast, the PNA and NPO

patterns (Figs. 2e,g) show geographical features dif-
fering from the blob-regressed pattern. In the North
Pacific sector, the wave train structure in the blob-
regressed pattern is distinct from the meridional dipole
structures in the PNA or NPO patterns. In the North
Atlantic sector, the zonally elongated structure is ab-
sent in the PNA pattern and is almost orthogonal to the
dipolar structure of the NPO pattern. To further verify
the spatial similarities/differences, pattern correlation
coefficients were calculated between the regressed
7500 pattern onto the Pacific blob index and those
regressed onto the TNH, PNA, or NPO indices over
the North Pacific—Atlantic sector (20°-80°N, 120°E-
20°W). The pattern correlation coefficient for the TNH
pattern (0.83) is much larger than those for the PNA
(0.15) or NPO (0.48) patterns. Comparing the blob-
and TNH-regressed SST anomaly patterns (Figs. 2e,f),
we also found both to be associated with large SST
anomalies near the Pacific blob region that resemble
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FIG. 5. (a) Phase analysis of the Pacific blob and the TNH indices. The light blue (white) shadings indicate the
positive (negative) phase of the blob index. The pink bars indicate the positive phase of the TNH index, and the red
numbers represent the five prolonged Pacific warm blob events. (b) Duration analysis of the positive values of the
Pacific blob index. In (b), the values on the y axis represent the number of events, the numbers inside the bars
indicate the percentage of these Pacific warm blob events, the exact starting and ending dates of events having
duration times larger than 2 years are listed above the right bar, and the values in the parentheses represent the
exact duration in months. (c) Box-and-whisker plot for the SST anomalies for each prolonged Pacific blob event.
The top and bottom of the blue box denote the 75th and 25th percentiles of the blob SST samples, the red line
represents the median of the blob SST anomalies, the pink star is the mean of the blob SST anomalies, and the top
and bottom of the whisker dashed lines are the highest and lowest blob SST anomalies in each event. The indices

used here were 1-yr low-pass filtered.

the GOA warming pattern observed during the 2013-15
blob event (e.g., Amaya et al. 2016; Di Lorenzo and
Mantua 2016), but different from the PNA- and NPO-
regressed SST anomalies (Figs. 2g,h). It is obvious that the
TNH pattern, not the PNA or NPO pattern, is the large-
scale atmospheric circulation pattern closely associated
with the Pacific blob. It is noted that there are some dif-
ferences in magnitude between the TNH- and blob-
regressed SST patterns, which reflects the fact that other
processes may affect the SST variability in the Pacific
blob region.

We then compared the evolutions of the TNH and the
Pacific blob indices in Fig. 3a. The figure shows that the
warm phase of the Pacific blob largely coincides with
the positive phase of the TNH pattern. We applied a 1-yr
low-pass filter to smooth the indices in Fig. 3a to better
illustrate their evolution and to remove high-frequency
fluctuations. The lead-lagged correlation analysis between
the original unfiltered indices in Fig. 3b shows that the
maximum correlation coefficient (0.42) occurs when
the TNH index leads the Pacific blob index by one

month. This relation indicates that it is the TNH pat-
tern that forces the Pacific blob rather than the other
way around. We also calculated the lead-lagged cor-
relation coefficients of the PNA and NPO indices with
the Pacific blob index (Fig. 3b) and found them to be
much smaller than the correlation coefficients between
the TNH and Pacific blob indices.

The close association between the TNH pattern and
the Pacific blob can be further verified by a first-order
autoregressive (AR1) model, a widely used tool for
quantifying the ocean response to forcing from the at-
mosphere in the North Pacific (e.g., Newman et al. 2003;
Schneider and Cornuelle 2005; Johnstone and Mantua
2014; Di Lorenzo and Mantua 2016). Following these
previous studies, we construct a Pacific blob index ac-
cording to the AR1 model formulation as follows:

Blob,,, =«TNH, + BBlob, + ¢, )

where the TNH and Blob terms on the right-hand side
denote the TNH forcing and the blob SST damping, and
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FIG. 6. Hovmoller diagrams for the SST anomalies averaged between 40° and 50°N after application of a 1-yr low-pass filter. The vertical
black lines represent the longitudes of the Pacific blob boundaries (i.e., 150° and 135°W). The 1-yr low-pass-filtered TNH indices during
these events are shown by the blue lines next to the Hovmoller diagrams. The first value in the parentheses indicates the mean of the TNH
index over each event, while the value after the “+” sign is the standard deviation over each event.

g, represents uncorrelated Gaussian-type random noise. along the U.S. West Coast that extends toward the
The coefficient « (0.42) is obtained by regressing the subtropical Pacific (Figs. 4a,d). These regions of warm-
Pacific blob index (i.e., Blob,;) against the TNH ingand cooling tendencies largely coincide with positive
index with 1-month lag time (i.e., TNH,). The coefficient and negative SHF anomalies (Figs. 4b,e). The positive
B (0.77) is calculated by regressing the Pacific blob index, ~SHF anomalies in the Pacific blob region are associated
after removing the TNH information (i.e., Blob,,; — with near-surface wind anomalies regressed onto the
aTNH;), against the original Pacific blob index with TNH index and dBlob/dt (pink arrows in Figs. 4b.e),
1-month lag time (i.e., Blob,). As shown in Fig. 3c, the both of which are dominated by clockwise near-surface
reconstructed blob index matches the original blob in- wind anomalies relating to the anomalous ridge. The
dex reasonably well with a high correlation coefficient southern and eastern branches of the clockwise wind
of 0.78. This result indicates that about 61% of the anomalies weaken the prevailing westerlies, decrease
Pacific blob variability can be accounted for by the TNH the SHF, and produce a warming tendency. Further
forcing and adds additional support to our suggestion examination on the TNH-regressed horizontal ocean ad-
that the TNH pattern can force the Pacific blob. vection anomalies (Fig. 4c) show that warm anomalies,
To uncover the mechanisms by which the TNH pat- induced by the anomalous easterly winds, also contribute
tern forces the Pacific blob, we performed an ocean to the warming tendency (0.069°C month ') in the Pacific
mixed layer heat budget analysis (similar to that per- blob region, but are only about one-third as large as the
formed in Bond et al. 2015) over the North Pacific do- SHF-induced warming (0.21°Cmonth™!). We also in-
main (see Fig. 4). We first calculated the monthly values  vestigated the vertical heat exchange at the bottom of the
of the mixed layer temperature tendency (d7,,/dt), net mixed layer (i.e., entrainment), estimated by the wind
surface heat fluxes (SHF, positive downward), and stress curl and found slightly negative anomalies induced
horizontal ocean advection, and then regressed them in the Pacific blob region (not shown). These results are
onto the TNH index and the time tendency of the blob  consistent with those in Bond et al. (2015) and indicate
index (i.e., dBlob/dr). When determining the ocean ad- that the TNH-induced entrainment anomalies are rela-
vection, we first integrated the ocean current velocity tively weak. This mixed layer heat budget analysis sug-
and potential temperature from ocean surface to the gests that the TNH pattern forces the Pacific blob
bottom of the mixed layer, and then calculated the primarily through anomalies in SHF and secondarily
horizontal temperature gradient and its dot product with  through anomalies in wind-induced ocean advection.
the integrated velocities. The regressed d7,,/dt patterns We noticed from Fig. 3a that, when the 2013-15 Pa-
are characterized by the GOA warming pattern with a  cific blob warming occurs, the TNH pattern has the
center in the Pacific blob region and a cooling band tendency to stay in its positive phase for a similar period
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FIG. 7. (a),(b) The loading coefficient patterns for the first and second EOF modes of the North Pacific SST variability, where the units
have been converted to °C using their corresponding eigenvalues. The light blue boxes in (a) and (b) delineate the Pacific blob region
(40°=50°N, 150°-135°W) defined in Bond et al. (2015). Contour intervals are 0.1°C. (c) The evolution of the principal component of the first
EOF mode (i.e., PC1), the PDO index, and the Nifio-3.4 index. (d) The evolution of the principal component of the second EOF mode
(i.e., PC2) and the Pacific blob index. Time series in (c) and (d) are averaged using a 3-month window.

of time. To investigate this phase consistency between
the TNH and Pacific blob indices, we performed a phase
analysis in Fig. 5a to explicitly identify the periods when
the Pacific blob index has positive values (blue shading)
and the periods when the TNH index has positive values
(pink bars) during 1948-2015. The figure indicates that,
for a majority of the periods when the Pacific blob index
stays in its positive phase, the TNH index also stays in
its positive phase. We pay particular attention to the pe-
riods when Pacific blob warming lasts exceptionally long
(similar to the 2013-15 event), and define a prolonged
Pacific blob event as one having warming for at least
24 months. Five such prolonged events (including the
2013-15 event) during 1948-2015 can be identified, and
they account for 19% of the total number of the positive-
blob periods (Fig. 5b). These five prolonged blob events
occurred during July 1956-October 1958, August 1961—
August 1964, February 1985-January 1987, April 1989-
March 1995, and March 2013-December 2015. After
marking all these events in Fig. 5a (the red numbers), we

found that the TNH index was locked into its positive
phase through a major portion of each event. These
results indicate that locking the TNH pattern into its
positive phase for an extended period plays a critical
role in forcing prolonged Pacific blob events. We also
examined the blob intensity by showing in Fig. 5c the
mean, maximum, and minimum values of the blob index
during these prolonged blob events. All prolonged
events we selected have strong intensity (means >0.8
and maxima >1.5 standard deviations), with the 2013-15
event being the strongest.

To better illuminate the SST evolutions and the TNH
phase-locking feature during the five prolonged blob
events, we show in Fig. 6 Hovmoller diagrams for the
SST anomalies averaged between 40° and 50°N. The
values of the TNH index during these events are shown
next to the Hovmoller diagram. The figure clearly shows
that the TNH index stays mostly in its positive phase
during these events, which is also shown by the positive
mean TNH values. The 2013-15 event has the highest
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FIG. 8. The SST anomalies averaged in winter (JFM) and summer (JJA) seasons for the five prolonged blob events. The black boxes
delineate the Pacific blob region (40°-50°N, 150°~135°W) defined in Bond et al. (2015).

mean TNH value (1.09), followed by the 1961-63 (0.65), the
1985-87 (0.57), the 1989-95 (0.56), and the 1956-58 (0.16)
events. These positive TNH means correspond well to
the positive mean values of the blob index during these
events, which provides additional support for a close
association between the TNH phase-locking and pro-
longed blob events.

4. Relationships of the Pacific warm blob to PDO
and ENSO

The PDO and ENSO can also produce SST anom-
alies near the Pacific blob region (Mantua et al. 1997,
Alexander et al. 2002; Newman et al. 2003). To examine
the possible relationships of the Pacific blob to PDO and
ENSO, we performed a covariance-based EOF analysis
on SST anomalies in the North Pacific region (17°~60°N,
120°-100°W). The first EOF mode (EOF1; explains
27.6% of total variance; Fig. 7a) resembles the PDO SST
pattern, characterized by a cooling in the central North
Pacific and a band of warming along the North American
coasts resembling the ARC SST pattern. The principal

component of EOF1 mode (PC1) follows closely with the
PDO index during the analysis period (Fig. 7c) with a high
correlation coefficient between them (0.85), in contrast to
the low correlation coefficient between PC1 and the Pacific
blob index (0.07). The EOF2 mode (explains 18.2% of
total variance; Fig. 7b) is characterized by SST anomalies
in the NE Pacific that resembles the GOA pattern with its
anomaly center appearing inside the Pacific blob box. The
PC2 is found evolving closely with the Pacific blob index
(Fig. 7d) with a correlation coefficient of 0.70. This EOF
analysis clearly shows that the Pacific blob is not associated
with the PDO and is a separate dynamical entity.

One important signature shown in EOF1 mode is the
band of warming off North American coasts that is
similar to the ARC warming pattern observed in the
2013-15 Pacific blob event. As mentioned, SST anom-
alies during that blob event involved a shift from a GOA
warming pattern to an ARC warming pattern (Amaya
et al. 2016; Di Lorenzo et al. 2016; Di Lorenzo and
Mantua 2016). Is such a shift a necessary component of
Pacific blob generation? We analyze the evolution of the
SST anomalies in the five prolonged blob events (Fig. 8)
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FIG. 9. Composited SST anomalies for the five prolonged blob events: (a) March 2013-December 2015, (b) April
1989-March 1995, (c) February 1985-January 1987, (d) August 1961-August 1963, and (e) July 1956-October 1958.
The light blue boxes delineate the blob region (40°-50°N, 150°-135°W) defined in Bond et al. (2015), whereas the
pink boxes depict the Atlantic cold region (44°-56°N, 45°-25°W). The stippling indicates that the composite
anomalies are statistically significant at the 95% level according to the Student’s two-tailed ¢ test.

and find that only two of them (the 1957-58 and
2014-15 events) exhibit a shift from the GOA to ARC
warming pattern. It is noted that these two blob events
were accompanied by El Nifio conditions in the tropics.
Therefore, El Nifio possibly triggers the ARC-to-GOA
shift in the prolonged blob events, as has been sug-
gested by several recent studies (e.g., Amaya et al.
2016; Di Lorenzo et al. 2016; Di Lorenzo and Mantua
2016), but is not a necessary mechanism for Pacific
blob generation.

5. The relationship between the TNH pattern and
the Atlantic cold blob

An interesting feature of the TNH pattern is that its
anomaly structures crossing both the North Pacific and

North Atlantic (see Fig. 2b). This implies that when the
TNH pattern stays in its positive phase for an extended
period of time to force a Pacific warm blob event, it
may also force SST variability in the North Atlantic.
This possibility is revealed by the TNH-regressed SST
anomaly pattern (Fig. 2f), where statistically significant
negative SST anomalies are found in the North Atlantic.
The location of the cold anomalies is close to where
the Atlantic cold blob was observed during 2014-15
(Henson 2016), as shown in the SST anomalies averaged
in this event (Fig. 9a). Such Atlantic cold blobs are also
observed in the SST anomalies averaged in the other
four prolonged Pacific warm blob events (Figs. 9b-e¢),
although the intensity of the Atlantic blob is weaker in
the 1956-58 event. The co-occurrence of Pacific warm
blob and Atlantic cold blob in these five events reveals
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t green shading indicates the positive phases of both the Pacific blob

and Atlantic cold indices. The pink bars indicate the positive phase of the TNH index. The indices used for the phase analysis were 1-yr

low-pass filtered.

that the TNH pattern may serve as a conducting mech-
anism to connect some of them.

Figure 10a exhibits that the TNH and the Atlantic
cold blob indices have a tendency to follow each other
during the analysis period. The lead-lag correlation
analysis shows that the 1-yr low-pass-filtered TNH index
has the largest correlation coefficient (0.37) with the
filtered Atlantic blob index when the former leads
the latter by 4 months (Fig. 10b), which is longer than
the 2-month lead time found between the filtered TNH
and Pacific blob indices. A 2-month lead time is also
found in the lead-lag correlation analysis between
filtered Pacific blob and the Atlantic blob indices.
These lead-lagged relations likely reflect the fact that
the mean mixed layer is deeper in the Atlantic blob
region (118.7m) than in the Pacific blob region (48.1 m),

indicating the TNH pattern requires more time to induce
Atlantic cold blob than Pacific warm blob. Figure 10b
also reveals that the correlation coefficients between
the TNH and the Pacific blob indices are higher than
those between the TNH and the Atlantic blob indices,
which implies that the TNH pattern accounts for more
SST variability in the Pacific blob region than that in
the Atlantic blob region. Other major forcing mecha-
nisms also exist for the Atlantic cold blobs, such as
those associated with the NAO, the AMOC, and the
Greenland ice sheet melting (Delworth et al. 2016;
Yeager et al. 2016; Rahmstorf et al. 2015; Robson et al.
2016; Duchez et al. 2016; Schmittner et al. 2016). This
study indicates that TNH forcing is an additional,
rather than an exclusive, explanation for the generation
of the Atlantic blob.
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To further examine the connection between Pacific
and Atlantic blobs, we show in Fig. 10c the periods when
positive values of the Pacific blob index coincide with
positive values of the Atlantic blob index (green shad-
ing). Also shown in the figure are the periods when the
TNH pattern stays in its positive phase (pink bars). The
Pacific warm blob events have co-occurred with Atlantic
cold blob events several times during the analysis pe-
riod, mostly when the TNH pattern persistently stayed
in its positive phase. Among them, 1985-87, the early
1990s, and 2013-15 are the three longest periods when
the Pacific and Atlantic blobs are synchronized. The
evidence suggests that the TNH pattern is able to con-
nect some of the prolonged Pacific warm blobs and
Atlantic cold blobs. A mixed layer heat budget analysis
over the North Atlantic (Fig. 11) confirms that the
TNH pattern forces the Atlantic blob cooling mainly
via anomalies in SHF (—0.18°C month ') and second-
arily via anomalies in horizontal ocean advection
(—0.026°C month ™).

To assess the importance of the TNH pattern in
establishing the climate connectivity between the North
Pacific and North Atlantic, we perform a maximum
covariance analysis (MCA; Wallace et al. 1992) to Z500
and SST anomalies over these two oceans during the
analysis period. We calculate these MCA modes by as-
suming the Z500 field leads the SST field by one month
as shown in Fig. 3b. The first MCA (MCA1) mode
(explains 42% of the squared covariance; Figs. 12a,b) is
characterized by a Z500 anomaly pattern similar to the
PNA pattern (Fig. 2c) and an SST anomaly pattern
similar to the ARC warming pattern (Fig. 7a). The
correlation coefficients between the MCA1 PCs and
the PNA and PDO (Nifio-3.4) indices are 0.72 and
0.80 (0.44), respectively. The MCA1 mode is related to
the PDO or ENSO and their associated atmospheric
circulation patterns. This mode has large anomalies over
the Pacific sector but small anomalies over the Atlantic
sector and contributes little to the climate connectivity
between the North Pacific and North Atlantic. In con-
trast, the second MCA (MCA2) mode (explains 22% of
the squared covariance; Figs. 12¢,d) is characterized by
7500 and SST anomalies crossing both the North Pacific
and North Atlantic. Its Z500 pattern closely resembles
the TNH pattern with a pattern correlation coefficient of
0.78 and a Z500 PC correlation coefficient of 0.66 with
the TNH index. The SST anomaly pattern of MCA2
mode is characterized by a warming center in the Pacific
blob region and a cooling center in the Atlantic blob
region (Fig. 12d). Its SST PC has high correlation co-
efficients with both the Pacific blob index (0.64) and the
Atlantic blob index (0.76). This MCA mode suggests
1) that the connection between the Pacific blob and
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Atlantic blob is the second leading atmosphere—ocean
coupled mode in the North Pacific-Atlantic sector and
2) that the TNH pattern is the key atmospheric circu-
lation pattern to establish the climate connectivity be-
tween the two oceans.

6. Summary and discussion

This study argues that the TNH pattern is the princi-
ple atmospheric circulation pattern involved in the
generation of the Pacific warm blob. Prolonged warm
blob events occurred together with extended episodes of
positive phases of this atmospheric circulation pattern.
The TNH-blob relationship is verified by performing
statistical analyses and case studies of the five prolonged
Pacific warm blob events during the analysis period
(1948-2015). This study also finds that the shift from a
GOA warming pattern to an ARC warming pattern is
not a necessary feature of Pacific blob generation. This
shift occurs if an El Nifio develops during a Pacific blob
event, such as during the 2013-15 Pacific warm blob
event. The core part of the Pacific warm blob is the
GOA warming pattern, which is closely tied to the TNH
forcing. EOF analysis demonstrated that the Pacific
warm blob is not part of the PDO or ENSO and is a
separate dynamical entity.

This study further shows that the cross-basin structure
of the TNH pattern enables it to force SST variability in

both the Pacific blob and Atlantic blob regions. As a
result, some of the Pacific warm blob events occurred
together with some of the Atlantic cold blob events. This
connection between the Pacific warm blob and Atlantic
cold blob appears as a leading covariability mode in
the North Pacific-Atlantic sector. Three of the five
prolonged Pacific warm blob events were accompanied
by prolonged Atlantic cold blob events. It is important
to note that the TNH contribution to the generation of
the Pacific warm blob is larger than its contribution to
the generation of the Atlantic cold blob. Factors other
than the TNH pattern, such as the NAO, the AMOC,
and Greenland ice sheet melting, are also important in
the generation of Atlantic cold blob events. These fac-
tors may weaken the apparent connection between the
Pacific and Atlantic blobs. The connection can be better
revealed if we focus on the TNH pattern and its asso-
ciated oceanic covariability.

This study raises a number of unanswered questions.
For example, what causes the TNH pattern to stay in its
positive phase for an extended period of time? Previous
studies have suggested the TNH (or TNH-like) pattern
may be triggered by tropical forcing mechanisms, such
as the El Niflo (Mo and Livezey 1986; Barnston et al.
1991; Yu et al. 2012; Yu and Kim 2011; Yu and Zou 2013;
Zou et al. 2014), the quasi-biennial oscillation (Barnston
et al. 1991), the propagation of the wave activity initi-
ated from the western tropical Pacific Ocean (Wang
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et al. 2014; Lee et al. 2015; Seager and Henderson 2016;
Hu et al. 2017), and the internal dynamics in the atmo-
sphere (Kumar et al. 2013; Seager et al. 2014; Xie and
Zhang 2017). Also, recent warming in the Arctic regions
has been suggested to exert strong impacts on mid-
latitude weather and climate by altering large-scale at-
mospheric circulation patterns (Cohen et al. 2012, 2014;
Kim et al. 2014; Peings and Magnusdottir 2014; Deser
et al. 2015; Lee et al. 2015; Overland et al. 2015, 2016; Yu
et al. 2017). Thus, forcing related to certain tropical
Pacific Ocean or polar conditions may be potential fac-
tors for the phase-locking of the TNH pattern. Extensive
investigations on the underlying dynamics of the TNH
pattern are clearly warranted in future research, given its
importance as a mechanism for connecting the climate of
the North Pacific and Atlantic Oceans. In addition, we
notice that the linear trends for the Pacific and Atlantic
blob indices, when calculated using the nondetrended
SST anomalies, are 0.007°Cyr ' and —0.004°Cyr ',
respectively. The trends, although small, may produce
cumulative warming large enough to affect the charac-
teristics of the Pacific and Atlantic blobs or their re-
lationships with large-scale atmospheric circulation
patterns in recent decades. This possibility also needs
to be explored in the future.
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