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Abstract

How the Pacific Decadal Variability (PDV) would change under a warming world remains an issue of scientific debate and
societal concern. Here we show that the PDV has been experiencing an unprecedented change in the last two decades. The
PDV has amplified along the west coast of North America and equatorial central Pacific while weakened over the South Pacific
and Kuroshio-Oyashio Extension (KOE) region. Examination of 33 CMIP6 models’ ensemble mean projection reveals that
anthropogenic radiative forcing may weaken the PDV variability in the South Pacific and KOE region, suggesting part of the
observed change may be attributed to anthropogenic forcing. However, the recently increased decadal variability over the
western North American coast and equatorial central Pacific may be part of the internal variability arising from increased
coupling between the positive Pacific Decadal Oscillation (PDO) and negative North Pacific Gyre Oscillation (NPGO).
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Key Points:
e PDV has experienced an unprecedented change during the last two decades.

e Anthropogenic forcing may play a role in weakening the PDV in the South Pacific and
KOE region.

e The increased variability over the western North American coast and equatorial central
Pacific may be part of the internal variability.
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Abstract

How the Pacific Decadal Variability (PDV) would change under a warming world remains
an issue of scientific debate and societal concern. Here we show that the PDV has been
experiencing an unprecedented change in the last two decades. The PDV has amplified along the
west coast of North America and equatorial central Pacific while weakened over the South Pacific
and Kuroshio-Oyashio Extension (KOE) region. Examination of 33 CMIP6 models’ ensemble
mean projection reveals that anthropogenic radiative forcing may weaken the PDV variability in
the South Pacific and KOE region, suggesting part of the observed change may be attributed to
anthropogenic forcing. However, the recently increased decadal variability over the western North
American coast and equatorial central Pacific may be part of the internal variability arising from
increased coupling between the positive Pacific Decadal Oscillation (PDO) and negative North
Pacific Gyre Oscillation (NPGO).

Plain Language Summary

Pacific Decadal Variability (PDV) is one of the primary modes of internal variability. There
is an unprecedented change of the PDV after 1999, which has remarkably altered its impacts on
global atmospheric circulation and land precipitation. The amplitude of PDV has decreased over
the South Pacific and Kuroshio-Oyashio Extension (KOE) region but strengthened along the west
coast of North America and equatorial central Pacific. The recent change in PDV can be induced
by a combination of the internal climate variability and anthropogenic warming. The 33 CMIP6
models’ ensemble mean projects that future anthropogenic warming will weaken the PDV
variability in most regions of the Pacific, especially in the KOE region and South Pacific. However,
the recent increased PDV amplitude over the west coast of North American and equatorial central
Pacific may be due to the increased coupling between the Pacific Decadal Oscillation and North
Pacific Gyre Oscillation.
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1 Introduction

Pacific Decadal Variability (PDV) has profound impacts on the North Pacific ecosystems and
socio-economical fisheries and influences climate variation and predictability in Eurasia and North
America (Liu & Di Lorenzo, 2018; Liguori & Di Lorenzo, 2018; Dai, 2013; Liu, 2012; Whitney,
2014). The term PDV used here refers to the Pacific Decadal Oscillation (PDO), Interdecadal
Pacific Oscillation (IPO), and South Pacific Decadal Oscillation (SPDO) (Mantua et al., 1997,
Schneider et al., 2002; Kwon & Deser, 2007; Mo, 2000; Power et al., 1999; Chen & Wallace,
2015). Although IPO is defined in different domains, and the corresponding patterns are not
identical to PDO, its temporal variation is highly correlated with PDO/SPDO. Many studies
analyzed the impacts of PDO/IPO on global land precipitation before 2013 (Newman et al., 2016;
Lyon et al., 2014; Qin et al., 2018), but few studies examine the recent change of the PDV pattern
and its impacts in the past two decades.

Unprecedented warming occurred over the Northeastern Pacific from 2014 through 2016,
which induced the largest marine heatwave ever recorded (Di Lorenzo & Mantua, 2016). Some
studies explained that the change of atmospheric variability influenced the Northeastern Pacific
warming during the winter of 2013/14, which might have a tropical origin (Wang et al., 2015;
Hartmann, 2015; Seager et al., 2015). The persistence of the Northeastern Pacific warming is found
to be related to a warm phase of North Pacific Gyre Oscillation (NPGO) and PDO (Di Lorenzo &
Mantua, 2016; Di Lorenzo et al., 2008). Further, a significant correlation (R=0.6) between the
negative winter NPGO and the following winter PDO is found during 1985-2015, which induces
more multi-year warm SST events over the Northeast Pacific (Joh & Di Lorenzo, 2017). Note that
these investigations focus on the interannual time scale, and our knowledge of the changes in
decadal variability remains a gap.

Over the past two decades, global ocean heat content experienced an acceleration of warming,
with the most massive warming in the tropical/subtropical Pacific Ocean and the southern oceans
(Cheng et al., 2017). It is curious whether the most extensive oceanic warming may change the
PDV or the other way around. To this end, an examination of the projected future changes of PDO
under anthropogenic warming would be useful. The Fifth Assessment Report (ARS5) concluded
that near-term predictions of PDV were largely model dependent (Van Oldenborgh et al., 2012),
and the projections made by the state-of-the-art coupled general circulation models had yielded
inconsistent results. Some projected that the variances of PDO and tropical PDV would increase
in a warmer climate by using the Community Earth System Model Large Ensemble (Lorenzo &
Mantua, 2016; Liguori & Di Lorenzo, 2018). On the other hand, some CMIP5 models’ projections
suggested the suppressed PDO variability and shortened periodicity (Zhang & Delworth, 2016;
Geng et al., 2019; Li et al., 2020).To our knowledge, no study draws attention on the change of
the decadal variability over the South Pacific in future warming, although it is an essential part of
PDV.

2 Methods

2.1 Observational and modeling data

The ensemble mean of two sets of SST data is used in this study. One is the Extended
Reconstructed Sea Surface Temperature, version 5 (ERSST v5) global SST monthly data on a 2°
x2°horizontal grid from January 1854 to the present (Huang et al., 2017). Another is the Hadley

3
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Center Sea Ice and SST dataset version 1.1 (HadISST 1.1) with a 1=>1 °resolution from 1871 to
the present (Rayner et al., 2003). For precipitation, we used the Global Precipitation Climatology
Center (GPCC) dataset overland on a 1<1<grid (Schneider et al., 2014). The atmospheric
circulation fields are derived from the European Center for Medium-Range Weather Forecasts
(ECMWEF) reanalysis dataset by merging the ERA 40-year reanalysis (ERA-40) during the period
1958-2001 (Uppala et al., 2005) and the ERA-5 reanalysis during the period 1979-2019 (Hersbach
et al., 2018). To ensure the data consistency, we combine the ERA-40 and the ERA-5 data by
calibrating the ERA-40 based on the monthly climatology of the ERA-5 during the overlap period
(1979-2001). We focus on the decadal phase change over the Pacific from 1958-2019 because the
reanalysis data (ERA-40) begin in 1958. All variables are detrended during this period.

To investigate the influence of global warming on PDV, we examined 33 CMIP6 coupled
global climate models forced by the historical natural and anthropogenic forcings and by the future
greenhouse gases under the Shared Socioeconomic Pathway 5-8.5 (SSP5-8.5) scenario (Eyring et
al., 2016). The temporal coverage is from 1905-2005 in the historical simulations, and 2020-2100
in the SSP5-8.5 runs. Meanwhile, we also use the historical and representative concentration
pathway 8.5 (RCP8.5) scenarios from 36 CMIP5 models for comparison (Taylor et al., 2012). The
observational and models’ data are aggregated to a grid resolution of 2.5 “latitude by 2.5 “longitude
using bilinear interpolation.

2.2 The first baroclinic oceanic Rossby wave speed

The SST decadal variability is associated with the adjustment of ocean gyre circulation
through the westward propagating Rossby waves (Schneider et al., 2002; Kwon & Deser, 2007,
Newman et al., 2016). In a warmer climate, the phase speed of the first-baroclinic oceanic Rossby
wave is projected to increase over the North Pacific, which alters the time scale and amplitude of
the PDO (Zhang & Delworth, 2016; Geng et al., 2019; Li et al., 2020). In this study, we examine
the first baroclinic Rossby wave speed over the entire Pacific (outside of the equatorial band) under
the historical and greenhouse warming scenarios from CMIP6 models. Following the method
proposed by Chelton et al. (1998), the n-mode Rossby radius of deformation can be defined by

f N(z) dz, n=>1, 1)

n
nnlfl

where f = 2Qsind represents the Coriolis parameter for latitude 9 and earth rotation rate Q, H is
the depth of the local water, and N(z) denotes the buoyancy frequency, which can be further
expressed as

N (z)=-22 -2 )

where p is the water density, c, is the sound speed. The first baroclinic oceanic Rossby wave speed
(C, = —B22) can be written as

V=B, N(z)dz] (3)

where S denotes the meridional gradient of the Coriolis parameter f.
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3 Remarkable change in PDV toward the end of the 20t century

Previous studies showed that the definition of PDV is the leading EOF mode of low-pass
filtered SST anomalies (SSTA) over the Pacific basin (45<5-65N) (Liu & Di Lorenzo, 2018), but
some studies also found the South Pacific decadal variability could extend to about 60 S (Hus &
Chen, 2011; Zhang et al., 2018). To describe the decadal variability over the entire Pacific, we
depict the PDV using the first EOF mode of SSTA over the entire Pacific basin (70<5-70N) and
define the PDV index using the time series of the first principal component. We used the 30-month
running mean data to obtain the PDV index (Fig 1a). The PDV index is similar to the PDO index
derived by using the data north of the 20N with a correlation coefficient of 0.86 between them
during 1901-2019 (p<0.01). After 1958, the PDV index shows two cold (negative) phases (1961-
1976 (D1) and 1999-2013 (D3)), and two warm (positive) phases (1977-1998 (D2) and 2014-2019
(D4)). The last warm phase might not have completed yet. These positive and negative phases are
also the same as the PDO, indicating that the PDV index represents very well the Pacific basin-
wide decadal variability.

To detect the recent change in the spatial pattern of PDV, we compare the differences in the
anomalous annual mean SST between (D2 minus D1) and (D4 minus D3). During the first PDV
cycle from 1961 to 1998, the warm-minus-cold phase (D2-D1) features an equatorially symmetric
SST anomaly pattern with a warming in the eastern Pacific triangle region surrounded by a K-
shape cooling region in the western Pacific between 40<S and 40N (Fig. 1b). In contrast, during
the recent period (1999-2019), the warm-minus-cold phase (D4-D3) features a highly asymmetric
pattern between the North and South Pacific (Fig. 1c). The cooling over the Kuroshio-Oyashio
extension (KOE) region is much weaker; meanwhile, the warming along the west coast of North
America and the equatorial central Pacific is much stronger than those for the D2-D1 (Fig. 1d).
The magnitude of decadal change in the South Pacific is considerably weaker for the D4-D3,
especially the cooling in the western South Pacific and the warming in the South Pacific cold
tongue, the west coast of South America, and the southern Pacific Ocean along 60<S (Fig. 1d).

The recent change of PDV after 1999 is unprecedented over the past 120 years, which is
evidenced by an examination of the change of the leading EOF mode of the Pacific SST. The
composite warm-minus-cold phase of PDV during 1961-1998 (Fig. 1b) bears a close similarity to
the leading EOF mode of Pacific SSTA during the same period (Fig. S1e). Likewise, the D4-D3
of the PDV during 1999-2019 (Fig. 1c) is very similar to the leading EOF mode of Pacific SSTA
during the same period (Fig. S1g). This suggests that the leading EOF mode has changed around
1998 from the equatorial symmetric pattern to the asymmetric pattern. The leading EOF mode has
little change from 1901-1960 to 1961-1997 (Figs. S1c and e), suggesting that the notable recent
change of PDV after 1999 is unique over the past 120 years. Note that the amplitude of South
Pacific SSTA decreases drastically during D3 and D4 in comparison with those during D1 and D2
(Fig. S2).

The change of PDV is associated with changes in the atmospheric circulation and atmosphere-
ocean interaction. In D2-D1, the abnormal low sea level pressure (SLP) occurs over the North and
South Pacific (Fig. 1e), inducing the cyclonic anomalies, forming the symmetric dipole SST
patterns (Fig. 1b), which in turn enhance the atmospheric circulation (Liu, 2012; Newman et al.,
2016). However, in D4-D3, the anomalous North Pacific low SLP and associated atmosphere-
ocean feedback shifted southeastward (Fig. 1f). Over the eastern South Pacific, the anomalous low
SLP disappears, significantly weakening the open ocean and coastal warming.



177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193

194

195

196
197
198
199

200
201
202
203
204
205
206
207
208
209
210
211
212

213
214
215
216
217
218
219

manuscript submitted to Geophysical Research Letters

The PDV pattern changes exert notable impacts on global land precipitation (Fig. 2a and b).
Precipitation anomalies reverse their signs between D2-D1 and D4-D3 over high-latitudes (north
of 50N) of North America and Greenland, Siberia, and western Europe, as well as tropical Africa.
During the recent PDV warm phase (D4-D3), the mid-latitude East Asia and North America
become significantly wetter, while Southern Africa, Northern Australia, and northeastern South
America become significantly drier (Fig. 2b). Over the ocean, we have to examine the vertical
motion field due to a lack of reliable precipitation observation. From the 1958-1998 cycle to 1999-
2019, the anomalous vertical motion pattern in the North Pacific tends to move southeastward to
the eastern North Pacific, and a substantial descending motion occurs over the tropical western
Pacific (Fig. 2 ¢ and d). The large descending motion occurs over northeastern South America is
consistent with the suppressed local precipitation, which may increase the tropical African
precipitation by enhancing westerlies over the tropical Atlantic (Fig. 2b). In most land areas of the
world, the PDV’s impact on precipitation has been changed since the D3 (Fig. S2). Overall, the
D4-D3 has a stronger impact and different pattern on global land precipitation compared to those
in D2-D1, which means that the teleconnection derived from the 20" century’s PDV that is used
for the prediction of decadal variations of the land precipitation is no longer applicable at the
current cycle in the 21% century.

4 Causes of the recent PDV change

What caused the PDV change with the reduced variability in the northwestern and South
Pacific and the enhanced variability in the eastern North Pacific and equatorial central Pacific?
Our general hypothesis is that the PDV change is induced by a combination of anthropogenic
warming and internal climate variability.

To investigate the possible anthropogenic warming’s influence of the PDV, we examine the
results from 33 CMIP6 historical and SSP5-8.5 scenarios (see Methods). The linear trend at each
grid point is removed and the SST is processed by a 7-yr low-pass filter. The multi-model ensemble
mean (MME) of the first EOF mode shows that the amplitude of the PDV pattern is suppressed in
the SSP5-8.5 (Fig. 3a and b). A negative PDV pattern occurs in the difference between SSP5-8.5
and historical scenarios (Fig. 3c). Over the North Pacific, a weakened decadal variability over the
KOE and western North American coast imply a decreased PDO-like pattern similar to the
previous results obtained from the CMIP5 models (Geng et al., 2019; Li et al., 2020). Notably, the
PDV over the South Pacific is more reduced compared to the North Pacific. To confirm this, we
investigated the changes in the standard deviation (STD) of the decadal SST variability over the
entire Pacific under a warming climate derived from both the CMIP5 and CMIP6 models (Fig. S3).
Both CMIP5 and CMIP6 models projected a general reduction of the PDV variability, especially
over the KOE region, the South Pacific around 60 <S, and the subtropical eastern Pacific.

Corroborating with the reduced variance, the power spectrum peak of the PDV at about 14-
17 years in the historical scenarios (Fig. 3d) is reduced by 20.5% and shifts to a marginal peak of
12-13 years in the SSP5-8.5 runs (Fig. 3g). The spectral bands of the northern and southern parts
of PDV are around 14-18 and 14-16 years under the historical conditions (Fig. 3e and f), but their
spectral energies are decreased by 23.2% and 30.7% under the SSP5-8.5 forcing, respectively (Fig.
3h and i). Both the northern and southern parts of PDV shift toward a higher frequency (about 12-
14 and 11-12 years) in the SSP5-8.5. This power spectral change can be detected in most models.
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Recent studies found a significant increase in global ocean heat content (OHC) since 1998,
especially for the tropical and subtropical Pacific and southern Oceans with a robust OHC increase
in the upper ocean (Cheng et al., 2017; Lyman et al., 2010; Liu et al., 2016). Meanwhile, both
observations and models show that the ocean stratification is enhanced in global oceans, especially
in the tropical Pacific (Fu et al., 2016; Yamaguchi & Suga, 2019). Under the SSP5-8.5 scenario
(Fig. 4), anthropogenic warming also induces the stronger upper-ocean stratification and increased
buoyancy frequency over the entire Pacific. The enhanced buoyancy frequency results in the faster
westward-propagating Rossby waves (Fig. 4c and d), which is robust across most models (see
Methods). The accelerated westward-propagating Rossby waves modulate the ocean gyre
circulation and reduce the cross-basin time scale in both the North and South Pacific (Zhang &
Delworth, 2016; Wang et al., 2007; Qiu & Chen, 2006). This plays a critical role in shortening the
lifespan of the PDV (Fig. 3g-i) and limiting its growth time, which may reduce the PDV.

However, the decadal variability over the west coast of North America will not be increased
under the anthropogenic warming (Fig. 3 and Fig. S3), which means that the enhanced variability
over the west coast of North America and equatorial central Pacific for the D4-D3 (Fig. 1c and d)
might not be related to global warming.

Observational data showed an increasing trend in the coupling between the positive PDO and
negative NPGO in recent decades (Joh & Di Lorenzo, 2017). We checked the impact of NPGO on
SST and atmospheric circulation with the NPGO index defined by Di Lorenzo et al. (2008). The
result shows that the negative NPGO induces the warming over the west coast of North America
and equatorial central Pacific and a north-south dipole SLP pattern over the northeast Pacific (Fig.
S4), which resembles the SSTA and SLP anomaly patterns observed for the D4-D3 (Fig. 1 ¢ and
f). Furthermore, the composite positive PDO-negative NPGO events show much stronger warming
over the west coast of North America and equatorial central Pacific than the positive PDO-positive
NPGO events during both 1950-2019 and 1950-1998 (Fig. 5). During 1961-1998, the occurrence
of positive PDO-negative NPGO events is 63% (27/43), while it is 81% (17/21) during 1999-2019.
These results suggest that the coupling between the PDO and NPGO may play an important role
in strengthening the decadal variability over the west coast of North America and equatorial central
Pacific.

It is an open question for the dynamic mechanism of NPGO. Two popular mechanisms are
proposed: one is the atmosphere stochastic forcing (Yi etal., 2015; Yi et al., 2018); the other is the
central Pacific (CP) ENSO-induced atmospheric teleconnections (Di Lorenzo et al., 2010, 2013,;
Furtado et al., 2012), which favors a positive trend of NPGO/PDO correlation in future warming
(Joh & Di Lorenzo, 2017). However, no matter which mechanism contributes to the current
enhanced coupling between PDO and NPGO, the enhanced coupling would not be able to offset
the weakened decadal variability over the west coast of North America under the anthropogenic
warming based on both the CMIP5 and CMIP6 MME mean results (Fig. 3 and Fig. S3).

5 Concluding remarks

This study uses observational and reanalysis data to show that the recent PDV has distinctive
characteristics and climate impacts. We also use CMIP6 modeling results to discuss the impact of
anthropogenic forcing on the PDV change. The analyses suggest that the recent PDV pattern
occurs mainly over the North Pacific with enhanced decadal variability over the west coast of
North America and central Pacific, whereas reduced decadal variability in the KOE region. The
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magnitude of decadal variability in the South Pacific is much weaker, especially for the western
South Pacific, the South Pacific cold tongue, the west coast of South America, and the southern
Pacific Ocean along 60<S. The change in PDV also shows remarkably different impacts on land
precipitation over northern North America and Greenland, Siberia, western Europe, tropical Africa,
northeastern South America, and Northern Australia. The change means that the prediction of
decadal variations of land precipitation based on the 20" century’s PDV teleconnection is not
applicable now.

The PDV change can be induced by the combination of anthropogenic warming and internal
climate variability. Observational data shows that an increased coupling between the PDO and
NPGO can contribute to the recent increased decadal variability over the west coast of North
America and equatorial central Pacific. However, this decadal variability will not be enhanced
under anthropogenic warming. CMIP6 MME mean results suggest that anthropogenic warming
plays an important role in decreasing the SST decadal variability over the KOE region and South
Pacific and shortening the PDV’s periodicity. This is because global warming enhances the
oceanic stratification that increases the speed of oceanic Rossby waves.

Our findings promote a deeper understanding of the recent PDV change along with the
remarkably different impacts on global atmospheric circulation and precipitation and shed light on
its future change under the increasing anthropogenic forcing. The result can be useful for
infrastructure planning, disaster mitigation, food security, and water resource management in the
coming decades.
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Figure captions

Figure 1. Observed change in the PDV mode. (a) The time series of 30-month running mean PDV
index. Blue shadings represent the period 1961-1976 (D1) and 1999-2013 (D3), while red shadings
represent the period 1977-1998 (D2) and 2014-2019 (D4). (b) and (c) represent the differences in
detrended annual mean SST anomalies (<C) for D2 minus D1 and for D4 minus D3, respectively.
(d) denotes the results in (¢) minus (b). The contours in (d) denote the SST anomalies for D2 minus
D1. (e—g) same as (b—d), but for sea level pressure (shading, hPa) and 10m winds (vectors, m s).
Only the anomalies with confidence level exceeding the 90% (via a two-tailed Student's t test) are
displayed in (b), (c), (e), and (f).

Figure 2. Change in the PDV’s impact on precipitation and atmospheric circulation. The
differences in annual mean 850 hPa winds (m s?), land precipitation (shading over the land,
mm/day), and SST (shading over the ocean, <C) anomalies for D2 minus D1 (a) and D4 minus D3
(b), respectively. The arrows denote composite 850 hPa wind anomalies, which are hidden over
the land region. (c) and (d) same as (a) and (b), but for the vertical velocity at 500 hPa (102 Pa s~
1). Only the anomalies with confidence level exceeding the 90% (via a two-tailed Student's t test)
are displayed.

Figure 3. Simulated change in the pattern and periodicity of PDV under greenhouse warming. The
multi-model ensemble mean of the EOF1 from 33 CMIP6 models under the historical (a) and
SSP5-8.5 (b) conditions. (c) denotes the PDV pattern changes between the SSP5-8.5 and the
Historical condition. Black horizontal line denotes the equator. (d—f) Power spectrum of SST PC1
of the PDV, North Pacific (0-70N), and South Pacific (0-70S), respectively, under the Historical
condition. The dashed red line represents the 90% confidence level. (g—i) same as (d—f), but for
the SSP5-8.5 scenario.

Figure 4. Simulated change in buoyancy frequency and Rossby wave speed. (a) The buoyancy
frequency (107 st) over the South Pacific region (10S-60S, 140E-70W) under the Historical (blue),
SSP5-8.5 (red), and SSP5-8.5 minus historical (orange) conditions. (b) same as (a), but for over
the North Pacific region (10N-60N, 120E-100W). (c) Change rate of the zonally averaged first-
baroclinic Rossby wave speed (m s) over the South Pacific region between the SSP5-8.5 and the
Historical condition. The phase speed is negative over the Pacific, which denotes westward
propagation. (d) same as (c), but for over the North Pacific region. Shading represents twice the
standard deviation.

Figure 5. SST variation during different phases of PDO and NPGO. Composite SST anomalies
during 1950-2019 for (a) positive PDO-negative NPGO events (+P-N) minus negative PDO-
positive NPGO events (-P+N) and (b) positive PDO-positive NPGO events (+P+N) minus
negative PDO-negative NPGO events (-P-N). (c) denotes the results in (a) minus (b). (d-f) same
as (a—c), but for the results during 1950-1998.
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Figure 1. Observed change in the PDV mode. (a) The time series of 30-month running mean PDV
index. Blue shadings represent the period 1961-1976 (D1) and 1999-2013 (D3), while red shadings

represent the period 1977-1998 (D2) and 2014-2019 (D4). (b) and
detrended annual mean SST anomalies (<C) for D2 minus D1 and

(c) represent the differences in
for D4 minus D3, respectively.

(d) denotes the results in (c) minus (b). The contours in (d) denote the SST anomalies for D2 minus
D1. (e-g) same as (b—d), but for sea level pressure (shading, hPa) and 10m winds (vectors, m s%).
Only the anomalies with confidence level exceeding the 90% (via a two-tailed Student's t test) are

displayed in (b), (c), (e), and ().
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Figure 2. Change in the PDV’s impact on precipitation and atmospheric circulation. The
differences in annual mean 850 hPa winds (m s™), land precipitation (shading over the land,
mm/day), and SST (shading over the ocean, <C) anomalies for D2 minus D1 (a) and D4 minus D3
(b), respectively. The arrows denote composite 850 hPa wind anomalies, which are hidden over
the land region. (c) and (d) same as (a) and (b), but for the vertical velocity at 500 hPa (10?2 Pa s°
1). Only the anomalies with confidence level exceeding the 90% (via a two-tailed Student's t test)
are displayed.
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Figure 3. Simulated change in the pattern and periodicity of PDV under greenhouse warming. The
multi-model ensemble mean of the EOF1 from 33 CMIP6 models under the historical (a) and
SSP5-8.5 (b) conditions. (c) denotes the PDV pattern changes between the SSP5-8.5 and the
Historical condition. Black horizontal line denotes the equator. (d—f) Power spectrum of SST PC1
of the PDV, North Pacific (0-70N), and South Pacific (0-70S), respectively, under the Historical
condition. The dashed red line represents the 90% confidence level. (g-i) same as (d-f), but for
the SSP5-8.5 scenario.
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Figure 4. Simulated change in buoyancy frequency and Rossby wave speed. (a) The buoyancy
frequency (107 st) over the South Pacific region (10S-60S, 140E-70W) under the Historical (blue),
SSP5-8.5 (red), and SSP5-8.5 minus historical (orange) conditions. (b) same as (a), but for over
the North Pacific region (10N-60N, 120E-100W). (c) Change rate of the zonally averaged first-
baroclinic Rossby wave speed (m s) over the South Pacific region between the SSP5-8.5 and the
Historical condition. The phase speed is negative over the Pacific, which denotes westward
propagation. (d) same as (c), but for over the North Pacific region. Shading represents twice the
standard deviation.
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Figure 5. SST variation during different phases of PDO and NPGO. Composite SST anomalies
during 1950-2019 for (a) positive PDO-negative NPGO events (+P-N) minus negative PDO-
positive NPGO events (-P+N) and (b) positive PDO—positive NPGO events (+P+N) minus
negative PDO-negative NPGO events (-P-N). (c) denotes the results in (a) minus (b). (d-f) same
as (a—c), but for the results during 1950-1998.
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