
1. Introduction
Pacific Decadal Variability (PDV) has profound impacts on the Pacific ecosystems and the climate variability 
in Eurasia and North America (Dai, 2013; Liguori & Di Lorenzo, 2018; Liu, 2012; Liu & Di Lorenzo, 2018; 
Whitney, 2014). The term PDV used here includes the Pacific Decadal Oscillation (PDO) (Mantua et al., 1997), 
Interdecadal Pacific Oscillation (IPO) (Power et  al.,  1999), and South Pacific Decadal Oscillation (SPDO) 
(Mo, 2000). Although IPO is defined in different domains, its temporal variation is highly correlated with PDO/
SPDO (Liu & Di Lorenzo, 2018).

Previous studies analyzed the PDV before 2013 and contrasted PDV's climate impacts between its positive and 
negative phases (Lyon et al., 2014; Qin et al., 2018), and linked PDV with various climatic dynamic processes 
(Newman et al., 2016). The tropical forcing can be considered one of the drivers (Deser et al., 2004). The El 
Niño-Southern Oscillation (ENSO) was found to affect the Aleutian Low variability through the atmospheric 
bridge (Alexander, 1992; Alexander et al., 2002) or seasonal footprinting (Deser et al., 2012; Vimont et al., 2001), 
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contributing to the PDV. Modeling results suggested that an enhanced ENSO variability may affect the intensified 
variance of tropical PDV (TPDV) and the relationship between ENSO and PDO could become stronger in future 
(Choi et al., 2013; Kwon et al., 2013). Meanwhile, using the Geophysical Fluid Dynamics Laboratory (GFDL) 
model, some studies found that the bi- and multi-decadal PDO mode can be affected by mid-latitude air-sea inter-
actions via the westward propagating oceanic Rossby waves (Zhang & Delworth, 2016; Zhong et al., 2008). Over 
the past two decades, despite the interruption of global warming during 1999–2013, the global ocean heat content 
has experienced accelerated warming, with the most massive warming in the tropical/subtropical Pacific Ocean, 
the southern oceans, and the global subtropical western boundary currents (Cheng et al., 2017; Liu et al., 2016; 
Lyman et al., 2012; Wu et al., 2012). Therefore, it remains unknown whether the extensive oceanic warming 
influences the PDV's positive and negative phases since 1999.

An unprecedented warm sea surface temperature (SST) occurred over the northeastern Pacific after 2014, caus-
ing the most extensive marine heatwave ever recorded (Amaya et al., 2020; Di Lorenzo & Mantua, 2016). Some 
studies found that the atmospheric variability might have initiated the northeastern Pacific warming during the 
winter of 2013/2014, and the atmospheric forcing might have a tropical origin (Hartmann, 2015; Hu et al., 2017; 
Seager et al., 2015; Wang et al., 2015). The persistence of the northeastern Pacific warming was related to a warm 
phase of North Pacific Gyre Oscillation (NPGO) and PDO (Di Lorenzo & Mantua, 2016). The NPGO can be 
influenced by stochastic variability and central Pacific warming (Di Lorenzo et al., 2010). Note that these inves-
tigations focused on the interannual time scale. However, the persistence of the northeast Pacific heatwaves after 
2014 might suggest a sign of decadal variability change.

The Coupled Model Intercomparison Project 5 (CMIP5) models show that the near-term predictions of the PDV 
were essentially model-dependent. The projections had yielded inconsistent results (Van Oldenborgh et al., 2012). 
For example, some studies with the Community Earth System Model Large Ensemble (CESM-LE) proposed that 
the variances of the PDO and tropical PDV would increase in a warmer climate (Di Lorenzo & Mantua, 2016; 
Liguori & Di Lorenzo, 2018). On the other hand, other CMIP5 model studies suggested a reduced PDO's magni-
tude and periodicity under greenhouse warming (Geng et al., 2019; Li et al., 2020; Zhang & Delworth, 2016). To 
our knowledge, no study draws attention to the change of the decadal SST variability over the South Pacific in the 
future warming. However, it is an essential part of the PDV.

Therefore, two questions will be discussed in this paper: (a) Has the PDV's property and impact changed since 
1999? (b) What are the potential impacts of external forcings and internal variability on the PDV change, if any?

2. Methods
2.1. Observational 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° × 2° horizontal grid (Huang et al., 2017). 
Another is the Hadley Center Sea Ice and SST data set version 1.1 (HadISST 1.1) with a 1° × 1° resolution 
(Rayner et al., 2003). We use the Global Precipitation Climatology Center (GPCC) data set overland on a 1° × 1° 
grid (Schneider et al., 2014). The atmospheric circulation fields are derived from the European Center for Medi-
um-Range Weather Forecasts (ECMWF) reanalysis data set 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 (Hers-
bach et al., 2018). To ensure 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). All variables 
are detrended during this period.

2.2. Model Data

To investigate the potential impacts of external forcings and internal variability on the PDV change, we use the 
33 CMIP6 coupled global climate models' historical runs, pre-industrial (PI) runs, and the 13 models' sensitivity 
experiments forced by natural (NAT) and greenhouse gases (GHGs) forcings, respectively (Eyring et al., 2016). 
The temporal coverage is from 1900 to 2005 in the historical experiments, while the results during the last 
200 years are used in the pre-industrial experiments.
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To further explore the influence of greenhouse warming on the PDV, we examine 33 CMIP6 models' results 
under the Shared Socioeconomic Pathway 5–8.5 (SSP5-8.5) scenario. The temporal coverage is from 2020 to 
2100 in the SSP5-8.5 runs. The observational and models' data are aggregated to a grid resolution of 2.5° lati-
tude by 2.5° longitude using bilinear interpolation. The SST linear trend is removed and processed by a 7-year 
low-pass filter before analysis.

2.3. 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 (Kwon & Deser, 2007; Newman et al., 2016; Schneider et al., 2002). 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 (Geng et  al.,  2019; Li et  al.,  2020; Zhang & 
Delworth, 2016). 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

𝜆𝜆𝑛𝑛 =
1

𝑛𝑛𝑛𝑛|𝑓𝑓 | ∫
0

−𝐻𝐻

𝑁𝑁(𝑧𝑧) 𝑑𝑑𝑧𝑧𝑑 𝑛𝑛 ≥ 1𝑑 (1)
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where β denotes the meridional gradient of the Coriolis parameter f.

3. Remarkable Changes in PDV Since 1999
Previous studies defined the PDV as the leading empirical orthogonal function (EOF) mode of the low-pass 
filtered SST anomalies (SSTA) over the Pacific basin (45°S–65°N) (Liu & Di Lorenzo, 2018). Some studies 
suggest 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 whole Pacific basin (70°S–70°N) (Figure 2a) and define the PDV index using the time series of the first 
principal component. We use the 7-year low-pass filtered data to obtain the PDV index (Figure 1a). The PDV 
index is similar to the PDO (SPDO) index derived by using the data north of the 20°N (south of the 10°S), with 
a correlation coefficient of 0.90 (p < 0.01) between them during 1901–2019.

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 the PDV, we compare the differences in the anomalous annual 
mean SST between the two PDV cycles (Figures 1b and 1c). During the first PDV cycle (1961–1998, Cycle 
1 hereafter), the warm-minus-cold phase (D2-D1) features an equatorially symmetric SSTA pattern: a pair of 
abnormal cyclonic circulations residing over the North and South Pacific and an east-west contrasting SST anom-
aly with warming in the eastern Pacific and cooling in the western Pacific (Figure 1b). However, during the recent 
epoch (1999–2019, Cycle 2), the warm-minus-cold phase (D4-D3) features an equatorially asymmetric pattern 
between the North and South Pacific (Figure 1c). The cooling over the Kuroshio-Oyashio extension (KOE) and 
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South Pacific convergence zone significantly weakens. Meanwhile, the horseshoe-like warming in the eastern 
North Pacific strengthens and the warming over the equatorial eastern Pacific has disappeared (Figure 1c). The 
corresponding anomalous cyclone shifts southeastward over the North Pacific and disappears over the eastern 
South Pacific. The PDV in the South Pacific considerably weakens in Cycle 2 (Figure 1d). The difference pattern 
between the Cycle 1 and Cycle 2 shows an overall “North Pacific warming—South Pacific cooling” pattern 
(Figure 1d).

The composite warm-minus-cold phase of the PDV during 1961–1998 (Figure 1b) bears a close similarity to the 
leading EOF mode of Pacific SSTA during the same period (Figure 2e). Likewise, the D4-D3 of the PDV during 
1999–2019 (Figure 1c) resembles the leading EOF mode of Pacific SSTA during the same period (Figure 2g). 
It suggests that the leading EOF mode has changed around 1999 from the equatorially symmetric pattern to 
the asymmetric pattern. We note that the leading EOF mode has little change from 1901 to 1960 to 1961–1997 
(Figures 2c and 2e), suggesting that the recent change of the PDV after 1999 is unique over the past 120 years. 
Notably, the amplitude of South Pacific SSTA decreases drastically during the D3 and D4 compared with those 
during the D1 and D2 (Figures 3a–3d).

Figure 3 suggests the impacts of the PDV's warm and cold phases and the changes of the impacts from Cycle 1 
to Cycle 2. Overall, the warm and cold phases of PDV show opposite precipitation anomalies for both cycles. 
However, there are notable changes in the amplitude and spatial distribution of precipitation anomalies under the 
influence of PDV from Cycle 1 to Cycle 2. These changes are quantified by the area-averaged “warm-minus-
cold phase” precipitation, that is, D2-D1 and D4-D3, over six regions of pronounced anomalies (Figures 3e–3j). 
First, precipitation anomalies have dramatically increased from Cycle 1 to Cycle 2, about tripled in all regions 
examined. Second, the precipitation anomaly's signs have reversed over tropical Africa, East Asia, and northern 
Siberia-Alaska from Cycle 1 to Cycle 2 (Figures 3e, 3g and S1 in Supporting Information S1), suggesting a 
spatial pattern change in the PDV's influence. Overall, the second cycle has a stronger impact and altered pattern 
on global land precipitation compared to those in the first cycle.

Figure 1. The observed change in the Pacific Decadal Variability (PDV) mode. (a) The time series of 7-year low-passed annual 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 sea surface temperature anomalies (SSTA) (shadings, °C) and 850 hPa wind anomalies (vectors, m s −1) for D2 minus D1 and 
D4 minus D3, respectively. (d) Denotes the results in (c) minus (b). Only the anomalies with a confidence level exceeding 90% (via a two-tailed Student's t-test) are 
displayed in (b and c). Only the absolute values of SST and wind anomalies larger than one standard deviation during 1961–2019 are shown in (d).
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It should be noted that the two peaks during D2 seem to roughly correspond to the two strong El Niño events in 
1982–1983 and 1997–1998 and the strong 2015–2016 El Niño also occurs during D4 (Figure 1a), which might 
contribute to the substantial SSTA in the Southeastern Pacific and corresponding anomalous circulation (e.g., 
Guan et al., 2014; Terray, 2011). We further checked the warm phase of PDV excluding the years of three strong 
El Niño events, that is, 1982–1983, 1997–1998, and 2015–2016 (Figure S2 in Supporting Information S1), and 
found that the results of SST, precipitation, and 850 hPa winds can be similar to Figures 3b and 3d.

The result indicates that the teleconnection derived from the twentieth century's PDV, used for the current decadal 
prediction of the land precipitation, can no longer apply in the current cycle. In addition to the impact on the 
precipitation, the enhanced northeastern Pacific PDV has drastically increased the amplitude and frequency 
of the marine heatwaves during the recent warm PDV phase since 2014 (Amaya et  al., 2020; Di Lorenzo & 
Mantua, 2016).

4. Potential Influence of the External Forcings and Internal Variability
What might influence the PDV's change with the reduced variability in the northwestern and South Pacific and 
the increased variability in the North Pacific horseshoe region? We hypothesized that the PDV change might be 
affected by a combination of GHGs forcing and internal climate variability.

4.1. GHGs Forcing

We first examine historical simulation results to investigate the possible impact of external forcings on the recent 
SST decadal variability by contrasting the decadal standard deviation (STD) between 1999–2014 and 1961–1998. 
The observed SST decadal STD decreases over the western North Pacific and the southwest and southeast Pacific 
while increases along the west coast of North America (Figure 4a). Figure 4 also presents the corresponding 
simulation results derived from 33 CMIP6 models' multi-model ensemble mean (MMEM) of the historical runs 
(Figure 4b) and two individual sensitivity runs from 13 CMIP6 models' MMEM under single GHGs and NAT 
forcing (Figures 4c and 4d). These MMEM results largely eliminated internal variability, representing the forced 
responses of the PDV. The historical experiments capture the decreased decadal SST variability over the central 
North Pacific and South Pacific and the NH-SH asymmetry (Figure 4b) but cannot simulate the increased STD 
over the northeast Pacific.

The sensitive experiment results suggest that the GHGs forcing weakens the SST decadal variability, especially 
in the South Pacific and the tropical western North Pacific, resulting in the NH-SH asymmetry (Figure 4c). The 
differences in the MMEM EOF1 between 1999–2014 and 1961–1998 also suggests a weakened PDV pattern, 

Figure 2. The 7-year low-passed annual mean Pacific Decadal Variability pattern. (a) The empirical orthogonal function (EOF1) of Pacific sea surface temperature 
during 1901-2019. (b) The PC1 of EOF analysis during 1901–2019. (c, d, e, f, g and h) same as (a and b), but for during 1901–1960, 1961–1998, and 1999–2019, 
respectively.
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featuring positive anomalies over the KOE region and negative anomalies over the eastern South Pacific and 
southern Pacific Ocean along 60°S (Figures 5d–5f). We also checked the difference of PDV pattern in the GHGs 
run during 1999-2014 and in the PI-control run (Figure S3 in Supporting Information S1), and found a simi-
lar weakened PDV, which further confirms the effect of GHGs. Some previous studies suggested that natural 
external forcing (i.e., volcanic eruption and solar activity) may affect the SST variability in the Pacific (e.g., Liu 
et al., 2018; Sun et al., 2019, 2022). We found that the recent natural forcing mainly reduces the SST decadal 
variability over the North Pacific (Figure 4d), and the EOF1 difference pattern shows an enhanced PDV over the 
South Pacific, especially over the tropical central-eastern South Pacific and southern Pacific Ocean along 60°S 
(Figures 5a–5c). The above results together suggest that the observed recent PDV change bears a fingerprint of 
GHGs in the extratropical North and South Pacific, with a stronger influence in the South Pacific. However, the 
PDV change in the subtropical and extratropical eastern North Pacific is little affected by external forcing.

Figure 3. Change in the PDV's impact on precipitation and atmospheric circulation. (a–d) The anomalous annual mean 850 hPa winds (vectors, m s −1), land 
precipitation (shading over the land, mm/day), and sea surface temperature (shading over the ocean, °C) for (a) D1, (b) D2, (c) D3, and (d) D4, relative to 1961–2019. 
The winds are masked over the land. The dots denote the significance at 90% confidence level (two-tailed Student's t-test), while only the vectors with a confidence 
level exceeding 90% are displayed. Precipitation change rate (%) in (e) tropical Africa, (f) East Asia, (g) northern Siberia-Alaska, (h) central North America, (i) 
northern Australia, and (j) southeast South America during the D1, D2, D3, and D4, relative to 1961–2019, and for D2 minus D1 and D4 minus D3, respectively. The 
purple boxes in (a–d) indicate the domains of these regions.
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To better identify the response of the decadal SST variability to GHGs forcing, we further compare 33 models' 
future projections under the SSP5-8.5 scenario with the historical runs. The result shows that the PDV amplitude 
decreased under the GHGs-induced warming nearly everywhere in the Pacific Ocean (Figures  5g–5i). Nota-
bly, the PDV weakens more significantly over the South Pacific than the North Pacific. Corroborating with the 
reduced variance, the power spectrum peaks of the PDV at about 14–17 years in the historical scenarios are 
reduced by 20.5% and shifts to a marginal peak of 12–13 years in the SSP5-8.5 runs (Figure S4 in Supporting 
Information S1). Examination of the PDV in the North Pacific (0°–70°N) and South Pacific (0°–70°S) basins 
separately shows that the South Pacific PDV's amplitude decreased more than the North Pacific, and the South 
Pacific PDV's period shifts from 14 to 16 years toward a higher frequency in the SSP5-8.5. The shortening period 
occurred in 23 out of 33 models (70%). These results suggest that the GHGs forcing weakens the PDV variance 
and amplitude and shortens the PDV periodicity. It does not change the PDV spatial structure but creates the 
NH-SH asymmetry.

Previous studies found a weakened decadal SST variability over the North Pacific under greenhouse warming, 
which was related to the accelerated westward propagation of oceanic Rossby waves (Zhang & Delworth, 2016). 
In this study, we used the CMIP6 simulations and also found the stronger upper-ocean stratification and increased 

Figure 4. Differences in the standard deviation (STD) of 7-year low-passed detrended sea surface temperature (1999–2014 minus 1961–1998 means). (a–d) Results 
from the observations, Coupled Model Intercomparison Project Phase 6 historical, greenhouse gases (GHGs), and natural (NAT) scenarios, respectively. Note that only 
13 models can be downloaded in the GHGs and NAT scenarios. The dots denote the STD differences that are significant at the 90% confidence level (F test) in (a), 
while they denote the agreement by at least 66% of the individual models in (b–d).
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buoyancy frequency over the North Pacific, causing the faster speed of westward-propagating Rossby waves 
(Figures 6b and 6d). Additionally, an increased buoyancy frequency also occurs over the South Pacific (Figure 6a). 
The accelerated Rossby waves are found at all latitudes over the South Pacific, and the MMEM acceleration is 
approximately 20% in the mid-latitude region (Figure 6c), which is similar to that over the North Pacific. The 
speed-up of off-equatorial westward-propagating Rossby waves may modulate the ocean gyre circulation and 
reduce the cross-basin time scale in the entire Pacific (Qiu & Chen, 2006; Wang et al., 2007), which might play 
an important role in shortening the lifespan and reducing the magnitude of the PDV.

Thus, the MMEM results suggest that the GHGs forcing weakens the PDV over the entire Pacific, (Figures 4c 
and 5i), which has a potential impact on the observed weakened PDV amplitude over the KOE region and South 
Pacific since 1999 (Figure 1c). However, the observed enhanced PDV over the eastern North Pacific and equa-
torial central Pacific cannot be simulated by external forcing experiments (Figure 4b), which means that internal 
variability might be responsible for it.

Figure 5. Simulated change in the spatial pattern of Pacific Decadal Variability (PDV) (a–c) under natural (NAT), (d–f) greenhouse gases (GHGs) (g–i) forcings and 
future greenhouse warming. The multimodel ensemble mean of the EOF1 from NAT scenarios during 1961-1998 (a) and 1999–2014 (b). (c) The EOF1 difference 
between (b) and (a). (d)-f) Are the same as (a)-c), but for the results from GHGs scenarios. The multimodel ensemble mean of the empirical orthogonal function 
(EOF1) from (g) 33 Coupled Model Intercomparison Project Phase 6 models under the historical and (h) SSP5-8.5 conditions. (i) The EOF1 difference between the 
SSP5-8.5 and the Historical runs. The corresponding PC1 in each model is normalized, and each EOF1 pattern is multiplied by the PC1's standard deviation, and thus 
the EOF1 pattern can indicate the Pacific Decadal Variability's amplitude. The dashed boxes denote the regions of Kuroshio-Oyashio Extension, eastern South Pacific 
and southern Pacific Ocean along 60°S.
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4.2. Internal Variability

We use the pre-industrial experiments from CMIP6 models, in which the external forcings are fixed, to examine 
the effects of internal variability. To show the magnitude of SST over the North Pacific in a more straightforward 
way, we characterize the horseshoe-shape pattern of the North Pacific PDV (NPDV) using two components. 
They are the averaged SSTA over the western NPDV (W-NPDV; 30°N–40°N, 180°–150°W) and eastern NPDV 
(E-NPDV; 10°N–20°N, 160°W–120°W) regions, respectively. The difference between E-NPDV and W-NPDV 
indices is highly correlated with the NPDV during 1901–2019, with a correlation coefficient of 0.93 (p < 0.01). 
Here the NPDV index is the leading EOF of the NP decadal variations derived from observation. Therefore, the 
difference between these two components can represent the NPDV change. Then the positive and negative phases 
of the NPDV can be represented by the positive and negative values of the E-NPDV minus W-NPDV indices, 
respectively.

To investigate if the internal variability could induce the strengthened PDV over the North Pacific horseshoe 
region, we select the events with the absolute value of the E-NPDV index is greater than that of the W-NPDV 
index. We then conduct the composite analysis between the NPDV positive and negative phases (Figure 7a). 
The result shows significant warming along the west coast of North America, subtropical eastern North Pacific, 
and the equatorial central Pacific, whereas a weak cooling over the KOE region. The simulated PDV resembles 
the observed North Pacific SST pattern during 1999–2019 (Figure 1c). Over the South Pacific, the SST pattern 
simulated by pre-industrial experiments is similar to the observed SST pattern during 1961–1998 (Figure 1b). 
Meanwhile, all models indicate that the occurrence of this SST pattern is possible, and the MMEM probability 
of that pattern is about 34.7% (Figure 7b).

Previous studies found that the tropical SST change (i.e., ENSO) could be a remote forcing for the decadal 
SST variability over the North Pacific (e.g., Alexander, 1992; Vimont et al., 2001; Deser et al., 2012; Newman 
et al., 2016). Since there is a significant equatorial central Pacific warming during the strengthened E-NPDV 

Figure 6. Simulated change in buoyancy frequency and Rossby wave speed. (a) The buoyancy frequency (10 −3 s −1) over the 
South Pacific region (10°S–60°S, 140°E−70°W) 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 (10°N–60°N, 120°E−100°W). (c) The change rate 
of the zonally averaged first-baroclinic Rossby wave speed (m s −1) 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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mode (Figure 7a), we further examine the inter-model relationship between the anomalous SST over the Niño 4 
region (5°N–5°S, 160°E−150°W) and the E-NPDV minus W-NPDV indices. The increased SST is found over 
the Niño 4 region in all 33 models, and the inter-model correlation is statistically significant (r = 0.78, P < 0.01) 
(Figure 7c), suggesting that the occurrence of central Pacific-ENSO (CP-ENSO) acts an important forcing for 
the enhanced decadal variability over the North Pacific eastern boundary. Observations show that there is more 
frequent occurrence of CP-ENSO after 1999 (e.g., Chung & Li, 2013; Wang et al., 2019), which may contribute 
to the recent enhanced variability over the North Pacific eastern boundary (Figure 1c). However, climate model 
simulations suggest that the future warming may also enhance the CP-ENSO variability (e.g., Kim & Yu, 2012), 
which means that the GHGs forcing may influence the internal variability. In this study, the MMEM results 
suggest that the overall influence of GHGs forcing will cause the weakened PDV, including the North Pacific 
eastern boundary (Figures  4c and  5i). Distinguishing the contribution of CP-ENSO variability change under 
future warming on the E-NPDV mode can be a future work.

Therefore, these findings suggest that internal variability (CP-ENSO) might produce the observed enhanced PDV 
over the North Pacific eastern boundary since 1999.

5. Concluding Remarks
This study reveals that the recent PDV cycle has distinctive characteristics and climate impacts from the PDV 
cycles in the twentieth century. We also use the CMIP6 modeling results to determine the attribution of external 
forcings and internal variability on the PDV change. The main findings are summarized as follows:

Figure 7. The effect of internal variability on North Pacific eastern boundary and equatorial central Pacific. (a) Composite analysis of decadal sea surface temperature 
(SST) change between the North Pacific Decadal Variability (NPDV) positive and negative phases in the multi-model ensemble mean pre-industrial-control 
experiments, and the absolute value of the E-NPDV index is greater than that of the W-NPDV index in each phase. The positive and negative phases of the NPDV are 
computed by E-NPDV minus W-NPDV indices greater than 0 and less than 0, respectively. The dots denote agreement by at least 66% of the individual models. The 
purple box represents the E-NPDV region (10°N–20°N, 160°W–120°W), while the black box denotes the W-NPDV region (30°N–40°N, 180°–150°W). All data are 
7-year low-passed filtered before analysis. (b) Probability of occurrence of this SST pattern during the 200 years in each model. (c) Inter-model relationship between 
the anomalous SST over the Niño 4 region (5°N–5°S, 160°E−150°W) and E-NPDV minus W-NPDV indices during the occurrence of this SST pattern. The blue dots 
indicate the individual models.
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1.  The PDV has experienced a notable change at the turn of the 21st century. This PDV change occurs mainly 
over the North Pacific with enhanced decadal variability over the North Pacific horseshoe region and reduced 
decadal variability in the KOE region and South Pacific

2.  The recent PDV's cycle has significantly increased the amplitude of the global land precipitation anomalies 
over tropical Africa, northern Australia, East Asia, central North America, southern South America, and 
sub-Arctic regions. It also reversed the rainfall anomalies over tropical Africa, East Asia, and sub-Arctic 
regions

3.  The CMIP6 simulations suggest that the GHGs forcing may have contributed to the recent PDV change by 
weakening the PDV amplitude over the KOE region, the South Pacific around 60°S, and the subtropical east-
ern South Pacific. The CMIP6 future projections also suggest that the GHGs forcing can weaken the PDV's 
amplitude and the PDV periodicity by increasing speed of oceanic Rossby waves, and create an NH-SH 
asymmetric pattern by suppressing the PDV in the SH. However, it does not explain the observed PDV's 
enhancement over the North Pacific horseshoe region

4.  The control experiments suggest that internal variability might enhance the PDV over the North Pacific east-
ern boundary while decrease over the KOE region, which is related to the occurrence of CP-ENSO. Thus, 
the recent PDV change may be influenced by the combination of greenhouse warming and internal climate 
variability

There can be some uncertainties in the impacts of the PDV's warm and cold phases from Cycle 1 to Cycle 2 
(Figure 3) because in spite of a same phase of PDV, the spatial structure of SST anomalies outside Pacific is 
not the same, which may also influence the precipitation and atmospheric circulation in the globe. The specific 
impact of this part needs to be considered in future research. Climate models might also have some uncertainties 
in the decadal predictions, especially for the limited skill in the over the central and northeastern Pacific region, 
where the models might miss or misrepresent mechanisms (Power et al., 2021). Moreover, some previous obser-
vational evidence and model experiments indicated that the KOE variability will increase in a warmer climate 
(e.g., Joh & Di Lorenzo, 2019; Qiu et al., 2014) due to changes in subtropical wind stress forcing over the central 
Pacific. In this paper, we mainly investigated the decadal variability of the entire Pacific based on the PDV, rather 
than focusing on a regional scale with different periodic changes, which could be the reason for some inconsist-
encies and uncertainties.

Our findings promote a deeper understanding of the causes of the PDV change. It reveals that the PDV change 
could have remarkable impacts on global atmospheric circulation and precipitation. The results also shed light on 
the PDV's future change, offering helpful guidance for infrastructure planning, disaster mitigation, food security, 
and water resource management in the coming decades.
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