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GRAPHICAL ABSTRACT

Pacific Decadal Oscillation Positive Phase
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PUBLIC SUMMARY

= The response of global land precipitation to the Pacific Decadal Oscillation (PDO) is delayed by about one year.

= Positive PDO phases have a stronger effect on precipitation changes.
= PDO in each season tends to influence land precipitation in the following season.

The lag is driven by the PDO persistent influence on the atmospheric circulation.
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The Pacific Decadal Oscillation (PDO), as the leading mode of sea surface
temperature (SST) in the North Pacific, modulates the global temperature
and precipitation. While previous studies have shown a negative relation-
ship between the global precipitation and the PDO, the time-delayed feature
of this relationship remains underexplored. Here we investigate the lagged
effect of the decadal variations in the PDO on the global land precipitation
using cross-correlation at multiple scales. We find that there is a delayed
response of precipitation to the PDO, with the regional correlation peaking
at a certain delay and gradually decreasing with increasing lag time. We
note the asymmetric impacts of the positive and negative PDO phases on
precipitation. Seasonal analysis reveals that the PDO is related to land
precipitation during the subsequent season relative to the rest of the year,
with the highest correlation occurring in the boreal winter. The delay in
response is likely due to the constant SST forcing of the PDO to the atmo-
spheric circulation. This study highlights the lag duration of the
PDO—precipitation relationship, potentially enriching our understanding of
this relationship and enhancing climate predictions on decadal timescales.

INTRODUCTION

Oceanic modes are significant factors in shaping climate patterns, with
their influence on precipitation constituting a topic of ongoing research.'”
These oceanic modes, such as the El Nifio-Southern Oscillation (ENSO),
Atlantic Multidecadal Oscillation (AMO), and Pacific Decadal Oscillation (PDO),
intricately link ocean-atmosphere processes. They modulate the heat distri-
bution, atmospheric circulation, and moisture transport, subsequently influ-
encing precipitation.""® Amidst the ENSO phase shift from La Nifia to El Nifio
in 2023, it appears that the PDO may undergo phase alterations with poten-
tial far-reaching changes in precipitation, building upon previously studied
decadal-scale connections with precipitation dynamics.™

As global precipitation is influenced by diverse factors such as solar radi-
ance,”'? aerosols,”'"'” and climate change,'”'® this complicates the identifica-
tion of the impact of the PDO on precipitation. Previous studies have met this
challenge by focusing on specific regional patterns,'”' analyzing different
PDO phases,' and utilizing advanced statistical methods.” For instance, Duan
et al.”' highlighted the significant influence of the PDO on precipitation in
southern China. Dai”’ explored the connection between the Interdecadal
Pacific Oscillation (IPO, a comparable oceanic mode to the PDO) and precipi-
tation in the U.S., providing insights into regional effects. Dong and Dai'
extended the above exploration by examining the influence of the IPO on
precipitation and temperature, offering a global perspective and regional
connections during the positive and negative PDO phases. Furthermore,
researchers have explored different aspects of precipitation, including
droughts and extremes,”” which might be related to the PDO. Some
researchers have suggested that the PDO may interact with other climate
modes, such as the ENSO, to jointly influence precipitation patterns.®**** For
instance, Ouyang et al.'” investigated the signal and combined impact of the
ENSO and PDO on precipitation and stream flow in China. Nalley et al.”® using
a wavelet-based method, presented a multiscale analysis of the individual
and combined influences of the PDO, ENSO, and North Atlantic Oscillation
(NAO) on precipitation in watersheds.

However, despite the valuable insights provided in previous studies, the
potential time delay in the relationship between the PDO and precipitation has
not been extensively explored. Considering how the PDO modulates the

regional precipitation variability, particularly in areas bordering the Pacific
Ocean and extending to other regions through teleconnections, it is plausible
to consider that these processes occur with time lags. In this study, we
comprehensively analyze the lagged correlation between the PDO and
precipitation, examining global and regional scales, as well as seasonal and
interseasonal variations. This study aims to contribute to the growing under-
standing of the PDO—precipitation relationship and enhance climate predic-
tions on decadal timescales.

DATA AND METHODS

In this study, PDO time series data were sourced from the NOAA Physical
Sciences Laboratory, derived from the NOAA Extended Reconstructed SST V5
(ERSST V5) dataset.”” The PDO index (PDOI) represents the leading principal
component time series obtained through the application of empirical orthog-
onal function (EOF) analysis to sea surface temperature anomalies in the
North Pacific region (20°-70° N, 110° E-100° W). The monthly global precipi-
tation used for analysis was obtained from the Climatic Research Unit time
series version 4.06 (CRU TS v.4.06).” This dataset has been instrumental in
understanding the various aspects of climate variability and changes over the
past century since 1900 with a spatial resolution of 0.5° x 0.5°.” Our study
period coincides with the data range, spanning from 1901 to 2021. To
enhance robustness, we used additional precipitation datasets, including the
precipitation reconstruction over land (PRECL) product of the U.S. Climate
Prediction Center and datasets of the Global Precipitation Climatology Centre
(GPCC)™ and the University of Delaware (UDEL).”" Furthermore, we incorpo-
rated monthly surface pressure and 100-m wind speed data from the ERA5
reanalysis dataset™ and NINO3.4 data from the NOAA.* By combining these
datasets, we aimed to explore the complex interplay between the PDO and
precipitation patterns and uncover the underlying mechanisms that drive
these relationships.

To investigate the relationship between the PDO and land precipitation, we
first derived the decadal changes in both variables. We applied a Butterworth
filter™ with a 10-year cutoff to extract the decadal fluctuations in the PDO
index. Similarly, regarding precipitation, we removed the monthly climatology
and applied a 10-year low-pass filter. We then obtained the decadal varia-
tions in land precipitation by removing the linear trend in the study period
(1901-2021) from the 10-year low-pass data, minimizing the impact of other
factors, such as aerosols on decadal precipitation variations.

With the decadal changes in the PDO and precipitation obtained, we
employed a cross-correlation function of these variables. This function is
effective in revealing the delay time between two variables by measuring their
similarity while one is time-shifted, allowing us to pinpoint the time lag when
the correlation between the PDO and precipitation is strongest.”™ To supple-
ment cross-correlation analysis, we assessed the reliability of the correlation
coefficients (1) by determining wthether significant differences existed
between the delayed and instantaneous correlations. Additionally, we used
the information flow tool***" a method for quantifying the rate at which infor-
mation flows from one sequence to another, thus confirming the potential
causal relationships between the PDO and land precipitation. These
approaches should contribute to our understanding of the lagged relation-
ship between the PDO and land precipitation.

RESULTS
Global correlation of the PDO and land precipitation
In general, lower (higher) precipitation anomalies are associated with the
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Figure 1. Decadal variation in global mean precipitation over land and cross-correlation function with PDO index from 1901 to 2021 (A) Time series of PDO index (PDOI) and
precipitation anomaly (shading in yellow and blue) and their 10-year cutoff lowpass series. (B) The cross-correlation function of smoothed PDOI and precipitation anomaly. That
1391 degrees of freedom available yield a 95% confidence level of 0.08 (blue band; more details refer to supplemental methods). The two outlined points are respectively correla-
tion coefficients (r) at lag 0 and the highest at a positive lag (PDO changes lead those of precipitation).

positive (negative) PDO phase (Figure 1). As an example, from the late 1940s
to the 1950s, when the PDO occurred in a negative phase, the precipitation
anomalies were high. Figure 1B shows the relationship between the correla-
tion coefficient (r) and the lag in which the r value increases with increasing
lag of the PDO leading to rainfall, peaking at 15 months (with r = -0.56). Then,
as the lag time increases beyond the optimal delay, the relationship slowly
weakens. This suggests that there exists a delayed response between the
PDO and precipitation, with PDO changes leading to variations in precipita-
tion. To substantiate our findings, we extended the analysis to the GPCC,
PRECL, and UDEL datasets, which similarly displayed delayed correlations
with the PDO (Figure ST1). This consistency confirms that the observed lags
are not simply due to random chance but instead indicates a meaningful
association between the two variables.

As the PDO is the leading mode of SSTs in the North Pacific and oscillates
between positive and negative phases, this climate cycle affects the temper-
ature and precipitation patterns throughout the Pacific basin and beyond.
Figure 2 shows the correlation pattern at region-specific time delays
(Figure S2). Notably, the r value differences resulting from these delays are
significantly less than 0 (Figure S3), amplifying the negative PDO—precipita-
tion correlation.

Since the sign of the correlation exhibits inconsistency globally, we focused
our analysis on six regions, each characterized by relatively high correlation,
as outlined in Figure 2A. Most regions exhibit a negative correlation between
the PDO and precipitation. Western North America is an exception (Figure 2F),
indicating a positive relationship likely influenced by PDO-related wind
patterns transporting moisture to the region, as supported by atmospheric
dynamics (Figure S4). Furthermore, we found significant information flow
from the PDOI to the decadal precipitation series in all outlined regions except

South America. This suggests a potential absence of a causal linkage
between the two variables in parts of South America, despite the high corre-
lation coefficients. Moreover, in regions distant from the North Pacific (e.g.,
parts of Europe and Inner Asia), where precipitation is more likely controlled
by the Arctic Oscillation, polar vortex and Siberian high pressure,** the
nature of precipitation varies on (inter)annual or shorter timescales. This
leads to a weaker decadal signal and nonsignificant, fragmented correlation
coefficients.

Asymmetric influence of the PDO on precipitation

Consistent with the correlation pattern, positive and negative precipitation
anomalies are observed during the positive and negative PDO phases
(Figure 3), highlighting the substantial influence of the PDO on the precipita-
tion distribution. During the positive PDO phases, less precipitation is
expected across large areas of the tropics relative to historical averages, and
slightly higher than average precipitation is observed in parts of the U.S.
(Figure 3A). During the negative phase of the PDO, the opposite pattern typi-
cally arises (Figure 3B). Notably, the absolute magnitude of the average
precipitation anomalies is larger during the positive PDO phases than during
the negative PDO phases, possibly attributed to the combined influence of
PDO-related dynamics and the superimposed impact of the ENSO during the
positive PDO phases.**

While atmospheric pressure systems and wind patterns tend to be
symmetric during the positive and negative PDO phases (Figure S4), the
irregular distribution of landmasses and ocean basins can channel and
modify moisture transport in a nonuniform and asymmetric manner.”*' In
certain regions, moisture convergence during the negative PDO phases can
enhance rainfall, whereas during the positive phases, the altered processes
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Figure 2. Cross-correlation between local smoothed precipitation anomaly and PDOI (A) Shading shows the cross-correlation coefficients (r) at maximal absolute with posi-
tive lags (0 included). The unshaded area has nonsignificant r (p < 0.05). Areas with cross show the significant information flow from the PDOI to precipitation. The correspond-
ing lag duration to the r value refers to Figure S2. (B-G) The cross-correlation function of smoothed PDOI and precipitation anomaly over different regions. The regions delin-
eated by black boxes in Figure 2A were considered, and within each box, calculations were performed solely for the dominant correlation sign area. The two blue points are
respectively correlation coefficients at lag 0 and the highest at a positive lag (PDO changes lead those of precipitation). In South American (G), the maximal correlation is at lag of 0.

may yield a stronger drying effect (Figure S5). Additionally, El Nifio/La Nifia
events introduce an extra layer of dry/wet influence on precipitation patterns.
Specifically, La Nifia events interact with the negative PDO phase, possibly
resulting in increased precipitation and partially counterbalancing the asym-
metric patterns (Figures S5 and S6). Collectively, these factors contribute to
the observed asymmetry in the impact of the PDO on precipitation.

Seasonally lagged correlation between the PDO and precipitation

While operating on a decadal scale, investigating the seasonal effects of
the PDO remains crucial for comprehending its impact on seasonal precipita-
tion patterns. This extended analysis aims to contribute to a greater under-
standing of how PDO impacts are distributed within a year and to enhance
our capacity to predict accurate climatic trends. Figure 4 shows the cross-
correlation of the PDO and precipitation during each season. The overall

correlation in December-January-February (DJF) is higher than that during
the other seasons, with the following order: September-October-November
(SON), June-July-August (JJA), and March-April-May (MAM). The areas with
significant r values follow a different order, i.e,, DJF, MAM, SON, and JJA, with
the only consistency indicating that boreal winter is the season with the
strongest linkage."***

In terms of the spatial distribution, the DJF patterns exhibit a closer resem-
blance to the global monthly correlations than those during the other seasons
(Figures 2A and 4A), suggesting that PDO-related precipitation anomalies are
mainly prevalent during the DJF season. Substantial precipitation anomalies
during the positive/negative PDO periods in DJF support this speculation
(Figures S7 and S8). Moreover, for inland regions of Eurasia and Africa, during
the MAM season, the PDO shows smaller areas with a significant precipita-
tion correlation relative to DJF, and this correlation decreases in JJA. Such a
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Figure 3. Spatial patterns of lagged precipitation anomalies over land at different PDO phases from 1901-2021 (A) Average of lagged precipitation anomalies when smoothed
PDOI > 0, and (B) when PDOI < 0. Note that the anomalies are obtained from the PDO phases with local time lag (Figure S2). The dots show that the mean precipitation anoma-
lies are significantly different from the mean from 1901 to 2021 at a 95% confidence level using a two-tailed t-test.

seasonal development of the correlation coefficient prompts us to wonder
whether, in addition to the same-season correlation, there may be a delayed
correlation between the PDO and precipitation between seasons.

We then analyzed the cross-correlation between the PDO and precipitation
across the four seasons using yearly averaged series (Table 1). Our findings
revealed that, except for the boreal winter, the precipitation during each
season is more closely tied to the PDO state during the preceding season
rather than during the same season (Table 1). For instance, the boreal
summer (JJA) precipitation exhibits a more pronounced relationship with the
PDO in the boreal spring (MAM) relative to the other seasons (r = -0.53, lag =
0). It is important to note that a lag value of O in the table indicates that there
is no year—time delay, but a season—time delay still exists when the data
originate from different seasons. This points to a potential delayed impact of
the PDO in spring on the following summer precipitation patterns. The rela-
tionship is consistent for the boreal summer PDO and autumn precipitation.
The mechanism behind this seasonal lag effect could be the relatively timely
atmospheric responses. During PDO transition from MAM to JJA, atmo-
spheric conditions, such as surface pressure and jet stream patterns, may
well be integrated into MAM PDO states that allow the influence to be trans-
mitted to the JJA precipitation.

In contrast, for lags exceeding O, such as the MAM precipitation influenced
by the DJF PDO from 5 years prior (r = -0.49, lag = 5), our hypothesis under-
scores the impact of evolving PDO conditions, particularly prominent in
DJF,** on MAM precipitation patterns. Given the extended evolution of
oceanic anomalies of the PDO, the delayed response likely arises from the
time needed for ocean—atmosphere interactions to fully shape precipitation
patterns. Although specific lag values might not precisely reflect actual years
of the lagged process, they offer directional insights and help identify poten-
tial connections.

To more comprehensively investigate the mechanism underlying the
observed correlations, we examined the large-scale atmospheric circulation
patterns associated with the PDO by regressing surface pressure and wind
speed anomalies onto the PDO index. These patterns offer a snapshot of the
simultaneous atmosphere response to the PDO, constituting an integral
component of the complex interactions responsible for precipitation anoma-
lies. The DJF pattern resembles the overall regression pattern more than the
JJA pattern in the North Pacific (Figures 5A and S4), reinforcing the height-
ened PDO influence in the boreal winter."* The low pressure and wind pattern
in the North Pacific in DJF explains the positive correlation in the western US:
the prevailing winds and low-pressure systems tend to favor increased mois-
ture transport into the western U.S,, resulting in higher precipitation levels.*
This agrees with the findings of Dong et al.* for the deepened Aleutian low
and extended westerly jet stream driving increased precipitation in California
during the positive IPO phase. Conversely, during the negative PDO phases,
these atmospheric conditions tend to shift, leading to reduced moisture

transport and lower precipitation levels in the same area.

In contrast, the climate pattern in JJA exhibits slight symmetry along the
equator relative to that in DJF, as indicated by the presence of a low-pres-
sure system over the South Pacific (Figure 5B). This variance in climate
patterns partially accounts for the DJF PDO not consistently exhibiting the
highest correlation with precipitation across all seasons, despite its
pronounced influence in DJF.* As the PDO-related climatic patterns change
with the season, the mechanisms that contribute to upcoming precipitation
anomalies are set in motion. Consequently, the seasonal connection of
precipitation with the preceding PDO state is notably stronger (Table 1).

DISCUSSION

While our previous discussion revealed correlations across the different
seasons, the nature of the PDO as a driver of mid- to high-latitude sea
surface temperature anomalies should be considered the factor shaping the
lagging precipitation. In contrast to the tropics, where the ocean primarily
drives atmospheric changes, the middle and high latitudes often experience
atmospheric forcing on the ocean.”*” The ocean functions as an integrator,
gradually converting random atmospheric fluctuations into more persistent
sea surface temperature anomalies.”” When the sustained anomalies form a
certain SST pattern, they will in turn set in motion processes for the redistri-
bution of heat and moisture in the atmosphere.*'*’ This includes the modula-
tion of large-scale atmospheric circulation patterns and precipitation
patterns. The delayed effect arises from the time needed for these processes
to propagate and interact across different regions. As a result, we observe
varying time delays between the PDO phase and subsequent precipitation
changes across different areas. Understanding this time-delayed effect is
crucial for accurately predicting and understanding regional climate varia-
tions associated with the PDO. Notably, other factors within the climate
system, such as vegetation,”** ENSO,” or climatic anomalies stemming from
other regions, such as the Arctic Oscillation,”" may also contribute to this lag.
The interplay among these various factors further adds complexity to our
understanding of the teleconnections between the PDO and global precipita-
tion anomalies.

The observed larger precipitation anomalies during the positive PDO
phases than during the negative phases can be primarily attributed to the
systematic distinction of PDO-induced atmospheric circulation distribution
patterns. When investigating potential reasons, it becomes important to
consider the influences of EI Nifio and La Nifia events during the
positive/negative PDO phases on precipitation, which also appears to exhibit
asymmetry but does not alter our conclusions (Figures 3 and S6). Several
studies have revealed complex interactions between the ENSO and PDO and
their impact on precipitation patterns.”* For instance, Roy'” and Xiao et al.”
found that the ENSO and PDO can jointly lead to more pronounced precipita-
tion anomalies in certain regions in India and China, respectively. There are
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Figure 4. Seasonal cross-correlation between local smoothed precipitation anomaly and PDOI (A)-(D) Shading shows the cross-correlation coefficients (r) at maximal abso-
lute with positive lags (0 included), respectively for December-February (DJF), March-May (MAM), June-August (JJA), and September-November (SON). And 115 degrees of free-
dom available yield a 95% confidence level of 0.28. The unshaded area has nonsignificant r. Areas with cross show the significant information flow from the PDOI to precipitation.
(E)-(H) The lag duration respectively corresponds to the rin (A)-(H).

also studies providing evidence that ENSO events impose asymmetric influ- Finally, our findings should be interpreted within the context of an evolving
ences on the stratospheric polar vortex intensity during the different PDO  climate system. While our study primarily focused on the relationship
phases.” Based on our findings, this may warrant further investigation. Our ~ between the PDO and precipitation, it is important to recognize climate
analysis suggested that the presence of ENSO events could influence precip-  change and its potential influence on precipitation trends. Numerous studies
itation anomalies, even though we removed the high-frequency component  have highlighted the impact of climate change on precipitation patterns,
of precipitation. including increased occurrences of extreme precipitation events, shifts in
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Table 1. The relationship between precipitation and the PDO across different seasons.
. PDO
Precipitation
DJF MAM JJA SON

DJF -0.62 (3) -0.58 (2) -0.47 (1) -0.47 (3)
MAM -0.49 (5) -0.39 (4) -0.44 (4) -0.44 (5)
JJA -0.51 (0) -0.53 (0) -0.47 (0) -0.44 (0)
SON -0.36 (0) -0.52 (0) -0.56 (0) -0.52 (0)

Note: December-January-February (DJF) refers to the average of December of the previous year and the first two months of the current year. MAM, JJA,
and SON are respectively abbreviations for March-April-May, June-July-August, and September-October-November. The correlation coefficient with the
largest absolute value in the positive lag period is presented. Degrees of freedom (115) available yield a 95% confidence level of 0.28. In parentheses is the

corresponding lag period (in years).

A

0°

120°E

[T
-50

0° 60°E 120°E 180° 120°W 60°W 0°
T T T T T
50 2100

Surface pressure (Pa)

Figure 5. Spatial pattern of surface pressure and 100-m wind speed based on PDOI in DJF and JJA (A) Simultaneous regression patterns of surface pressure (Pa; shading
areas) and wind speed (m/s; arrows) based on PDOI in DJF. The dots show the significance at a 95% confidence level and only the significant wind pattern is present. (B) Same
as (A), but for JJA. The numbers below the color bar indicate the pressure change for the unit PDOI change.

regional precipitation patterns, and modifications in the overall water
cycle.”® These alterations could interact with PDO-driven variations, poten-
tially complicating the interpretation of our results. To mitigate the potential
effects of long-term climate change trends and other factors, we removed
the linear trend from the precipitation data. Despite the simplified method, our
study offers insight into the complex interplay between decadal oceanic
modes in shaping precipitation patterns across regions and timescales.

CONCLUSION

In this study, we established a significant lagged correlation between the
PDO and global precipitation over land, with cross-correlation analysis
revealing that precipitation anomalies are likely to fluctuate following PDO
changes. We observed that regionally, the western U.S. exhibits positive
correlations with the PDO, while many other areas worldwide, including
northeastern Siberia, Australia, and vast regions in the tropics, show negative
correlations. Positive PDO phases tend to induce drier conditions relative to
the dampening influence associated with the negative PDO phases. When
examining the relationship seasonally, the PDO exhibits the strongest corre-
lation with precipitation during the boreal winter and tends to show a better
correlation with precipitation in the next month, offering a predictive potential
for upcoming precipitation events. This study underlines the importance of
considering both the lag time and correlation coefficient when investigating
the relationship between the PDO and precipitation, which could be useful for
improving precipitation simulations and predictions.
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