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Abstract

The Pacific—North American (PNA) teleconnection pattern is shown to be remarkably influenced by the South China Sea
(SCS), through causal inference with information flow, a real physical notion which has just been rigorously derived from
first principles. The information flow rate, which measures the strength of causality from the Pacific sea surface temperature
anomaly (SSTA) to the PNA index, shows a distinct causal pattern within the SCS. This pattern is rather robust; it exists
with different datasets, and lasts through time. To validate, sensitivity experiments have been designed with purported SCS
warming and cooling. By comparing the forced PNA evolutions to the standard case, PNA-like responses have been revealed.
Specifically, relatively strong positive (negative) SCS SSTA would trigger a positive (negative) propagating PNA-like
response. The responding wave train carries energy toward Pacific and North America, and hence affects the PNA growth.
Also located is the wave origin using the Rossby wave source diagnosis. This study suggests that the SCS effect should be
taken into account in interpreting and predicting PNA.

Keywords South China Sea - Pacific—-North American teleconnection pattern - Information flow - Tropical forcing -
Sensitivity experiment

1 Introduction

The Pacific—North American (PNA) teleconnection pattern
is one of the dominant low-frequency modes of the boreal
winter midlatitude atmosphere (Wallace and Gutzler 1981;
Barnston and Livezey 1987). It plays a major role in the
hydroclimate variability of the North Pacific—American sec-
tor (e.g., Leathers et al. 1991; Renshaw et al. 1998; Archam-
bault et al. 2010), including the atmospheric river activity
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over North America (e.g., Toride and Hakim 2021), and may
extend its impact to remote regions (e.g., Pinto et al. 2011,
Drouard et al. 2015). Clearly, a better understanding of PNA
will benefit intraseasonal climate prediction, which is urgent
to be improved (Baxter and Nigam 2013).

The mechanism of PNA growth has been extensively
investigated. By the prevailing points of view, it can be gen-
erated through (1) linear dispersion of Rossby wave excited
by tropical forcing (e.g., Hoskins and Karoly 1981; Jin and
Hoskins 1995; Trenberth et al. 1998; Seo et al. 2016), (2)
barotropic amplification associated with the zonal asymmet-
ric climatological flow (e.g., Simmons et al. 1983; Bran-
stator 1990, 1992; Li and Wettstein 2012), (3) dynamical
feedback from synoptic transient eddies (e.g., Lau 1988;
Zhou et al. 2017; Song 2018; Chu et al. 2020). The three are
not mutually exclusive (e.g., Cash and Lee 2001; Dai et al.
2017), and the tropical excitation forms a key role. Although
PNA as a midlatitude mode could be naturally inherent from
the midlatitude atmosphere itself, a specific tropical forcing
is still essential for it to grow (Mori and Watanabe 2008).
Indeed, the role of external tropical forcing in PNA growth
is found to be more important than that in the formations of
other teleconnection modes; for example, Feldstein (2000)
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suggested that the signal-to-noise ratio (external forcing vs.
internal stochastic process) for PNA is 1.11, while that for
the North Atlantic Oscillation (NAO) is only 0.09. The tropi-
cal forcing is also found to be of importance in determining
the PNA life cycle (Franzke et al. 2011; Branstator 2014),
which is about 2-3 weeks and is dominated by linear pro-
cesses (e.g., Feldstein 2002; Luo et al. 2020).

In the tropics, the dominant interannual mode is El
Nifio — Southern Oscillation (ENSO). Accordingly, its
impact on PNA has long been studied. It is found that PNA
tends to be in its positive (negative) phase more frequently
during El Nifio (La Nifia) years. For this reason, in early
literature, the mode has been considered as the extratropical
response to ENSO forcing in the form Rossby waves (e.g.,
Horel and Wallace 1981; Simmons 1982). Observations,
however, seem to be inconsistent with the connection. For
example, no PNA event occurs during the 1972/73 El Nifio,
whereas in the 1980/81 winter, there is an obvious PNA but
no ENSO occurs. Even reversed correlation exists, e.g., a
prolonged positive PNA event encounters the 1984/85 La
Nifia. These indicate that ENSO cannot fully explain PNA,
as suggested in previous works (e.g., Renshaw et al. 1998;
Straus and Shukla 2002), and reportedly it accounts for
only about 29% of the PNA variance (Li et al. 2019). The
remainder variance, apart from internal dynamics, has been
explained by other external tropical forcings such as Mad-
den—Julian Oscillation (MJO), to which a phase locking has
been accredited (e.g., Mori and Watanabe 2008; Riddle et al.
2013) and optimal initial conditions of PNA growth have
been studied (e.g., Henderson et al. 2020), but much is yet to
be explored. For the exploration of external forcings, many
efforts have been made, including the slow feature analysis
(e.g., Yang et al. 2016; Zhang et al. 2017a, b), and the key
to exploration is the revelation of causality.

In this study, we employ a newly developed rigorous and
quantitative causality analysis to investigate other possi-
ble tropical forcing(s) that may drive or impact PNA. Our
domain of interest is Pacific, the largest oceanic division
and the dominant source of tropical forcing. As will be seen
soon, our causal inference confirms the previous discoveries
but, surprisingly, also reveals a strong causal influence from
the South China Sea (SCS).

We will henceforth investigate how SCS impacts PNA.
In the following we first introduce the rigorously developed
tool of causal inference, namely, the Liang-Kleeman infor-
mation flow analysis. In Sect. 3, the causality analysis results
are presented. These results are then verified through numer-
ical model simulations (Sect. 4). In Sect. 5, a dynamical
interpretation is supplied, and Sect. 6 summarizes the study.
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2 Liang-Kleeman information flow

We will be using the information flow-based causality
analysis (Liang, 2014) to fulfill the objective of this study.
Information flow (IF) is a fundamental and widely-applied
concept in general physics, but it had not been rigorously
formulated until the recent studies initialized by Liang and
Kleeman (2005); see Liang (2016a) for a rigorous formalism
with respect to arbitrary dynamical systems. An important
application is causality analysis, a milestone being the time
series causal inference by Liang (2014), which we hereafter
give a brief review of the part pertaining to this study. Con-
sider a dynamical system

dx _ F(x,1) + B(x, )W, 1)
dt

where x and F are n-dimensional vectors, B = (b;) is an
n X m diffusion coefficient matrix, w is an m-vector of stand-
ard Wiener process (W is the so-called white noise). F and B
are assumed to be differentiable. Liang (2008) proved that,
when n = 2, the IF rate (unit: nats per unit time) from X, (the
random variable corresponding to x,) to X is

T, = _Ella(Flpl)] + lE[laz(b%l +b?2)91]’
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where E is mathematical expectation, and p, the marginal
probability density of X;. Note that the IF rate is asymmetric,
i.e., generally T,_,, # T_,,, distinctly from correlation.

In real problems, we often have time series but the
dynamics underlying the system is unknown. In this case, (2)
is estimated using maximum likelihood estimation (MLE).
Given two time series X; and X,, the MLE of T,_,, is, by
Liang (2014),

7o CCpCog — C%2C1,d1
=T e, -, C?
1122 11+12

; 3

where C; is the sample covariance between X; and X,, and
C, 4 1s that between X; and a Euler forward differenced series
derived from X, i.e., X;,, = (X, 44 — X;,,) /(kAD), with k > 1
some integer, At the time step. Note that Euler forward dif-
ference is somewhat irreplaceable despite its lower accuracy,
because of a common sense that present could affect future
but not vice versa.

A nonzero T,_,, indicates that X, causes X;. Conversely,
X, is not causal if T,_,; = 0, consistent with the principle
of nil causality (Liang 2016a), a proven theorem in the IF
theory while other empirical formalisms attempt to verify
in applications. It can be seen in Eq. (3) that if C;, =0,
then ?2_)1 =0, but not vice versa. Hence a corollary is
that, “in the linear sense, causation implies correlation, but
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correlation does not imply causation” (Liang 2014). This
corollary still holds even in the extreme situation when the
total information vanishes (Liang and Yang 2021). In an
explicit way this ends the long-standing debate on causation
vs. correlation.

The above theory and causal inference method have been
successfully applied to many real problems. Recently, Jiang
et al. (2019) used it to investigate the individual influences
of the land cover, sea temperature, sea ice and carbon diox-
ide concentration on the global climate. They found that, in
winter, all these tend to produce a positive-phase PNA pat-
tern, which makes the North American colder. The changes
of CO, and sea ice lead to a negative NAO phase, and hence
induce cold winters over Europe, just as observed in 2018. In
other studies, Tao et al. (2021) used Liang—Kleeman infor-
mation flow to quantify the relative contributions of global
warming, Atlantic Multidecadal Oscillation (AMO) and
Interdecadal Pacific Oscillation (IPO) to the land precipita-
tion variabilities since 1930s; Xiao et al. (2020) identified
a one-way causality from the driving forces to Arctic mean
temperature anomaly (AMTA), and found that, during the
first warming stage (1920-1938), the Pacific Decadal Oscil-
lation (PDO) and aerosols are the main factors determining
the change in AMTA, and during the second warming stage
(1977-2018), greenhouse gases (dominated by CO,) are the
major factors accounting for the Arctic warming.

3 Causal inference with the Liang-Kleeman
information flow analysis

We are now applying the information flow analysis to infer
the causality from the Pacific sea surface temperature (SST)
variability to the PNA variability. The former is represented
by the monthly SST anomaly (SSTA) derived from Hadley
Centre Sea Ice and Sea Surface Temperature (HadISST;
Rayner et al. 2003) dataset with a horizontal resolution of
1° by 1°; the latter is the monthly PNA index (PI) from the
NOAA Climate Prediction Center (CPC; https://www.cpc.
ncep.noaa.gov/data/teledoc/teleindcalc.shtml). The period
from 1981 to 2010 is selected, considering the 1976/77 cli-
mate shift of the Pacific (e.g., Miller et al. 1994) and the
improvement of data quality control since the 1980s. The
monthly anomaly is obtained by subtracting the 1981 —2010
monthly climatology from the total field.

On each grid point, the time series of the SSTA and the
PI are respectively assigned to X, and X, and the IF rate
(indicating causality) from X, to X, (denoted as /7\"2_,1) is cal-
culated according to Eq. (3). Ideally if f‘z_,l # 0, then X, is
causal to X, and | f‘z_,l | measures the strength of the causality

(see Liang 2014). In practice, of course a significance test
must be performed. The spatial distribution of 7,,_,; is shown
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Fig. 1 Spatial distribution of the IF rate 7\"2_” (in nats/month) from the
Pacific SSTA to the PNA index for the period of 1981 —2010. Slashed
areas indicate values that exceed 95% confidence level

in Fig. 1, and those significant at the 95% confidence level
are marked with slashes. As can be seen, there is a large area
of high causality in the central and eastern equatorial Pacific,
which is reminiscent of the canonical ENSO pattern. This
tells the role of ENSO in the PNA formation, a fact that has
been well established: substantial ENSO-related SSTA can
arouse deep convective source, which then produces a
Rossby wave response propagating to the extratropics (e.g.,
Shukla and Wallace 1983; Trenberth et al. 1998). Our cau-
sality analysis has recovered this well-established fact.

Apart from the impact from ENSO, a surprisingly high
center of causality is clearly seen in Fig. 1 within the South
China Sea (SCS), the largest semi-closed marginal sea in the
western Pacific (WP). It is observed that SCS has a surface
warm pool over 28 °C during most of the year (e.g., Liu
et al. 2002; Li et al. 2007), which can influence the tropical
cyclone genesis, Asian monsoon, precipitation, etc. (e.g.,
Wang et al. 2007; Roxy and Tanimoto 2012; Vaid and Polito
2016), and may extend the influence to the extratropics. In
this case, the causality from SCS indeed reaches the extrat-
ropics, as shown in the distribution of the IF rates from the
SCS regional mean (3.5°-21.5°N, 104.5°-118.5°E) SSTA to
the 250- and 500-hPa geopotential height anomalies [derived
from the NCEP Climate Forecast System Reanalysis (CFSR;
Saha et al. 2010)] (Fig. 2). Specifically, the two high-latitude
centers of the causality pattern closely resemble two of the
PNA centers, both for the middle and upper troposphere,
in accordance with the equivalent barotropic structure of
PNA. Compared with the middle troposphere (Fig. 2b), in
the upper troposphere, there is a noticeable trace of centers
in the tropics and subtropics (Fig. 2a), which may provide a
clue to the response process. The large causality occupying
the tropics and subtropics may reflect the intrinsic processes,
e.g., equatorial Kelvin waves, that may carry the effect of
SCS SST eastward. This, however, is beyond the scope of
this study.
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Fig.2 Asin Fig. 1, but for the 90°N
IF rates from the SCS regional
mean SSTA to the a 250- and

b 500-hPa geopotential height
anomalies
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Notably, the high causality pattern over the SCS appears
quite localized and concentrated in the interior of the SCS
(Fig. 1) rather than its periphery, including the Luzon Strait
(LS), the major SCS-Pacific passage. Through the Strait,
the Kuroshio carrying the WP water has been reported to
continually intrude into the SCS, and affect its thermal and
dynamic properties (e.g., Nan et al. 2015; Zhao et al. 2016).
The LS is also the major inflow channel of the SCS through-
flow, a conveyor of heat and freshwater (e.g., Qu et al. 2006;
Gordon et al. 2012). Herein, however, the IF rate over the
LS appears much weaker, from another aspect demonstrat-
ing that the causality is not from the WP, but from the SCS
local variability. The weak causality over the LS should be
due to the water exchange with the interior SCS through the
outflow as observed in, say, Nan et al. (2015).

The SCS SST-to-PNA causality is rather robust. For each
of three decades of 1981-2010, the IF rates are calculated
and shown in Fig. 3a—c. As can be seen there always exists a
causal center within the SCS, plus the strong ENSO-related
pattern. In addition, both causal patterns appear most intense
during the 1991-2000 period, and the former is weaker dur-
ing 1981-1990 while the latter is weaker and more biased to
the central Pacific during 2001-2010. Despite the decadal

0.02 0.04 0.06 0.08

variability, such causalities always exist. Moreover, it implies
a unique decadal variability of the causality from SCS, which
is different from that related to ENSO. In general, the revealed
causalities stay robust regardless of the varying time domain.
We have tried another dataset, namely, the CMCC Global
Ocean Reanalysis System version 5 (C-GLORSVS5; Storto and
Masina 2016), essentially similar results are obtained; shown
in Fig. 3d is an example, where the causality patterns during
the 1981-2010 resemble those in Fig. 1, though appearing
slightly weaker.

It should be mentioned that there is also strong causal center
in the midlatitude North Pacific center of PNA (Figs. 1 and 3a,
¢, d). We will explore this in the future. In the following we
focus on the role of SCS to PNA.

Admittedly, the SCS can be influenced by ENSO (e.g.,
Wang et al. 2006; Yang et al. 2015). Such complex relation-
ships among PNA, SCS and ENSO may account for the long
ignorance of the SCS role in the formation of PNA. None-
theless, these intricate relationships can be unraveled using
a generalized multivariate causality analysis just developed
(Liang 2021). Consider a d-dimensional stochastic dynamical
system, by derivation the maximum likelihood estimator of the
IF rate from XJ to X;, under a linear assumption, is

Fig.3 Asin Fig. 1, but for the
period of a 1981 —1990, b
1991 —2000, and ¢ 2001 —2010.
d For the period of 1981 -2010
but based on the C-GLORSvV5
dataset

T T LSS B
120°E 150°E 180° 150°W
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d
2 1

T .= e Y A.C, 02, 4
J—i detC ]; ik ™~ k.di Ci[ ( )

where C;; and C, 4 are as those in Eq. (3), A; the cofactors of
the matrix C = (Cl-j), and detC means the determinant of C.
When d = 2, it is easy to show that this is reduced to Eq. (3).
It is capable of revealing the direct causality between two
certain components within the multivariate system. Applica-
tion of this to the time series of the PNA index, the regional
mean SSTA of SCS, and Nifio 3.4, the direct IF rate from
SCS SSTA to PNA is 0.0584, exceeding the 95% confidence
level (0.0260). Such robust causality indicates that the SCS
indeed exerts its own impact on PNA.

4 Model verification of the causal inference

4.1 Model and data

We now check with the Community Earth System Model
(CESM) version 1.2.2 (Hurrell et al. 2013), a widely-used
global climate model developed by NCAR, whether the
above-revealed causality is correct, and what it implies. For
all simulations we adopt the F1850PDCS5 component set,
which includes the Community Atmosphere Model version 5
(CAMS; Neale et al. 2010) and the Community Land Model
version 4 (CLM4; Oleson et al. 2010); its ocean and ice
components are prescribed in the form of a surface boundary
forcing dataset, i.e., a merged product based on the monthly
HadISST1 and NOAA OI SST analysis (Hurrell et al. 2008).
This component set is not fully atmosphere—ocean coupled;
nonetheless, it is capable of detecting atmospheric responses
to the ocean surface variations (Hurrell et al. 2008), which
is the primary concern of this study. The adopted grid type
is f09_g16 (horizontal resolution of about 1°) and there are
30 hybrid sigma/pressure levels in vertical.

The CFSR dataset (cf. Sect. 3) is used to form the refer-
ence state. The variables include daily averaged geopotential
height, zonal and meridional winds, and temperature. The
horizontal resolution is 0.5° and the time range covers the

Fig.4 PNA patterns for a CFSR 1208
and b CTL as the first REOFs,
respectively explaining 14.4%

and 17.7% of the total variance.

The amplitude is normalized

and conformed to the positive

phase, with the interval of 0.75

extended boreal winters (November—March) from 1980/81
to 2009/10 (30 winters). The daily data from NOAA Opti-
mum Interpolation (OI) SST version 2 (Reynolds et al. 2007)
and the Oceanic Nifio Index (ONI; https://origin.cpc.ncep.
noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.
php) are also utilized.

4.2 Simulation of PNA (control run)

First, we make a control run (CTL), with a daily output from
1970 to 2010 (41 years, the first 10 years discarded for spin-
up). The CTL results are compared to the reanalysis (CFSR)
result with respect to the spatial pattern and space—time evo-
lution of PNA. Similar to Mori and Watanabe (2008), the
PNA pattern is identified by applying a rotated empirical
orthogonal function (REOF) analysis to the 10-day low-pass
filtered daily anomaly of the 500-hPa geopotential height
over the North Pacific sector (0°-90°N, 120°E-60°W) for
the aforementioned 30 winters. Specifically, the patterns for
CFSR and CTL data are, respectively, obtained as the first
REOF modes by rotating 5 leading modes following the
varimax criterion (e.g., Barnston and Livezey 1987; Lian
and Chen 2012). The results are shown in Fig. 4. Clearly, the
typical quadrupole pattern of PNA has been well captured in
the simulation (Fig. 4b), similar to the reanalysis counterpart
(Fig. 4a).

The time series corresponding to the two modes are nor-
malized as the PIs. A positive (negative) PNA event is iden-
tified when the PI is above 1.2 (below — 1.2) and lasts at
least 5 days, and the peak day is called day 0. For each event,
21 days from day — 10 to day + 10 are analyzed, which makes
a life cycle. Those events far from monotonic growth and
decay are discarded. In doing this, 36 positive and 36 nega-
tive PNA events for the CTL dataset are identified, so are
for the CFSR dataset. The 21-day composited PIs for both
phases are shown in Fig. 5. It shows that the PI variations for
the CTL (Fig. 5b) and the CFSR (Fig. 5a) datasets are quite
similar. Note that the negative PI amplitude is slightly larger
than the positive one, consistent with previous observations
and suggestions (e.g., Palmer 1988; Corti and Palmer 1997,
Dai et al. 2017; Luo et al. 2020).

-] B0W  120E
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Fig.5 Composited PNA indices 1 L L — 1 1 '
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The PNA evolution is described by the 250-hPa anoma-
lous quasi-geostrophic stream function (y’) and the wave
activity flux (WAF; Takaya and Nakamura 2001). The quasi-
geostrophic stream function is defined as y = ®/f, where
@ is the geopotential and f the Coriolis parameter, and the
anomaly y’ is the deviation from climatology for a certain
time domain. The horizontal expression of the WAF can be
simply written as

1 U(t//x'2 - w’wQ) + V(wx'wy' - w’%)
WAF = — L T > e
U<way B Ww) + V("/\ I Wy}')

&)
where subscripts denote partial derivatives, and U = (U, V)
the climatological flow. For detailed formalism, see Takaya
and Nakamura (2001). A chain of y’ with alternate signs
represents the wave train, and the associated WAF indicates
the direction of the wave energy propagation. Such fields are
composited for each phase. Figure 6 presents the positive-
phase pre-peak composites with, respectively, the CFSR
(left column) and the CTL (right column) datasets. Figure 7
shows the negative counterparts. The simulated composites
show a steady typical growth of PNA, which resemble its
reanalysis counterpart, except for slightly larger amplitude
of high-latitude y’. By day —4, a rapid growth of both v’
and WAF occurs, which may be due to the Asian westerly
jet exit, where has been identified as a key region with baro-
tropic amplification (e.g., Simmons et al. 1983; Mori and
Watanabe 2008). The wave dispersion is also seen.

The CTL results illustrate the climatological features of
PNA. The close resemblance to their reanalysis counter-
parts indicates that the model is successful in reproducing
the PNA dynamics. Moreover, the SCS-to-PNA causality
has also been recovered successfully in the simulation. The
estimated IF rate (for 1981-2010) from the input SCS mean
SSTA to the model output-based PI is 0.0236, exceeding the
95% confidence level (0.0150).

@ Springer

4.3 Verification

In this section the direct SCS-to-PNA causality will be
verified through numerical experiments. What we want
to demonstrate is that PNA events can occur during peri-
ods without ENSO events but with favorable conditions of
SCS SST. Hereafter the PNA events most relevant to the
SCS are composited. Among the identified events for the
control run, the cases are selected for those occurring dur-
ing non-ENSO periods and when the SCS is active, with
its relatively large SSTA positively correlated with the
phase of PNA. According to the criteria, 8 negative and 4
positive events are screened out. Such SCS-related PNA
evolutions are composited for each phase, also described
by the 250-hPa y' and WAF (Figs. 8 and 9). As can be
seen in the evolution of negative-phase PNA (Fig. 8), by
day — 9, a cyclonic center (marked in the figure as Center
1) appears over the Yellow Sea and the Sea of Japan, just
near the core of the Asian jet. Afterwards, Center 1 grows
and propagates downstream, undulating along the jet axis,
before an anticyclonic center (marked as Center 2) appears
upstream, which is detected in the overall negative-phase
composites (Fig. 7). By day —4, Center 1 reaches the
aforesaid crucial jet exit region, and the wave train and
associated WAF amplify and disperse into the northern
and southern branches. The northern branch emanates
along a great circle route toward North America, and the
southern branch turns southeastward to the subtropics.
Then Center 1 tends to merge with the subtropical Pacific
center. It indicates that the wave energy propagates to the
PNA region and is transferred to the pre-existing PNA
embryo. As it approaches day 0, the PNA pattern matures.

The positive-phase PNA evolution generally resembles to
the negative phase, except for an opposite sign (Fig. 9). But
the anticyclonic Center 1 and the southern branch appear
weaker, probably due to the weak warm state of the SCS.
Actually, the SCS rarely becomes very warm in winter, and
this could explain the relatively less positive events. Never-
theless, the evolution feature is clearly seen.

The composited SCS-related PNA has a weak vertical
structure, generally the evolutions are similar for upper,
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Fig.6 Composited positive 90°N
PNA evolution for (left) CFSR
and (right) CTL from day — 10
to day O with an interval of

2 days, described by the 250-

60°N -

hPa y’ (shading) and WAF 0N
(arrows). Considering the quasi-
geostrophic approximation, the 0

fields are calculated poleward 90°N
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middle, and lower troposphere (not shown), consistent with
the equivalent barotropic nature of PNA.

Note that the composite SCS-related PNA evolution fea-
ture is somewhat different from that of the overall composite
(Fig. 8 vs. Fig. 7, Fig. 9 vs. Fig. 6). Especially, the precur-
sory Center 1 in the former is absent in the latter. Center 2
seems to always exist, whatever the causes are, which is also
seen in the previous works (e.g., Mori and Watanabe 2008;
Baxter and Nigam 2013). Based on these observations,

T T T
150°W  120°W  90°W 60°W

T T T T T
150°E 180° 150°W  120°W  90°W 80°W

Center 1 may be a reflection of the causality from SCS to
PNA, a signal lost in taking the averaging.

To see more clearly how SCS may affect PNA, we con-
duct sensitivity experiments with respect to certain cases of
PNA event. The experiments are listed in Table 1. Among
the identified SCS-related events, we select two representa-
tive cases, Pos-89 and Neg-90, i.e. a positive event peak-
ing on 12/21/1989, and a negative PNA event peaking on
02/15/1990, respectively. Both cases occur in a non-ENSO
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Fig.7 As in Fig. 6, but for the 90°N
negative phase
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winter. The model input SCS SSTA (based on the cli-
matology) of January 1990, preceding the Neg-90 case,
is —2.39 °C, such that a negative PNA event coincides with
a cold state of SCS, reflecting the observed correlation. For
the Pos-89 case, the SSTA is 0.65 °C in the November 1989
SCS, corresponding to a weak warm state of SCS.
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The sensitivity experiments are designed by modifying
the SSTs over the SCS region for the 1989/90 winter cor-
responding to the above cases. Ideally the modification
would be done by considering both the specific conditions
of SCS SSTA for the cases and the natural annual ampli-
tude of SCS SSTA (about—2 to 2 °C). For the Neg-90
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Fig.8 As in Fig. 6, but for 90°N L : : pr

the composited SCS-related

negative-phase PNA evolution
from day —9 to day 0. Centers
1 and 2 are marked in white or
black b
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case, we raise the SST by 4 °C everywhere over SCS (the
experiment is denoted as SE-P4), turning the cold SCS
state to a warm one. For the Pos-89 case, the SCS SST is
reduced by 3 °C (denoted as SE-M3), leading to an artifi-
cial cold SCS state. More are referred to Table 1.
Originally, the negative-phase PNA evolution for the indi-
vidual Neg-90 case (Fig. 10) resembles the composited one
(Fig. 8), so it is indeed representative. In order to see the
response, the difference fields between the results of sensi-
tivity experiment and CTL are examined. The response to
the warming of SE-P4 described by the difference fields (SE-
P4 minus Neg-90) is presented in Fig. 11. It is closely simi-
lar to the original results of Neg-90 in terms of propagation,

T T T T T
150°W  120°W  90°W 60°W 120°E 150°E 180°

T T
150°W  120°W  90°W 60°W

40 m’is”

amplification and dispersion, except for an opposite sign.
Interestingly, the key centers in the PNA evolution are in
accord with the trace in Fig. 2a. That is to say, the causal-
ity inference result actually provides a clue to the response
process. Note that the opposite-sign response is approxi-
mately twice the amplitude of the original Neg-90 case
(Fig. 10) (see the double-scaled color bar), so the imposed
SCS warming does change the negative PNA event to a posi-
tive PNA-like circulation (not shown). This phase reversal
corresponds to the quasi-symmetric cold-to-warm reversal
of SSTA (approximately —2 °C to 2 °C), implying a quasi-
linear system lies behind.
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Fig.9 Asin Fig. 8, but for the
positive phase
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Table 1 Experiments
Experiments Period of simulation Runs Description
Control run (CTL) 1970-2010 (1st decade for spin-up) Neg-90 Negative PNA around 02/15/1990
Cold SCS
Pos-89 Positive PNA around 12/21/1989
Weak warm SCS
Sensitivity experiments 1989 —1991 (initialized with the control run result, SE-P4 Raise the SCS SST by 4 °C for the 1989/90
with artificial change of SST over SCS) winter with respect to the Neg-90 case,
turning a cold SCS state to a warm state
SE-M3 Reduce the SCS SST by 3 °C for the

1989/90 winter with respect to the Pos-89
case, turning the weak warm SCS state to
a cold state
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Fig. 10 As in Fig. 8, but for the 90°N
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Likewise, we have conducted a cooling experiment.
The original PNA evolution for the Pos-89 case (Fig. 12)
also resembles the composited one (Fig. 9), including the
weaker Center 1 due to the weak warm state of SCS. When
a cooling applies (SE-M3), the role of SCS is obviously
seen. Negative PNA-like response appears in higher ampli-
tudes (Fig. 13), and the positive PNA event is also reversed
(not shown). Note that the duration of the response is
longer, i.e., the onset is no later than day — 14, especially
for the cooling experiment (see Fig. 13).

The results above have revealed a noticeable wave-prop-
agative response aroused by the SCS SSTA, which strongly

influences the PNA growth. What leads the response is the
precursory Center 1, appearing anticyclonic (cyclonic) for
the positive (negative) phase. As a unique feature, Center
1 may indicate the SCS effect. To figure out how the SCS
triggers Center 1 and then the entire response, we next
focus on the underlying dynamics.

We have also done experiments with other warming/cool-
ing, and the response features are generally similar as long as
the SCS SSTA is sufficiently large (not shown).
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Fig. 11 The evolution of the 90°N
response to the warming of
SE-P4 from day — 9 to day 0.
The denotation is the same as
Fig. 10 except that the y' is for

60°N

the SE-minus-CTL difference 0
and the WAF is for the SE, and
the color bar is double-scaled 0

90°N

60°N

30°N

0°
90°N

60°N

30°N

0°

90°N
60°N

30°N
»J )

0°

90°N

60°N

30°N

0°

120°E 150°E 180° 150°W

5 Dynamical diagnosis

To investigate the underlying dynamics of the SCS SSTA
in exciting the PNA pattern, in this section we follow Sard-
eshmukh and Hoskins (1988) to conduct a diagnosis of its
Rossby wave source, which has shown to be suitable for
identifying the wave train origin. The barotropic vorticity
equation without friction can be written as

(ﬂ +vw-v)ga = v, eV, -

5 CaD> (6)

where v,, and v, are rotational and divergent components
of the horizontal wind, ¢, the absolute vorticity composed
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of relative vorticity ({) and Coriolis parameter (f), and D
the divergence. The right-hand side is the very Rossby wave
source, in balance with the left-hand side. After filtering and
linearization, the anomalous low-frequency wave source S,
can be written as (Mori and Watanabe 2008)

S, = —(g +f>DL —v, . V(C +f) — 4D -V, + Ve,

(N
where the overbar denotes the climatology, and the subscript
L the low-frequency portion through 10-day low-pass filter-
ing. It can be divided into divergence (terms 1 and 3) and
advection (terms 2 and 4) components, where terms 3 and



The causal role of South China Sea on the Pacific-North American teleconnection pattern

Fig. 12 As in Fig. 9, but for the 90°N

Pos-89 case
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4 are smaller in magnitude and can be omitted. Generally,
significant Rossby wave source is closely related to strong
tropical forcing (Seo and Lee 2017).

The 250-hPa S; and its components at the beginning of
evolutions are examined. Shown in Fig. 14 are their anoma-
lies for SE-P4 at day — 14. The imposed SCS warming trig-
gers anomalous upper-level divergence that has extended to
the north (Fig. 14a), where the Asian westerly jet lies. As is
known, strong positive (negative) climatological relative
vorticity locates on the north (south) side of the jet axis,
hence a positive meridional gradient maximum on the axis,

and the absolute vorticity there ascends poleward. The SCS-
related divergence coincides with such jet effect (Fig. 14a),
and their combined action represented by — (Z +f )DL gen-
erates negative pattern of the divergence component of S;
(Fig. 14c). On the other hand, the diverging divergent wind
crosses the jet axis (Fig. 14b) and this favors the advection
component—v,; ¢V (Z +f ) (Fig. 14d), the pattern of which,
though, appears weaker for this case. For the total S, , the
superimposed negative pattern prevails (Fig. 14e), and, as a
source of negative vorticity (Sardeshmukh and Hoskins
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Fig. 13 Asin Fig. 11, but for SE-M3, and depicted from day — 14

1988), it induces an initial anticyclonic anomalous center of
wave train, i.e., Center 1 near the jet core, thus a positive
PNA-like response results (Fig. 11).

Likewise, for the corresponding SE-M3 fields (Fig. 15),
strong anomalous upper-level convergence (Fig. 15a) and
northerly divergent wind across the jet (Fig. 15b) are induced
by the imposed SCS cooling, which then generates the pre-
vailing positive S; pattern (Fig. 15¢) with the aforesaid jet
effect. Hence the cyclonic Center 1 is excited due to the
supply of positive vorticity, which results in a negative PNA-
like response train (Fig. 13). The major anomalous Rossby
wave source regions for the two experiments are similar but
in opposite fashion, and they locate near the jet core to the
north of SCS (Figs. 14e and 15e).

To summarize, relatively strong positive (negative) SCS
SSTA arouses upper-level divergence (convergence) and
then negative (positive) wave source of unique location,
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jointly with the Asian jet effect. From such wave source, the
positive (negative) PNA-like response is induced.

Note that we have mainly focused on the initial trigger-
ing role of SCS SST. The detailed underlying mechanisms,
however, are yet to be investigated. For example, it has
been realized that the role of transient eddy feedback is
especially important in maintaining or strengthening the
PNA pattern after excited (e.g., Dai et al. 2017; Guo et al.
2020). Furthermore, it has recently been revealed that,
strong transient eddy activity and eddy forcings can accel-
erate the westerly jet (e.g., Chen et al. 2019; Wang et al.
2019; Chu et al. 2020), by arousing stronger Rossby wave
breaking and transient kinetic energy transport (Chen et al.
2019), and such process is associated with the subtropi-
cal front zone (STFZ) (e.g., Chen et al. 2020a, b). In this
study, the role of the Asian westerly jet is notable, both
for the barotropic instability at the jet exit and its vorticity
effect as a wave source. That is to say, the transient eddy
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Fig. 14 The 250-hPa anomalous
S, with associated terms for
SE-P4 at day — 14, described by
the differences with CTL. (a) D,
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may also affect the SCS-induced response by affecting the
westerly jet. All these issues are worth a careful examina-
tion, and will be investigated using a rigorously developed
multiscale energetics analysis (Liang and Anderson 2007;
Liang, 2016b).

6 Summary

The Pacific—-North American (PNA) teleconnection pattern
has long been considered as an extratropical response to
ENSO, but in fact ENSO cannot fully explain it. Through
causal inference with the newly rigorously developed infor-
mation flow analysis, this study has revealed a remarkable
impact of the South China Sea (SCS) on the growth of PNA.
The information flow rate, which measures the strength of
causality, from the Pacific SSTA to the PNA index shows
a distinctly high center of causality within the SCS, apart
from the well-known causality within the ENSO region. The
causal pattern within the SCS is quite localized in its interior

120°E 150°E 180° 150°W  120°W

-1 -0.5 0 0.5 1 1.5

rather than periphery, indicating that the causality is from
the local SST variability within the SCS. It has been shown
that the causality is rather robust; it exists with different
datasets, and lasts through time.

To verify the newly revealed SCS effect, a set of experi-
ments have been conducted with Community Earth Sys-
tem Model (CESM). Sensitivity experiments have been
designed with purported SCS warming and cooling. By
comparing the forced PNA evolutions to the standard
case, remarkable PNA-like responses have been revealed.
Specifically, relatively strong positive (negative) SCS
SSTA would arouse positive (negative) propagating
PNA-like response, which is led by a precursory anticy-
clonic (cyclonic) center. Through propagating along the
jet waveguide, and through being dispersed at the jet exit,
the responded wave train carries energy toward Pacific
and North America, and hence affects the PNA growth.
To understand the underlying dynamics, the Rossby wave
source is diagnosed to locate the wave origin. It shows
that positive (negative) SCS SSTA arouses upper-level
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Fig. 15 Asin Fig. 14, but for 90°N
SE-M3
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divergence (convergence). Together with the Asian jet
effect, this generates a unique negative (positive) wave
source near the jet core to the north of SCS. The anticy-
clonic (cyclonic) center leading to the response train is
induced by the negative (positive) wave source. In a word,
the SCS indeed serves as a unique forcing that drives PNA.

This study suggests that the SCS effect should be
included in interpreting the formation and growth of PNA.
It is expected that, by taking the SCS effect into account, a
better model can be built for this climate mode toward more
accurate predictions.
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