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Abstract

The Pacific—-South American (PSA) pattern is a key mode of climate variability in the mid-to-high latitudes of the Southern
Hemisphere, impacting circulation and rainfall anomalies over South America. However, the effect of South American
rainfall on the PSA has not been previously explored. This study focuses on the impact of rainfall over southeastern South
American (SESA) during the austral summer (December—February). Observational analyses reveal that the PSA pattern
remains confined to higher southern latitudes when SESA rainfall anomalies are weak. In contrast, strong SESA rainfall
anomalies can generate a quasi-stationary Rossby wave train, which represents a cross-equatorial extension of the PSA. This
wave train propagates along a southwest—northeast great circle path from higher latitudes, crosses the equator, and reaches
the tropical Atlantic, southern Europe, and northern Africa, inducing a wet and cool weather condition over western and
southern Europe. The observed wave train can be reproduced by the linear baroclinic model (LBM) simulations. Given the
PSA’s connection to tropical forcing over the central Pacific, we examine differences in the wave response to central Pacific
forcing alone versus combined central Pacific and SESA forcings. By incorporating SESA forcing, the wave train originally
triggered by central Pacific forcing is amplified and extended. Our findings confirm the significant role of SESA rainfall
anomalies in extending the PSA pattern to the Northern Hemisphere and highlight the South American continent as a land
bridge that links circulation anomalies across the Pacific and Atlantic Oceans and the Southern and Northern Hemispheres.

Keywords Pacific—South American pattern - Southeastern South American Rainfall - Cross-equatorial waves -
Interhemispheric teleconnection - Linear baroclinic model - Diabatic heating

1 Introduction

The El Nifio—-Southern Oscillation (ENSO) significantly
impacts South America, with effects linked to the Walker
circulation’s descending branch in the tropics (e.g., Kousky
et al. 1984; Cai et al. 2020) and Rossby wave trains via the
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Pacific—-South American (PSA) pattern in the extratropics
(e.g., Karoly 1989; Mo 2000; Mo and Paegle 2001). The
PSA modes are most commonly analyzed using two empir-
ical orthogonal function (EOF) modes, referred to as the
PSA-1 and PSA-2, (Mo and Higgins 1998; Mo 2000; Mo
and Paegle 2001), though recent studies have introduced
new methods for their representation (Irving and Simmonds
2016; Risbey et al. 2021; Goyal et al. 2022; Campitelli et al.
2023). The PSA depicts a zonal wavenumber 3 feature with
centers from the central Pacific via the Southern Ocean
towards the Atlantic, significantly impacting Southern
Hemisphere climate variability (e.g., Mo and Paegle 2001;
Miiller and Ambrizzi 2007; Irving and Simmonds 2016;
Lou et al. 2021; Reboita et al. 2021). Specifically, South
American rainfall variability is found to be influenced by
Rossby wave trains associated with the PSA (e.g., Mo and
Paegle 2001; Hirata and Grimm 2016; Junquas et al. 2016;
Gelbrecht et al. 2018; Wang 2019). However, whether such
rainfall variability can influence the PSA and extend it to
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the Northern Hemisphere has not been investigated previ-
ously. Studying the impact of South American rainfall on
the PSA can enhance the understanding of teleconnections
between the Pacific and Atlantic Oceans and those between
the Northern and Southern Hemispheres.

During the austral summer (December—February, DJF),
rainfall anomalies over southeastern South America (SESA),
the La Plata Basin, are found to be associated with the South
American rainfall dipole, which characterizes the intrasea-
sonal rainfall variability of the South American monsoon
system (SAMS) (e.g., Boers et al. 2014; Cherchi et al.
2014; Vera et al. 2018; Diaz et al. 2020). Recently, Zhao
et al. (2023) demonstrated that SESA rainfall anomalies
can induce cross-equatorial propagation of Rossby waves
(CEPRW) along a great circle path in the southwest—north-
east direction and influence weather patterns over the tropi-
cal Atlantic, northwestern Africa and western Europe over
a period of 4 days. The influence of SESA rainfall and asso-
ciated CEPRW are confirmed by equatorward propagat-
ing EP-flux anomalies (Edmon et al. 1980) and barotropic
model simulations (Ting 1996). The CEPRW arises due
to three main factors: (1) the upper-tropospheric westerly
wind over tropical regions, which allows Rossby waves to
travel between two hemispheres (Dickinson 1968; Webster
and Holton 1982; Hsu and Lin 1992; Thomas and Webster
1994), (2) the meridional background flow, locally open-
ing up a tunnel for the one-way propagation of stationary
waves across the easterlies (Schneider and Watterson 1984,
Li et al. 2015b, 2019; Zhao et al. 2015, 2019), and (3) the
diabatic heating associated with convection in the source
region, which triggers Rossby wave trains that propagate
downstream and potentially cross the equator (Yang and
Webster 1990; Ambrizzi and Hoskins 1997; Gong et al.
2020). In particular, diabatic heating is often estimated as
the residual of the thermodynamic energy equation, com-
monly referred to as the apparent heat source Q, (e.g., Yanai
et al. 1973; Ling and Zhang 2013; Zermefio-Diaz and Zhang
2013; Tseng et al. 2020).

As demonstrated by Mo and Paegle (2001), the relation-
ship between the PSA and South American rainfall has been
identified by analyzing cases with extreme PSA amplitudes.
For instance, the PSA corresponds to a north—south dipole
pattern of rainfall anomalies, with positive rainfall anoma-
lies particularly over the southern part of South America.
In our study, we will delve deeper into how positive rain-
fall anomalies over SESA can, in turn, influence the PSA
on intraseasonal time scales. Given that the PSA is gener-
ally confined to the mid-to-high latitudes of the Southern
Hemisphere, this raises an intriguing question: Can the PSA
be extended to the Northern Hemisphere by SESA rainfall
through CEPRW?

We will first identify events linked to the daily PSA index,
distinguishing those associated with the daily SESA rainfall

@ Springer

index from those that are not. This will allow us to catego-
rize events into two groups: those influenced by SESA rain-
fall and those that are not. Given that the PSA represents
the Southern Hemisphere’s response to tropical convections
such as those linked to the ENSO, Madden—Julian oscilla-
tion, and Quasi-biennial Oscillation (Mo and Higgins 1998;
Renwick and Revell 1999; Mo and Paegle 2001; Li et al.
2015a), we will use an intermediate atmospheric model,
the linear baroclinic model (LBM; Watanabe and Kimoto
2000), to investigate how atmospheric circulation responds
to tropical convection alone versus tropical convection com-
bined with SESA rainfall forcing. We will utilize observed
heat sources (the diabatic heating) associated with identified
events. The LBM, has been successfully used to diagnose
wave train pattern response to diabatic heating (e.g., Yasui
and Watanabe 2010; Zhao et al. 2015, 2019; Hayashi and
Watanabe 2017; Tseng et al. 2019, 2020). In this study, we
utilize the LBM because, unlike other complicated atmos-
pheric models, it focuses solely on linear processes and is
linearized about observed climatology, eliminating basic
state biases. This is crucial, as the Rossby wave pathway
is highly dependent on the background flow (Hoskins and
Karoly 1981; Hoskins and Ambrizzi 1993; Li et al. 2015b;
Zhao et al. 2015), enabling a more accurate representation
of atmospheric circulation anomalies in response to diabatic
heating.

The rest of the paper is structured as follows. Section 2
describes the data and methodology. Section 3.1 presents
the PSA modes and SESA rainfall. Section 3.2 discusses the
observational evidence of the extension of the PSA by SESA
rainfall. In Sect. 3.3, the LBM simulations are conducted to
further confirm the observed findings. Section 4 provides a
summary and further discussion of the results.

2 Data and methodology

2.1 Data

The daily precipitation is from National Oceanic and Atmos-
pheric Administration (NOAA) Climate Prediction Center
(CPC) Global Unified Gauge-Based Analysis of Daily Pre-
cipitation with a spatial resolution of 0.5° (Chen et al. 2008).
The daily mean near-surface temperature (2 m), near-surface
(10 m) zonal and meridional winds, and multilevel zonal
and meridional winds, vertical velocity, air temperature,
and geopotential height are from the European Centre for
Medium-Range Weather Forecasts fifth-generation reanaly-
sis (ERAS) (Hersbach et al. 2020). The spatial resolution of
the near-surface temperature is 1.0° and that of other fields
is 2.5°. The analysis period for this study is from 1979 to
2021. Given the focus on the characteristics of composite
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events, adding or removing a few years from the dataset will
not significantly impact the results.

2.2 Identifying events associated with the PSA and/
or SESA rainfall indices

An EOF analysis via a covariance matrix is applied to the
monthly 500 hPa geopotential anomalies over the entire
Southern Hemisphere with all seasons pooled together fol-
lowing Mo and Paegle (2001). The second (EOF-2) and
third EOF (EOF-3) modes represent the PSA-1 and PSA-2,
respectively, but these two modes are unable to be sepa-
rated according to the North test (North et al. 1982). Then,
the Kaiser varimax rotation is applied to the EOF modes to
obtain rotated EOF (REOF) modes (Richman 1986). The
third REOF (REOF-3) mode represents the combined PSA-1
and PSA-2 and will be used in this study. For simplicity,
we refer to this combined PSA mode as the PSA. The daily
500 hPa geopotential height anomalies are projected onto
REOF-3 to derive the associated principal component (PC)
of the PSA. The PC of the PSA is referred to as the PSA
index on daily time scales. In addition, daily precipitation
anomalies averaged over SESA (20°S—40°S, 50°W-65°W)
is referred to as the SESA rainfall index, [6Pr]ggga. Both
the PSA and SESA rainfall indices are standardized. In this
study, we will identify several groups of events with different
thresholds of the daily PSA and [6Pr]qgsa . For each group,
when consecutive days satisfy associated requirements, only
the first day is used as Day 0 for the composite (e.g., Bower-
man et al. 2017). Day -1, Day+1, ..., Day + 5 represents
one day before the first day of the composite, one day after
the first day of the composite, ..., and five days after the first
day of the composite, respectively.

2.3 Heating source

We estimate total diabatic heating as the apparent heat
source (Q,) using the approach of Yanai et al. (1973). Fol-
lowing Ling and Zhang (2013), Q, is calculated as:

T(00 06
= (LiV.vo+0?l),
9 9<0[ wdp) M

where T, 6, V and w are three-dimensional air temperature,
potential temperature, horizonal winds, and vertical veloc-
ity, respectively. 0 = T(p,/ p)R/ %, where Po> P> R, and C, are
surface pressure, pressure, specific gas constant of dry air,
and specific heat capacity of dry air, respectively.

2.4 The linear baroclinic model

The LBM developed by Watanabe and Kimoto (2000) is
employed in this study. We use a dry version of the LBM

which consists of primitive equations linearized about an
observed three-dimensional DJF climatology based on
ERAS reanalysis data from 1979 to 2021. The model adopts
a T42 horizontal resolution and 20 vertical levels using the
sigma coordinate system, and includes horizontal and verti-
cal diffusion, Rayleigh friction, and Newtonian damping.
The horizontal diffusion has a damping time scale of 2 h
for the smallest wave, and the Rayleigh friction and Newto-
nian damping have a time scale of (0.5 day)™' in the lowest
three levels and the top level, (5 day)~! in the fourth level,
and (30 day)~! in the remaining levels. Details of the model
formulation are given in Watanabe and Kimoto (2000). To
obtain the linear atmospheric response to diabatic forc-
ing, we integrate the model up to 30 days and use averaged
results from days 26-30 as the steady response. The circula-
tion response generally approaches a steady state at around
day 20.

3 Results
3.1 The PSA modes and SESA rainfall

Figure 1 shows the leading EOF modes of the monthly mean
500 hPa geopotential height anomalies with all seasons
pooled together following Mo and Paegle (2001). EOF-1,
accounting for approximately 20% of the total variance,
exhibits a zonally symmetric pattern with a phase rever-
sal between high- and mid-latitudes (Fig. 1a). EOF-2 and
EOF-3, representing the PSA-1 and PSA-2 respectively and
accounting for approximately 10% of the total variance, are
characterized by a zonally oriented wave train with a zonal
wavenumber 3 feature (Fig. 1b—c). However, these two EOF
modes cannot be separated according to the North test. Thus,
we rotate the EOF modes and obtain REOF modes. The pat-
tern of REOF-1 resembles that of EOF-1 (Fig. 1d). REOF-2
shares similarity with EOF-2, with a dipole pattern over
the Pacific and Southern Ocean, but the zonal wave struc-
ture and wave center over the Atlantic are not well shown
(Fig. 1e). REOF-3 shows a zonally oriented wave train with
a zonal wavenumber 3 feature and confines over mid-to-high
latitudes, generally within the widely considered PSA sector
(the domain within the green lines; Irving and Simmonds
2016) (Fig. 1f). There is a phase shift of approximately 15°
of the REOF-3 compared to the PSA-1 and PSA-2.

Given the significant SAMS-related rainfall anomalies
over SESA (e.g., Boers et al. 2014; Cherchi et al. 2014;
Vera et al. 2018; Diaz et al. 2020) and the increased likeli-
hood of CEPRW occurring over the Atlantic sector (e.g.,
Li et al. 2015b, 2019) during the austral summer (DJF),
our study focuses on this season. Figure 2 shows the inter-
annual variability of the PSA-1, PSA-2, and REOF-3 in
austral summer. The correlation between the PSA-1 and
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Fig. 1 EOF modes of the monthly mean 500 hPa geopotential height
anomalies for a EOF-1, b EOF-2, and ¢ EOF-3. The number shown
in the top right corner is the percentage of geopotential height vari-
ance explained by the EOF mode. EOF-1 and EOF-2 represent the

REOQOF-3 is 0.49 and that between the PSA-2 and REOF-3
is 0.70, both significant at 99% confidence level according
to the Student’s #-test. However, the correlation between
the PSA-1 and REOF-2 is 0.46 and that between the PSA-2
and REOF-2 is only —0.27, significantly lower than the
correlations between REOF-3 and PSA-1/PSA-2. Since
REOF-3 pattern is generally within the PSA sector (the
domain within the green lines in Fig. 1) and shows high
correlations with PSA-1 and PSA-2, REOF-3 is referred
to as the combined PSA mode, or simply as the PSA in
this study.

On interannual time scales, the PSA is significantly cor-
related with the Oceanic Nifio Index (ONI) at the 95% con-
fidence level, with a correlation coefficient of 0.39. This
finding aligns with previous studies (e.g., Karoly 1989;
Mo 2000; Mo and Paegle 2001) that suggest the PSA is a
response to tropical convection associated with the ENSO.
To investigate the relationship between the PSA and South
American rainfall on seasonal time scales, we calculate the
correlation between the DJF mean PSA index and rainfall
anomalies. Figure 3a shows a dipole rainfall structure with
positive rainfall anomalies over SESA and negative anoma-
lies to the north, representing the pattern of the South Amer-
ican rainfall dipole identified in previous studies (Nogués-
Paegle and Mo 1997; Cherchi et al. 2014; Vera et al. 2018).
In addition, the DJF mean PSA is positively correlated with
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PSA-1 and PSA-2, respectively. Green lines indicate the widely con-
sidered PSA sector. d—f Same as a—c, but for REOF modes. REOF-3
represents the combined PSA mode, which will be used in this study

streamfunction anomalies over the southeastern Pacific and
northern South America (Fig. 3a).

Due to significant variances in the PSA on intraseasonal
time scales (Kiladis and Mo 1998; Mo and Paegle 2001), we
identify anomalous events occurring in DJF using the daily
index. Following the method in Sect. 2.2, we create the daily
PSA index using the daily PC associated with REOF-3 and
daily [6Pr]ggsa using domain averaged precipitation (within
the gray box in Fig. 3a). Figure 3b shows that daily PSA
and [6Pr]ggsa have no significant correlation during DJF
(represented by gray dots), indicating that a strong PSA does
not necessarily lead to strong SESA rainfall, nor does strong
SESA rainfall lead to a strong PSA. The correlation between
the DJF mean PSA index and SESA rainfall anomalies is sig-
nificant, but it weakens at intraseasonal (daily) time scales.
This is primarily because, on daily time scales, SESA rain-
fall exhibits larger fluctuations, while the PSA shows lower
variability with consistent phases lasting from a few days
to several weeks (Fig. S1). These large daily fluctuations in
SESA rainfall tend to cancel out over a seasonal time scale,
leading to a stronger correlation with the PSA. Although
the statistical correlation between the two daily indices is
insignificant, we will focus on some anomalous events and
aim to understand whether strong SESA rainfall produces
a different PSA pattern compared to weak SESA rainfall.
In this study, we will specifically examine whether strong
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Fig.2 a The detrended PCs averaged in DJF during 1979-2021 for
the PSA-1 (green line) and combined PSA mode (i.e., REOF-3; bars),
respectively. The number shown in the top right corner is the correla-
tion coefficient between the PSA-1 and combined PSA mode. b Same
as a, but for the PSA-2 (green line)

SESA rainfall can extend the PSA pattern into the Northern
Hemisphere.

We focus on daily events where the positive phase of PSA
(PSA >1) coincides with strong SESA rainfall ([6Prlgggs >
1) (pink dots in Fig. 3b). A total of 100 anomalous events
with daily PSA > 1 and [6Pr]gggs = 1 can be captured in DJIF
during 1979-2021. We calculate the duration (i.e., the total
number of consecutive days meeting the criterion mentioned
above) and 68% of the events are short-lasting events and
8% of the events last 3 days or more. Next, we explore the
connection between lower-frequency variability and higher-
frequency variability. Figure 3c shows the number (orange
bars) of events with daily PSA> 1 and [6Pr]ggsa > 1 in each
year. The interannual variability of the number is quite large,
ranging from zero to six events per year. We also compute
seasonal mean index by averaging the daily index in DJF for
each year and then identify anomalous years with DJF mean
PSA>0.5 and [6Pr]gggs = 0.5. We use 0.5 as threshold to
allow more years to be captured. A total of six anomalous
years (red triangle markers) are identified, including four
years with a relatively large number of anomalous events
(1992, 1998, 2007, and 2016). This suggests that the intrase-
asonal variability indicated by these events is also reflected
on interannual time scales.

3.2 Observational evidence of the extension
of the PSA by SESA rainfall

In this section, we examine atmospheric circulation patterns
associated with the events with strong or weak [6Pr]ggga. To
understand the role of [6Pr]ggg, We identify another group
of events without strong [0 Pr]ggga, defined as daily PSA > 1
and —0.25 < [6Prlggsa <0.25, and a total of 107 events are
identified. We set this threshold to represent weak [6Prlgggas
ensuring a comparable number of events between the strong
(100 events) and weak (107 events) groups. To obtain a bet-
ter representation in the tropics, we will utilize standardized
atmospheric circulation patterns as suggested by Bowerman
et al. (2017) and Zhao et al. (2023). Figure 4 compares the
evolution map of 200 hPa streamfunction and near-surface
winds between the PSA events with weak [6Pr]ggsa (upper
row) and strong [6Prlgggs (bottom row). Note that the sign
of streamfunction anomalies over the Southern Hemisphere
is opposite to that of geopotential height anomalies shown in
REOF-3 (Fig. 1f). The bootstrap significance test is applied
to determine if anomalous fields are significant at the 95%
confidence level (Efron and Tibshirani 1994).

For PSA events with weak [6Pr]ggga, Negative and posi-
tive streamfunction anomalies at 60°S slightly increase
in magnitude from Day — 1 to Day + 1 and weaken from
Day + 3 to Day +5 (Fig. 4a—d), but the locations of these
anomalous centers change very slowly, indicating the pres-
ence of quasi-stationary Rossby waves. This slow-mov-
ing structure is consistent with the characteristics of the
PSA, which predominantly occurs within an intraseasonal
(10-90 day) band (Mo and Paegle 2001). In addition to this
zonally oriented wave train at 60°S, negative streamfunc-
tion anomalies appear over SESA from Day -1 (Fig. 4a).
The negative streamfunction anomalies over SESA may be
triggered by positive streamfunction anomalies associated
with the zonal wave train at 60°S (i.e., the rightmost posi-
tive anomalies), suggesting that the PSA has the potential
to excite equatorward-propagating circulation anomalies on
intraseasonal time scales. However, when [6 Pr]ggg, 1s Weak,
there is no clear evidence that the negative streamfunction
anomalies over SESA can further excite cross-equatorial
waves or lead to significant growth of circulation anoma-
lies in the tropics. This suggests that the dominant activities
of the PSA are confined to the Southern Hemisphere when
rainfall anomalies over SESA are weak.

For PSA events with strong [6Pr]ggsa, a stronger easterly
low-level (represented by near-surface winds) flow from the
Atlantic turns southward upon reaching the Andes Moun-
tains, bringing more moisture and intensifying [6Prlgpga
(Fig. 4e). The strong rainfall anomalies can act as a source
of diabatic heating, generate a Rossby wave train through
baroclinic processes (e.g., Danard 1964; Emanuel et al.
1987; Lapeyre and Held 2004; Zhao et al. 2018), and further
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Fig.3 a Correlation coefficients between the detrended PC aver-
aged in DJF for the PSA and DJF mean precipitation (shading) and
200 hPa streamfunction (contours). Stippling indicates precipita-
tion significant at the 95% level according to the Student’s #-test.
The region of SESA is shown within the gray box (20°S-40°S,
50°W-65°W). b Scatter plot for the daily PSA index versus daily

amplify the negative streamfunction anomalies over SESA
from Day — 1 to Day+ 1 (Fig. 4e—f). Compared to PSA
events with weak [6Pr]gggs (Fig. 4b), the negative stream-
function anomalies over SESA with strong [6Pr]gggs are
larger in magnitudes (Fig. 4f) and provide a more favora-
ble condition for exciting cross-equatorial waves. From
Day + 1, the northeastward propagating quasi-stationary
wave train becomes clearer, following a great circle path
(the magenta curve) in a southwest—northeast direction
(Fig. 4f). Circulation anomalies over the tropical Atlantic,
southern Europe and northern Africa are amplified and peak

@ Springer

[6Prlggsa in DIF (gray dots). The pink dots indicate the events with
daily PSA>1 and [6Pr]gggs > 1. ¢ The total number (orange bars) of
events with daily PSA>1 and [6Prlgggs > 1 for each year of 1979-
2021 in DJF. The red triangle markers denote the years with seasonal
mean (DJF mean) PSA>0.5 and [6Pr]ggg, > 0.5

in Day + 3 (Fig. 4g), indicating the observational evidence
of CEPRW. CEPRW originated from SESA or surround-
ing region has been identified in previous studies (e.g., Li
et al. 2019; Zhao et al. 2023). The northeastward propagat-
ing wave train and the zonally oriented wave train at higher
latitudes together indicate the cross-equatorial extension of
the PSA. The connection between these two wave trains is
the negative streamfunction anomalies over SESA, which
are significantly amplified by strong SESA rainfall anoma-
lies and extend the PSA further north. On Day + 5, CEPRW
weakens as SESA rainfall anomalies decrease (Fig. 4h).
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Fig.4 a-d Composite anomalies of standardized 200 hPa stream-
function (shading) and standardized near-surface (10 m) wind (vec-
tors) anomalies from Day —1 to Day +5 for selected events with daily
PSA>1 and —0.25 < [6Pr]ggss <0.25. Stippling indicates stream-
function significant at the 95% level according to the bootstrap test.

To further investigate the factors influencing the strength
of the cross-equatorial wave train, we conduct a series of
observational sensitivity tests. We define a CEPRW index

as \/sf(30°S,4O°W)2 + 5£(0°,20°W)? + sf(30°N, 0°)*> ,

Only wind vectors significant at the 95% level are shown. The region
of the SESA is shown within the black box (20°S—-40°S, 50°W-
65°W). e-h Same as a—d, but for selected events with daily PSA > 1
and [6Pr]ggsa > 1. The magenta curve indicates the pathway of the
cross-equatorial wave train

where sf() indicates streamfunction anomalies at each loca-
tion on the great circle path (the magenta curve in Fig. 4).
We first examine how [6Pr]qgg, magnitudes influence the
CEPRW index. When [6 Pr]qgss becomes stronger (Fig. 5b),
the PSA index does not necessarily become stronger in

(a) Standardized PSA

(b) Standardized rainfall (c) Standardized cross-eq wave
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Fig.5 The evolution of the daily a PSA index, b [6Pr]sgss, and
¢ CEPRW index averaged for selected events with daily PSA>1
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magnitudes (Fig. 5a), consistent with the insignificant sta-
tistical correlation between the PSA and [6 Pr]ggga (Fig. 3b).
The CEPRW index clearly becomes stronger from Day O
when [6Pr]gpg peaks and the influence of stronger [6 Prlgpga
can last for three days (from Day O to Day +2) (Fig. 5¢).
Next, we examine how PSA magnitudes influence the
CEPRW index. A stronger PSA (Fig. 5d) can only slightly
increase [6Pr]ggga at Day + 1 (Fig. 5e), but such increase is
insignificant at the 95% confidence level according to the
bootstrap test, suggesting that the strong [6Pr]gggs seen in
Fig. 4e-h is not mainly triggered by the PSA but may instead
be related to SAMS (e.g., Boers et al. 2014; Cherchi et al.
2014; Vera et al. 2018; Diaz et al. 2020). Figure 5f shows
that increasing PSA magnitudes does not lead to a stronger
CEPRW index. This suggests that the strength of the
CEPRW is primarily driven by the magnitude of SESA rain-
fall rather than the PSA. The results above provide observa-
tional evidence that zonally oriented PSA at higher latitudes
can be extended to the tropics and even the Northern Hemi-
sphere when strong rainfall anomalies appear over SESA.

We move a step further to show how cross-equatorial
wave influences weather patterns in the Northern Hemi-
sphere. Figure 6 shows the change in precipitation and
near-surface temperature over the Eurasia—Africa sector
after the peak of SESA rainfall. Before the influence of the
CEPRW reaches the extratropical Northern Hemisphere,
positive temperature anomalies (red contours) emerge over
western and southern Europe, accompanied by positive
precipitation anomalies, particularly over the Iberian Pen-
insula (Fig. 6a). As the influence of the CEPRW intensi-
fies, positive precipitation anomalies propagate eastward
across Europe, accompanied by a decrease in surface
temperature (Fig. 6b—c). The change of precipitation and
surface temperature anomalies is associated with the for-
mation of cyclonic circulations over Europe, as shown by
850 hPa winds. Once the precipitation anomalies move
through, surface temperature rises again over western
Europe (Fig. 6d). This suggests that the CEPRW can lead
to cooler, wetter weather conditions over western and
southern Europe.

;ig- 6f a-d .Cf)tniposi(teharclloma— B (a) Day +1 86N (b) Day +2
ies of precipitation (shad- -
ings mm ey, near-urtce B M o -
temperature (contours; °C), B SV b pamees = + (;//2.2:4:‘, %
and 850 hPa winds (vectors; A SR 7778 <y
m s~!) from Day + 1 to Day +4 60N o 60N 7/ 4
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PSA>1 and[6Pr]gggs > 1. Red | et
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positive (0.5 and 0.8 °C) and 40N 40N
negative (— 0.5 and — 0.8 °C)
values, respectively. Stippling
indicates precipitation anoma-
lies significant at the 95% level 20N 20N
according to the bootstrap test.
Contours and vectors shown are
significant at the 95% level
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Fig.7 a Composite of 1000-100 hPa vertically integrated Q, (K
day™!; derived from ERAS5) on Day 0 for selected events with daily
PSA >1 over the Pacific. b Same as a, but for selected events with
daily PSA>1 and [6Pr]gggs = 1 over SESA. The regions of diabatic
heating source for the model simulations are shown within the green
boxes

Fig.8 a The mean Q, (K day™; (a) Pacific

3.3 The LBM model simulations

To further explore the role of SESA rainfall, we use the
LBM (Watanabe and Kimoto 2000) forced by observed
Q, over the Pacific and SESA, respectively. Since the PSA
is response to tropical convection (e.g., Karoly 1989; Mo
2000; Mo and Paegle 2001), we examine Q, for the events
on Day 0 with daily PSA > 1. Figure 7a shows the compos-
ite of 1000-100 hPa vertically integrated Q, for the PSA
events (i.e., PSA > 1) over the Pacific derived from ERAS
reanalysis data, revealing that the largest Q; value appears
over the central Pacific in the Southern Hemisphere. Fig-
ure 7b shows the same field for the PSA events with strong
[6Pr]gsa (ie., PSA>1and[6Prlgpgs = 1) over South Amer-
ica. As expected, the largest Q, value appears over SESA.
Sensitivity tests suggest that very similar results are obtained
when using the composite Q, for the strong [6Pr]ggsa €vents
without constraint of the PSA.

Next, we average Q, over the selected domain over the
Pacific and SESA (within the green boxes in Fig. 7), respec-
tively. The vertical profiles of Q,; for the two domains share
some similarities, showing an increase from the surface to
400 hPa, followed by a decrease toward the upper tropo-
sphere (Fig. 8). The difference between the two profiles is
that Q, at 400 hPa over SESA is larger, attributable to the
convective activity associated with strong rainfall anomalies
in this region. The heating source of the two domains is
obtained by multiplying the observed Q, pattern (within the
green box of Fig. 7) by associated vertical profile for each
domain (Fig. 8). Since we focus on the heating source, the
negative values of Q, are excluded.

Using heating source over the Pacific, we run the LBM
following the method in Sect. 2.4. The Pacific heating
source (indicated by the green contour) induces 200 hPa

(b) SESA

derived from ERAS; thick red 100
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streamfunction anomalies with negative anomalies to the
west and positive anomalies to the east over the southern
hemispheric Pacific (Fig. 9a). The model successfully simu-
lates the positive anomalies to the west of South America,
aligning well with the observed streamfunction anomalies
in Fig. 3a. However, the observed negative anomalies over
high latitudes around 60°S are simulated further west and
with smaller magnitudes. The discrepancies between the
observed and simulated PSA patterns may be due to the ide-
alized experiment design, which prescribes only the tropical
heating source over the selected area. Over the Atlantic sec-
tor, a series of streamfunction anomalies can be seen, though
they may not represent the PSA extending from the Pacific.

When incorporating the heating source over SESA
(indicated by the green contour) into the model, a Rossby
wave train emerges, extending from the central Pacific via
southern South America towards the Atlantic and Africa
along a great circle path (shown by the magenta curve) in
Fig. 9b. This wave train pattern bears some similarities to

(a) Pacific
60N
30N
0
30S
60S
120E 180 120W 60W 0
(b) Pacific + SESA
60N
30N
0
30S
60S
120E 180 120W 60W 0
-09 06 -03 0 03 06 09

Fig.9 a The steady state of the LBM simulation of the 200 hPa
streamfunction anomalies (shading; m? s™'; zonal mean removed)
response to the observed heating over the Pacific. The contour
denotes the prescribed Q,>0.5 K day™ at 400 hPa derived from the
observation. b Same as a, but for the response to the observed heating
over both the Pacific and SESA. The magenta curve in b indicates the

pathway of the wave train
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the observed pattern in Fig. 4f, particularly over the Atlantic
sector, suggesting a possible northeastward extension of the
PSA due to SESA rainfall forcing. The circulation pattern
resulting from both Pacific and SESA forcings reflects a lin-
ear combination of the Pacific forcing and SESA forcing
responses. Moreover, streamfunction anomalies along this
wave train path are intensified and extended compared to the
experiment with only the Pacific heating source prescribed,
as seen in the positive anomalies over the South Pacific near
50°S, 90°W and those over the Atlantic and African sec-
tor (Fig. 9b vs 9a). Sensitivity tests have been conducted,
including selecting a larger domain for the forcing, but the
results remain largely consistent with those shown in Fig. 9.
The LBM experiments corroborate the observational evi-
dence, demonstrating that rainfall anomalies over SESA can
extend the PSA to the Northern Hemisphere.

4 Summary and discussion

This study examines the impact of SESA rainfall anomalies
on the PSA during the austral summer. The PSA is identified
as REOF-3, characterized by a zonal wavenumber 3 feature,
with centers of significant magnitude extending from the
central Pacific, across the Southern Ocean, and towards the
Atlantic—encompassing the widely recognized PSA sec-
tor. REOF-3 better represents both PSA-1 and PSA-2 modes
compared to REOF-2. Daily index of the PSA is created
based on REOF-3. Following Zhao et al. (2023), we focus
on rainfall anomalies over SESA and develop a daily rainfall
index, denoted as [6Pr]ggsa- A total of 100 events for the
positive phase of PSA associated with strong [6Pr]ggga are
identified in DJF during 1979-2021. The intraseasonal vari-
ability indicated by these events is also reflected on interan-
nual time scales, indicated by anomalous years with positive
PSA phase and strong [6Pr]gggs. When rainfall anomalies
over SESA are weak, the dominant activities of the PSA are
confined to higher latitudes of the Southern Hemisphere,
with no clear evidence of the CEPRW. However, when
strong [6Prlgpga 1S present, a quasi-stationary Rossby wave
train can be generated from the higher latitudes where the
PSA is most significant. This wave train propagates down-
stream along a southwest—northeast great circle path and
crosses the equator, representing a cross-equatorial exten-
sion of the PSA. As[8Pr]gpga reaches its peak, atmospheric
circulation anomalies along this path intensify, inducing a
wet and cool weather condition over western and southern
Europe. Additional analyses show that the strength of the
CEPRW is primarily driven by the magnitude of SESA rain-
fall rather than the PSA.

To further investigate the influence of [6Pr]gggy, We
prescribed the observed heat source (Q;) associated with
the PSA alone and with both the PSA and [6Pr]ggg, in the
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LBM. When incorporating the heat source over SESA into
the model, atmospheric circulation anomalies triggered by
the central Pacific forcing are extended and amplified, form-
ing a wave train along a great circle path from the central
Pacific to northern Africa. The LBM simulations confirm
the significant role of [6Pr]ggg, in extending the PSA. In this
study, we use the dry version of the LBM, which excludes
both moisture and eddy feedback. While moisture feedback
may amplify the wave response in certain regions and eddy
feedback in the mid-latitudes may also have an impact, these
factors are secondary in importance compared to the core
dynamics of the LBM.

The main conclusions of this study are: (1) the PSA and
SESA rainfall are two independent variables, and strong
SESA rainfall does not amplify the magnitudes of the PSA
index or vice versa; (2) SESA rainfall is the main cause
for the CEPRW; and (3) such CEPRW can be regarded as
the equatorward extension of the PSA pattern (though the
magnitude of the PSA index is unaffected) because negative
streamfunction anomalies over SESA connect the zonally
oriented wave train (explained by the PSA index) and north-
eastward propagating wave train (explained by the CEPRW
index). It is worth noting that our conclusion—that SESA
rainfall can extend the PSA pattern—is not limited to the
specific pattern of REOF-3. Similar analyses conducted for
PSA-1, PSA-2, and REOF-2 yield comparable results (not
shown). Therefore, we expect that applying other methods to
identify the PSA pattern would lead to similar conclusions.

This study builds upon the findings of Zhao et al. (2023),
further exploring the influence of rainfall variability over
SESA on adjacent oceans and continents. To our knowl-
edge, the influence of South American rainfall on adjacent
oceans, such as the tropical Atlantic, has not been widely
studied. Most previous research has focused on the ocean-
to-land direction (e.g., Yoon and Zeng 2010), while the
reverse—land-to-ocean—has been largely overlooked. The
cross-equatorial pathway of Rossby waves over the Atlantic
sector has been identified in earlier studies through numeri-
cal model simulations (e.g., Ambrizzi and Hoskins 1997) or
diagnostic tools like wave ray tracing (e.g., Li et al. 2019).
However, only Zhao et al. (2023) and the present study have
linked the CEPRW to South American rainfall and explored
the potential impact of SESA rainfall on Northern Hemi-
sphere weather patterns, including Europe. Compared to
Zhao et al. (2023), this study takes a further step by con-
necting SESA rainfall with a well-known atmospheric mode,
the PSA.

Our results underscore the crucial role of the South
American continent as a land bridge, linking the Pacific
and Atlantic Oceans and connecting the Southern and
Northern Hemispheres. The knowledge of this study will
enhance our understanding of teleconnections between the
two ocean basins and interhemispheric relationships through

hydroclimate variability over South America. Moreover, this
study provides valuable insights for evaluating the likelihood
of temperature and precipitation extremes over Europe based
on upstream precursory circulation anomalies, as well as
for introducing initial condition perturbations in ensemble
predictions (e.g., Mariotti et al. 2020). For example, strong
PSA events linked to strong SESA rainfall can alert official
forecast centers to potential weather extremes in Europe,
ultimately enhancing the accuracy of weather extremes pre-
dictions on subseasonal time scales.
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tary material available at https://doi.org/10.1007/s00382-024-07496-5.
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