
1. Introduction
The South American monsoon system (SAMS), the world's second largest convective center, reaches its annual 
maximum in boreal winter (December–February, DJF) (e.g., Jones & Carvalho, 2002; Liebmann & Mechoso, 2011; 
Vera et  al.,  2006; Zhou & Lau,  1998). Increase of evapotranspiration (ET) over the rainforest in boreal fall 
initiates large-scale convections and rainy season over Amazonia (e.g., Li & Fu,  2004; Wright et  al.,  2017). 
Latent heating released by Amazonian convection (e.g., Lenters & Cook, 1997; Silva Dias et al., 1983) drives 
monsoonal northeasterly flow, which is from the Atlantic and subsequently deflected southward by the Andes 
(Boers et al., 2013; Bookhagen & Strecker, 2008; Liebmann et al., 2004; Marengo et al., 2004). The moist air 
flow sustained by high ET over the rainforest (Wright et al., 2017) leads to strong rainfall anomalies over south-
eastern Brazil and La Plata (e.g., Berbery & Barros, 2002; Dominguez et al., 2022; Zhou & Lau, 1998), exerting 

Abstract During boreal winter (December–February), the South American monsoon system (SAMS) 
reaches its annual maximum when upper-tropospheric westerly winds prevail over the equatorial Atlantic. 
Atmospheric dynamic model simulations suggest that Rossby waves generated over South America can 
propagate to and potentially influence weather patterns in the Northern Hemisphere (NH). However, 
observational evidence has been absent previously. Here we focus on southeastern South American (SESA) 
precipitation anomalies, which can characterize intraseasonal rainfall variability of the SAMS. Since tropical 
“westerly duct” and convective heating are important factors for cross-equatorial propagation of Rossby wave 
(CEPRW), we identify two groups of events based on the two factors. By comparing the events associated with 
both SESA rainfall and tropical westerlies to the events associated with tropical westerlies only, we find that an 
anomalous Rossby wave train is triggered by precipitation anomalies over SESA, propagates in the southwest–
northeast direction, and subsequently crosses the equator. Over a period of 4 days, near-surface temperature 
over northwestern Africa and western Europe becomes warmer, accompanied by increased surface downward 
longwave radiation and precipitable water. The equatorward propagating Eliassen–Palm flux anomalies 
originated from SESA support the evidence of CEPRW. Simulations using a time-dependent linear barotropic 
model forced by prescribed divergence anomalies over SESA further confirm that SESA rainfall can influence 
the NH weather patterns through CEPRW. Knowledge of this study will help us better understand and model 
interhemispheric teleconnections over the American–Atlantic–African/European sector.

Plain Language Summary The South American monsoon system dominates the seasonal cycle 
of precipitation over South America and reaches maximum during boreal winter (December–February). 
Whether and how the South American monsoon related rainfall influences weather patterns in the Northern 
Hemisphere (NH) has been previously unclear. Using observational analyses, we find that rainfall variability 
over southeastern South America (SESA) can trigger atmospheric waves, which travel northeastward and 
cross the equator. As these waves propagate and transport momentum downstream, they increase precipitable 
water, surface downward longwave radiation, and thus surface temperature over northwestern Africa and 
western Europe in about 4 days. Numerical model simulations confirm that atmospheric waves generated by 
SESA rainfall can produce observed weather patterns in the NH. Knowledge of this study can advance our 
understanding of connections of weather patterns between hemispheres over the American–Atlantic–African/
European sector.

ZHAO ET AL.

© 2023. The Authors.
This is an open access article under 
the terms of the Creative Commons 
Attribution License, which permits use, 
distribution and reproduction in any 
medium, provided the original work is 
properly cited.

The Influence of Southeastern South American Rainfall on 
Weather Patterns Over the Tropical Atlantic, Northwestern 
Africa and Western Europe
Siyu Zhao1  , Rong Fu1  , Hui Wang2, and Fei-Fei Jin3 

1Department of Atmospheric and Oceanic Sciences, University of California, Los Angeles, Los Angeles, CA, USA, 2NOAA/
NWS/NCEP/Climate Prediction Center, College Park, MD, USA, 3Department of Atmospheric Sciences, School of Ocean 
and Earth Science and Technology, University of Hawai'i at Mānoa, Honolulu, HI, USA

Key Points:
•  Southeastern South American 

rainfall can induce cross-equatorial 
propagation of Rossby wave 
(CEPRW) during boreal winter

•  Such CEPRW increases high pressure 
and surface temperature anomalies 
over northwestern Africa and western 
Europe

Correspondence to:
S. Zhao,
siyu_zhao@atmos.ucla.edu

Citation:
Zhao, S., Fu, R., Wang, H., & Jin, F.-F. 
(2023). The influence of southeastern 
South American rainfall on weather 
patterns over the tropical Atlantic, 
northwestern Africa and western Europe. 
Journal of Geophysical Research: 
Atmospheres, 128, e2023JD039447. 
https://doi.org/10.1029/2023JD039447

Received 13 JUN 2023
Accepted 4 OCT 2023

10.1029/2023JD039447
RESEARCH ARTICLE

1 of 14

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-3754-4354
https://orcid.org/0000-0002-4065-248X
https://orcid.org/0000-0001-5101-2296
https://doi.org/10.1029/2023JD039447


Journal of Geophysical Research: Atmospheres

ZHAO ET AL.

10.1029/2023JD039447

2 of 14

strong impacts on human activities such as cultivation and hydroelectricity production over that region (Carvalho 
et al., 2002; Marengo et al., 2013; Zhang et al., 2023).

During boreal winter, a dipolar rainfall pattern with two centers over the South Atlantic Convergence Zone and 
southeastern South America (SESA; similar to the region of La Plata Basin) has been identified using an empiri-
cal orthogonal function (EOF) analysis (e.g., Cherchi et al., 2014; Nogués-Paegle & Mo, 1997; Vera et al., 2018). 
This dipolar structure is known as the South American rainfall dipole and characterizes the intraseasonal rain-
fall variability of the SAMS (Boers et al., 2014; Díaz et al., 2020; Marengo et al., 2012; Paegle et al., 2000; 
Zamboni et al., 2010). SESA rainfall anomalies form the southern component of the dipolar pattern and relate to 
anomalies in large-scale climatic features such as El Niño–Southern Oscillation, Pacific–South American (PSA), 
Antarctic Oscillation, and Madden–Julian Oscillation (e.g., Grimm et al., 2000; Mo & Paegle, 2001; Silvestri & 
Vera, 2003; Vera et al., 2018). Specifically, Gelbrecht et al. (2018) found that rainfall anomalies over SESA are 
coherent with the Southern Hemisphere (SH) Rossby waves, which may be related to the PSA modes (Ghil & 
Mo, 1991; Mo & Ghil, 1987; Mo & Paegle, 2001). As the SAMS peaks in boreal winter, atmospheric circulations 
over the North Atlantic–western Europe sector exhibit substantial synoptic-to-intraseasonal variabilities (e.g., 
Ayarzagüena et al., 2018; Feldstein, 2003; Gulev et al., 2002; Luo et al., 2011). To our knowledge, the influence 
of precipitation anomalies of the SAMS, especially those related to SESA rainfall, on the Northern Hemisphere 
(NH) weather patterns through cross-equatorial propagation of Rossby wave (CEPRW) has not been documented 
in the literature.

Previous studies have widely documented interhemispheric teleconnections, which are involved with mecha-
nisms such as CEPRW (e.g., Tomas & Webster, 1994; Webster & Holton, 1982; Zhao et al., 2015), extratropical 
forced equatorial Kelvin waves (e.g., Hoskins & Yang, 2000; Liebmann et al., 2009; Mayta et al., 2021; Zhao 
& Fu,  2022), low-level cross-equatorial flow linked to monsoonal circulations (e.g., Lau & Li,  1984; Wang 
& Fu,  2002; Zhong et  al.,  2023), and shallow meridional circulations (e.g., Bowerman et  al.,  2017; Zhang 
et al., 2008). Among these mechanisms, CEPRW has been investigated in the literature through theoretical wave 
studies, observational analyses, and numerical experiments, mostly over the Pacific sector (Chen et al., 2022; 
Hsu & Lin, 1992; Karoly, 1983; Li et al., 2015, 2019; Tomas & Webster, 1994; Webster & Holton, 1982; Zhao 
et al., 2015, 2019). Two factors are important for CEPRW. The first one is the upper-tropospheric westerly wind 
over tropical regions, referred to as the “westerly duct,” enabling Rossby waves to propagate from one hemi-
sphere to the other (Charney, 1969; Dickinson, 1968; Hsu & Lin, 1992; Tomas & Webster, 1994; Webster & 
Holton, 1982). The diabatic heating related to convections over the source region is also important because it can 
trigger atmospheric trough/ridge patterns that form Rossby wave train propagating downstream (Danard, 1964; 
Emanuel et  al.,  1987; Golding,  1984; Gong et  al.,  2020; Gutowski et  al.,  1992; Gyakum,  1983; Lapeyre & 
Held, 2004; Wirth et al., 2018; Zhao et al., 2018). Previous studies have shown that convective heating in one 
hemisphere can influence weather and climate in the other and such influence may be involved with CEPRW 
(e.g., Ambrizzi & Hoskins, 1997; Chen et al., 2022; Yang & Webster, 1990; Zhao et al., 2019). For example, 
tropical heating over the tropical Indian and Pacific Oceans and Maritime Continent can influence the SH climate 
through the southward propagation of Rossby waves (Chen et al., 2022; Zhao et al., 2019).

For the Atlantic sector, Li et al. (2019) extended previous work and explored windows and barriers for CEPRW 
using a wave ray tracing method. They found that over the South American–Atlantic sector the main CEPRW 
from SH to NH during boreal winter follows a great circle with a tilt in the southwest–northeast direction. 
Evidence for the South American influence on the North Atlantic is suggested by numerical model simulations. 
For example, a Rossby wave train propagating from South America across North Atlantic towards northern 
Europe is a response to an idealized diabatic heating anomaly near northwestern South America (0°, 90ºW) in a 
barotropic model simulation (Ambrizzi & Hoskins, 1997). Other studies found that Amazon deforestations can 
result in anomalous Rossby wave trains that modify atmospheric circulations in remote areas (e.g., Gedney & 
Valdes, 2000; Snyder, 2010; Werth & Avissar, 2002). Specifically, Snyder  (2010) showed that northeastward 
propagating Rossby waves from South America are excited by a weakening of deep tropical convection due to 
Amazon deforestations and such Rossby waves can influence northeastern Atlantic and Europe by changing 
storm tracks.

This study aims to understand the influence of SESA rainfall on the NH circulation and weather patterns using 
both observational analyses and dynamic model simulations. We will first identify relevant events with anoma-
lous rainfall over SESA. We will measure the Eliassen–Palm flux (EP-flux) associated with the selected rainfall 
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events to examine the role of CEPRW in the interhemispheric teleconnec-
tion. EP-flux is a widely used diagnostic tool for wave propagation and is 
suitable for analyzing meridionally propagating waves (e.g., Dwyer & 
O'Gorman,  2017; Edmon et  al.,  1980; Hu et  al.,  2018; Lieberman,  1999). 
Finally, we will use a time-dependent barotropic model (Ting, 1996) to simu-
late the effect of SESA rainfall by prescribing a divergence anomaly (heating) 
over SESA. The examination of the atmospheric response to a prescribed 
diabatic heating anomaly is a commonly used method (e.g., Li,  2006; Li 
et al., 2015; Lutsko, 2018; Zhao et al., 2019; Zhu & Li, 2016). The remainder 
of the paper is organized as follows. Data and methodology are described 
in Section  2. Section  3.1 identifies anomalous rainfall events over SESA. 
Section 3.2 examines CEPRW associated with selected rainfall events. Baro-
tropic model simulations will be shown in Section 3.3. A summary and addi-
tional discussion are provided in Section 4.

2. Data and Methodology
2.1. Data

Daily data during DJF from 1979 to 2019 are used in this study. The precip-
itation is from National Oceanic and Atmospheric Administration (NOAA) 
Climate Prediction Center (CPC) Global Unified Gauge-Based Analysis of 
Daily Precipitation with a spatial resolution of 0.5° (Chen et al., 2008). The 
near-surface (10  m) zonal and meridional winds and multilevel geopoten-

tial height, zonal and meridional winds, and air temperature are from the European Center for Medium-Range 
Weather Forecasts fifth-generation reanalysis (ERA5) at the spatial resolution of 2.5° (Copernicus Climate 
Change Service, 2017). The near-surface air temperature (2 m), surface downward longwave radiation (LW), and 
precipitable water (also known as precipitable water vapor or total column water vapor) are also from ERA5 at 
the resolution of 1.0°.

2.2. Indices Related to SESA Rainfall and “Westerly Duct”

Tropical zonal wind at 300 hPa averaged over 10°S–10°N, 30°W–90°W (the purple box in Figure 1) is referred 
to as the U300 index, while precipitation anomalies averaged over 20ºS–35ºS, 50ºW–65ºW (the blue box in 
Figure 1) is referred to as the SESA rainfall index. The region of precipitation anomalies follows that of the south-
ern component of the South American rainfall dipole via the EOF analysis (Cherchi et al., 2014; Nogués-Paegle 
& Mo, 1997; Vera et al., 2018). Two groups of selected events in boreal winter during 1979–2019 are identified 
in this study. Group 1 is associated with SESA rainfall with a requirement of daily SESA rainfall index greater 
than one standard deviation of the daily precipitation for the calendar day (1σ). Additionally, we require that daily 
U300 index is greater than 5 m s −1 to allow latitudinal propagation across the equator. The tropical westerly wind 
generally extends from 500 to 100 hPa and has both intraseasonal and synoptic timescales (with periods spanning 
from 2.5 to 40 days and from 50 to 55 days) (not shown). When consecutive days satisfy these requirements, only 
the first day is used as Day 0 for the composite (e.g., Bowerman et al., 2017). The results are not sensitive to the 
rainfall threshold ranging from 0.5σ to 2σ and U300 threshold ranging from 1 m s −1 to 8 m s −1. We identify a total 
of 168 events for Group 1 and the maximum duration of these events is 5 days. Group 2 is associated only with 
tropical westerlies (U300 index greater than 5 m s −1) and a total of 1,374 days meet this criterion.

2.3. Eliassen–Palm Flux

EP-flux is a vector quantity in the latitude–pressure plane and the direction and magnitude of the flux indicate 
the relative importance of eddy heat flux and momentum flux. Following Equations 3.1a and 3.1b of Edmon 
et al. (1980), we calculate the EP-flux in horizontal (F(ϕ)) and vertical (F(p)) directions in a spherical coordinate 
at vertical pressure levels:

𝐹𝐹(𝜙𝜙) = −𝑟𝑟 cos𝜙𝜙𝑢𝑢′ 𝜐𝜐′, 

Figure 1. Climatological rainfall (mm day −1; shading) and 300 hPa zonal 
wind (m s −1; contours) during boreal winter from 1979 to 2019. For contours, 
red and gray lines represent positive values and zero, respectively. The region 
of the U300 index is shown within the purple box (10ºS–10ºN, 30ºW–90ºW). 
The region of southeastern South American rainfall index is shown within the 
blue box (20ºS–35ºS, 50ºW–65ºW).
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𝐹𝐹(𝑝𝑝) = 𝑓𝑓𝑓𝑓 cos𝜙𝜙 𝜐𝜐′𝜃𝜃′∕𝜃𝜃𝑝𝑝, (1)

where ϕ, r, and f are latitude, Earth radius, and Coriolis parameter, respec-
tively. u, υ, and θ are zonal and meridional winds and potential temperature, 
respectively. Over-bars and primes denote zonal means and departures there-
from, respectively. Subscripts without a parenthesis denote partial differenti-
ation. The divergence of the EP-flux is calculated following Equation 3.2 of 
Edmon et al. (1980):

Div(𝑭𝑭 ) =
1

𝑟𝑟 cos𝜙𝜙

𝜕𝜕

𝜕𝜕𝜙𝜙
(𝐹𝐹(𝜙𝜙) cos𝜙𝜙) +

𝜕𝜕

𝜕𝜕𝜕𝜕
(𝐹𝐹(𝜕𝜕)). (2)

2.4. Barotropic Model

We use a time-dependent barotropic model based on the barotropic vorticity 
equation linearized about a mean state (Ting, 1996). The forcing in the model 
is prescribed divergence over a selected rainfall domain and the divergence 
anomaly could be shown as

𝐷𝐷(𝜆𝜆𝜆 𝜆𝜆) = 𝐴𝐴𝐴𝐴
−

(

𝜆𝜆−𝜆𝜆0

𝑏𝑏

)2

𝐴𝐴
−

(

𝜆𝜆−𝜆𝜆0

𝑏𝑏

)2

𝜆
 (3)

where λ and ϕ are longitude and latitude, respectively, for a point. The forcing 
center is at longitude λ0 and latitude ϕ0. A is amplitude, which is 1.2 × 10 −6. 
b is e-folding scale (equal to 5° for zonal and meridional directions), so that 
the divergence anomaly is close to zero outside the selected rainfall domain.

In addition, all the mean and anomaly fields are expanded with spherical 
harmonics (spectral model) and truncated to rhomboidal wavenumber 15. 
The horizonal resolution is 7.5° and 4.5° for longitude and latitude, respec-
tively. One timestep is 10  min. The biharmonic diffusion coefficient and 
Rayleigh friction time scale are 2 × 10 16 m 2 s −1 and 8 days, respectively. A 
detailed description of the barotropic model can be found in Ting (1996).

3. Results
3.1. Southeastern South American Rainfall Variability

Figure 1 shows long-term climatology (averaged from 1979 to 2019) of the South American rainfall and 300-hPa 
zonal wind during boreal winter (DJF). Due to the presence of the SAMS (e.g., Jones & Carvalho,  2002; 
Liebmann & Mechoso, 2011; Vera et al., 2006; Zhou & Lau, 1998), the heaviest rainfall occurs over the Amazon 
basin and its magnitude gradually drops from the tropics to subtropics. The rainfall within the blue box represents 
the southern component of the South American rainfall dipole identified in previous studies (Cherchi et al., 2014; 
Nogués-Paegle & Mo, 1997; Vera et al., 2018). In the upper troposphere, westerly wind zones appear over the 
equatorial Atlantic, allowing Rossby waves propagating from the SH to NH (e.g., Hsu & Lin, 1992; Tomas & 
Webster, 1994; Webster & Holton, 1982). Despite westerlies over the equatorial Atlantic, a strong easterly barrier 
appears over the Amazon basin due to the presence of an upper-tropospheric high pressure center over southern 
Amazon in boreal winter, making it hard for Rossby waves to propagate across the equator there (Li et al., 2019).

Following the method in Section 2.2, two groups of the events in DJF during 1979–2019 are identified. Events in 
Group 1 are influenced by SESA rainfall and tropical westerlies, and those in Group 2 are influenced by tropical 
westerlies only. Figure 2a shows the evolution of daily SESA rainfall index for all selected events in Group 1 and 
the events of Group 1 with the duration of 1 day, 2 days, and more than 2 days, respectively. For all selected events 
in Group 1 (gray line), Day 0 represents the peak day of the rainfall. The rainfall index from Day −1 to Day +3 
is significantly different from that in Group 2 at the 95% level according to a bootstrap significance test (Efron & 
Tibshirani, 1994), indicating that choosing 1σ as a threshold for strong precipitation anomalies can truly separate 
the two groups. We calculate the duration (i.e., the total number of consecutive days with daily precipitation 

Figure 2. (a) The evolution of daily southeastern South American rainfall 
index (mm day −1) for all selected events in Group 1 and the events with the 
duration of 1 day, 2 days, and more than 2 days, respectively, from Day −2 to 
Day +4. (b) Same as (a), but for daily U300 index (m s −1). The days with large 
dots indicate that the index for the selected events in Group 1 is significantly (at 
the 95% level) different from that for Group 2 according to the bootstrap test.
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anomalies greater than 1σ for an event) of the selected events in Group 1. The result shows that two-thirds of 
the events are short-lasting rainfall events, while around 8% of the events last 3 days or more. By definition, the 
rainfall index for the events with 1-day, 2-day, and more than 2-day duration peaks on Day 0 (red line), on both 
Day 0 and Day +1 (green line), and from Day 0 to Day +2 (blue line), respectively.

Figure 2b shows the corresponding evolution of daily U300 index for Group 1. The value of the zonal wind at 
300 hPa gradually increases when the duration of the events increases. To evaluate whether SESA rainfall anomalies 
are influenced by upper-tropospheric zonal winds over the tropics, we break down SESA rainfall by events where the 
tropical westerlies are active (i.e., U300 > 5 m s −1; as in Group 1) and events where they are not (i.e., U300 ≤ 5 m s −1). 
The result shows that the events with inactive tropical westerlies exhibit a very similar plot compared to the gray 
line in Figure 2a, indicating that SESA rainfall is not influenced by upper-tropospheric zonal wind over the tropics.

3.2. Cross-Equatorial Waves Associated With SESA Rainfall

In this section, we examine atmospheric circulations and weather patterns associated with SESA rainfall. Since 
the lower-level wave train dissipates due to surface friction (e.g., Hsu & Lin, 1992; Wallace & Gutzler, 1981), 
we focus on the upper-level wave train patterns and examine how they influence the NH circulations. Standard-
ization of circulation patterns are used for a better representation in the tropics (e.g., Bowerman et al., 2017). 
Figure 3 shows the evolution map of atmospheric circulations associated with Group 2. Symmetric circulation 

Figure 3. (a–d) Composite anomalies of standardized 200 hPa geopotential height (shading) and standardized 200 hPa 
streamfunction (contours) for the events in Group 2 from Day −2 to Day +4. For contours, solid red and dashed blue lines 
represent positive and negative values, respectively. Stippling indicates areas significant at the 95% level according to the 
bootstrap test. The region of the U300 index is shown within the purple box (10ºS–10ºN, 30ºW–90ºW).
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pattern about the equator can be seen from two days before the peak of U300 (Figure 3a) to four days after its 
peak (Figure 3d). The magnitude of circulation centers over the NH becomes weaker after Day 0 (Figures 3b–3d). 
There is no clear evidence of northward propagated cross-equatorial waves in the composite of Group 2, which is 
possibly dominated by quasi-stationary Rossby waves.

Figure 4 shows composite maps for the difference between Group 1 and Group 2 from Day −2 to Day +4. Such 
maps indicate the net effect of SESA rainfall on circulation patterns. Geopotential height anomalies have the 
same sign as streamfunction anomalies in the NH, but the opposite sign in the SH. Before the peak of SESA 
rainfall (Day −2), a high pressure center exists over western Europe and northwestern Africa, but it may not be 
related to CEPRW because wave signals over the tropics are quite weak (Figure 4a). During the peak of SESA 
rainfall (Day 0), a Rossby wave train propagates downstream in a southwest–northeast direction over the South 
American–Atlantic sector, and ridge/trough centers with large magnitude mainly appear over the subtropics 
(Figure 4b). From Day 0 to Day +2, negative geopotential height anomalies (also the dipole of streamfunc-
tion anomalies) near the equator intensify, accompanied by intensified high pressure anomalies over western 
Europe and northwestern Africa (Figures 4b and 4c). On Day +4, the wave train weakens, leading to a shrinking 
of the high pressure center over western Europe and northwestern Africa (Figure 4d). These results provide 

Figure 4. (a–d) Composite of standardized 200 hPa geopotential height (shading), standardized 200 hPa streamfunction 
(contours), and standardized near-surface (10 m) wind (vectors) anomalies for the difference between Group 1 and Group 2 
from Day −2 to Day +4. For contours, solid red and dashed blue lines represent positive and negative values, respectively. 
Stippling indicates areas significant at the 95% level according to the bootstrap test. Vectors significant at the 95% level are 
shown. The region of the U300 index is shown within the purple box (10ºS–10ºN, 30ºW–90ºW). The region of southeastern 
South American rainfall index is shown within the green box (20ºS–35ºS, 50ºW–65ºW). The green curve indicates the 
pathway of the wave train.
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evidence that CEPRW associated with SESA rainfall can intensify high pressure anomalies over the NH. The 
pathway of the CEPRW follows a great circle with a tilt in the southwest–northeast direction, as suggested by 
Li et al. (2019).

In addition, from Day −2 to Day 0, the South American low-level jet (Montini et al., 2019) brings abundant 
moisture to SESA, causing mesoscale convective systems and strong precipitation anomalies (Figures 4a and 4b; 
Boers et al., 2013, 2014; Durkee et al., 2009; Salio et al., 2007). Strong precipitation anomalies can generate 
Rossby wave train by anomalous latent heating associated with cloud and rainfall formation through baroclinic 
processes (e.g., Danard, 1964; Emanuel et al., 1987; Golding, 1984; Gong et al., 2020; Gutowski et al., 1992; 
Gyakum, 1983; Lapeyre & Held, 2004; Wirth et al., 2018; Zhao et al., 2018). The wave train pattern near SESA 
exhibits a baroclinic structure in the vertical, with upper-level geopotential height anomalies appearing to the 
southwest of the lower-level geopotential height anomalies (not shown). The low-level flow weakens signifi-
cantly after the peak of SESA rainfall (Figures 4c and 4d).

To further investigate the role of SESA rainfall and associated CEPRW, we show EP-flux anomalies for the 
difference between the two groups on a latitude–pressure plane (Figure 5). From two days before the peak of 
SESA rainfall, upward EP-flux anomalies propagate vertically from the lower troposphere near 30ºS, indicating 
that meridional heat flux dominates (Figures 5a and 5b). Equatorward propagating EP-flux anomalies, mainly 
confined in the upper troposphere, start to cross the equator from Day +2 and end around Day +4 (Figures 5c 
and 5d), accompanied by a series of divergence/convergence anomalies that can accelerate/decelerate westerly 
winds (Chen et al., 2002; Chen & Wu, 2018). The equatorward EP-flux anomalies suggest that meridional flux 
of zonal momentum dominates. Downward EP-flux anomalies appear over 15ºN–60ºN on Day +2 (Figure 5c) 
and likely influence the lower tropospheric circulation and surface weather over western Europe and northwest-
ern Africa. The EP-flux propagation in Figure 5 is consistent with the CEPRW in Figure 4, further confirm-
ing that SESA rainfall generates upper-level Rossby wave trains that cross the equator and influence the NH 
circulations.

Figure 6 shows the change in near-surface temperature and lower-tropospheric circulations over the Eurasian–
African sector before and after the peak of SESA rainfall. Before CEPRW reaches the extratropical NH, positive 
temperature anomalies over western Europe are associated with a high pressure center, whose magnitude reduces 
from Day −2 to Day 0 (Figures 6a and 6b). After Day 0, the high pressure center significantly expands and inten-
sifies over northern Africa, much stronger than that on Day −2, indicating the effect of CEPRW (Figure 6c). The 
high pressure center is accompanied by near-surface anticyclonic wind anomalies. As the circulation patterns 

Figure 5. (a–d) Same as Figure 4, but for composite of Eliassen-Palm flux (vectors with units of 10 5 Pa m 2 s −2 for vertical 
vectors and 2 × 10 7 m 3 s −2 for horizontal vectors) and associated divergence (m 2 s −2; shading) anomalies. Vectors significant 
at the 95% level are shown in black. The region between the two dashed blue lines represents southeastern South America, 
and that between the two dashed red lines denote western Europe and northwestern Africa.
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change, near-surface temperature anomalies also change. Over Europe, positive temperature anomalies over west-
ern Europe increase from Day 0; negative temperature anomalies over eastern Europe decrease in magnitude; and 
negative temperature anomalies over northern Europe generally stay the same (Figures 6b and 6c). The largest 
change in temperature anomalies occur over northwestern Africa on Day +2, with the value greater than 0.5ºC. 
Such an increase of positive temperature anomalies corresponds to an intensification of upper-level high pressure 
anomalies shown in Figure 4, as well as downward EP-flux anomalies around 15ºN–60ºN in Figure 5. On Day 
+4, temperature anomalies over western Europe and northwestern Africa decrease due to weakened CEPRW 
(Figure 6d).

We also evaluate surface radiation change associated with near-surface temperature change. We find that change 
in surface downward LW (shading; Figure 7) is consistent with change in near-surface temperature (Figure 6), 
while the change in surface downward shortwave radiation is not (not shown). Over western Europe and north-
western Africa, LW gradually increases from Day 0 and weakens on Day +4. Such positive LW anomalies are 
linked to positive precipitable water anomalies (contours) that provide moisture in the atmosphere and thus emit 
LW back to the surface. To further examine the relationship among LW, near-surface temperature, and precip-
itable water, we calculate the spatial correlation between near-surface temperature and LW and that between 
precipitable water and LW over western Europe and northwestern Africa (15ºN–60ºN, 20ºW–30ºE) for all the 
events in Group 1. Figure 8 shows the box plot for the spatial correlation coefficients, the mean/medium of which 
is significant at the 99% level. The result suggests that (a) the correlation between each pair of the variables 
generally stays the same (despite the large variation in the minimum value) during the evolution of the event 
(i.e., from Day −2 to Day +4) and (b) the relationship between LW and precipitable water is closer than that 
between LW and near-surface temperature. In addition, we examine the change in precipitation corresponding to 
CEPRW. The difference in precipitation between the two groups is insignificant over western Europe and north-
western Africa (not shown), despite positive precipitable water anomalies shown in Figure 7. Such insignificant 
precipitation anomalies are probably due to general dry conditions on surface, especially the Sahara Desert over 
northern Africa.

Figure 6. (a–d) Same as Figure 4, but for composite of near-surface temperature (ºC; shading), standardized 700 hPa 
streamfunction centers (contours), and standardized near-surface wind (vectors).
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3.3. Barotropic Model Simulations

To simulate CEPRW triggered by SESA rainfall, we force a time-dependent linear barotropic model (Ting, 1996) 
by prescribing divergence anomalies over SESA. We use composite 200 hPa zonal and meridional winds of all 
selected events of Group 1 on Day 0 (peak day of the rainfall) as a basic state (background flow) for the linear baro-
tropic model. We use 200 hPa wind fields as a basic state because the CEPRW mainly occurs in the upper tropo-
sphere between 100 and 300 hPa (Figure 5). The composite map of the zonal wind at 200 hPa (U200; Figure 9a) 
is similar to the climatological 200 hPa zonal wind during boreal winter. As shown in Figure 2a (gray line), the 
average duration of the events is around 4 days, that is, growing from Day −1, peaking on Day 0, decaying on Day 
+1, and ending on Day +2. Thus, we create time-varying forcing starting from Day −1. The prescribed divergence 
anomaly (Equation 3) for SESA rainfall on Day 0 (i.e., the peak of the rainfall) is shown in Figure 9b. The diver-
gence anomaly field looks asymmetric because the center of the anomaly is not right at a grid point of the model. 
For other days, a coefficient is applied to Figure 9b in order to be consistent with evolution of observed SESA rain-
fall anomalies. For example, coefficients for Day −1, Day +1, and Day +2 are 0.23, 0.40, and 0.09, respectively.

Figure 10 shows that the divergence anomaly generates a Rossby wave train propagating from South America 
via the equator towards western Europe and northwestern Africa following a great circle (green line) from Day 
0 to Day +4. The timing and general locations of simulated anomalous centers of streamfunction anomalies, 
that is, negative anomalies over SESA and tropical eastern Atlantic–western Africa sector and positive anom-
alies over equatorial South America and western Europe–northwestern Africa, broadly resemble the observa-
tions (Figure 10 vs. Figure 4). The shrinking of high pressure anomalies over western Europe and northwestern 
Africa is also well captured by the model on Day +4 (Figure 10f), corresponding to the observations on Day 
+4 (Figure 4d). Discrepancies in the exact pattern and location are mainly resulted from the simplicity of the 
model, for example, ignoring baroclinic processes that intrinsically affect initial perturbations triggered by local 
precipitation anomalies (e.g., Held et al., 1985). A better comparison of the CEPRW between model simulations 
and observations is expected if we switch to a more sophisticated model.

Figure 7. (a–d) Same as Figure 4, but for composite of longwave radiation (W m −2; shading) and precipitable water (kg m −2; 
contour). For contours, solid yellow and dashed purple lines represent positive values and negative values, respectively.



Journal of Geophysical Research: Atmospheres

ZHAO ET AL.

10.1029/2023JD039447

10 of 14

4. Summary and Discussion
This study investigates the influence of South American rainfall on the NH 
weather patterns during boreal winter and examines the role of CEPRW in 
the interhemispheric teleconnection. In particular, we focus on the southern 
component of the South American rainfall dipole, that is, SESA rainfall (e.g., 
Boers et al., 2014; Cherchi et al., 2014; Díaz et al., 2020; Marengo et al., 2012; 
Nogués-Paegle & Mo,  1997; Paegle et  al.,  2000; Vera et  al.,  2018). Two 
groups of the events in DJF during 1979–2019 are identified, with one group 
associated with both SESA rainfall and tropical westerlies and the other 
group associated with tropical westerlies only. The first group includes two 
factors that may induce CEPRW: diabatic heating related to convections and 
“westerly duct,” while the second group only has “westerly duct.” The differ-
ence in composite maps of selected events between the two groups represents 
the net effect of SESA rainfall on circulations and surface weather patterns.

Rainfall anomalies over SESA can trigger an upper-tropospheric anoma-
lous Rossby wave train through anomalous latent heat release (e.g., Gong 
et al., 2020; Wirth et al., 2018; Zhao et al., 2018). Over a period of 4 days, 
the Rossby wave train crosses the equator following a great circle with a 
tilt in the southwest–northeast direction, and high pressure anomalies over 
western Europe and northwestern Africa are intensified due to the CEPRW, 
which is further confirmed by equatorward propagating EP-flux anomalies. 
The CEPRW can also influence the NH surface fields. Near-surface temper-
ature anomalies over northwestern Africa increase significantly, accompa-
nied by lower-tropospheric high pressure anomalies and anticyclonic wind 
anomalies. The temperature change over Europe is not as significant as that 
over northwestern Africa, but there is a temperature increase over Europe in 
general. The surface downward LW is also increased over western Europe 
and northwestern Africa, as a result of increased precipitable water. Such 
variations of LW can at least partly explain near-surface temperature anom-
alies associated with CEPRW. Finally, we apply a time-dependent linear 
barotropic model by prescribing a divergence anomaly over SESA. The 
timing and general locations of simulated anomalous centers of streamfunc-

tion anomalies broadly resemble the observations, further confirming the role of SESA rainfall and generated 
CEPRW in the NH weather.

This study provides observational evidence for a previously overlooked physical mechanism that influences 
weather patterns over northwestern Africa and western Europe. Knowledge of this study represents a first step to 

Figure 8. (a) Box plot for the minimum, 25th percentile, median, 75th 
percentile, and maximum of the spatial correlation between near-surface 
temperature and longwave radiation (LW) over western Europe and 
northwestern Africa for the events in Group 1 from Day −2 to Day +4. (b) 
Same as (a), but for the spatial correlation between precipitable water and LW. 
The asterisk denotes the mean of the correlation.

Figure 9. (a) The basic state represented as composite 200 hPa zonal wind (m s −1) of all the selected events of Group 
1 during the peak day of the rainfall. (b) The divergence anomaly (s −1) for prescribed heating over southeastern South 
American on Day 0.
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advance our understanding of interhemispheric teleconnections over the American–Atlantic–African/European 
sector, which has received little attention previously. The future work includes the consideration of baroclinic 
and nonlinear processes involved with CEPRW and investigation of the relationship between CEPRW and PSA 
modes.

Data Availability Statement
All the data used in this study are available online. The daily precipitation data is from NOAA CPC (NOAA 
CPC, 2008). The ERA5 reanalysis data is from Copernicus Climate Change Service (2017). The links to the data 
are provided in the reference.
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