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ABSTRACT
Previous studies have tended to adopt the quasi-decadal variability of the solar cycle (e.g. sunspot 
number (SSN) or solar radio flux at 10.7 cm (F10.7) to investigate the effect of solar activity on El 
Niño–Southern Oscillation (ENSO). As one of the major terrestrial energy sources, the effect of solar 
wind energy flux in Earth’s magnetosphere (Ein) on the climate has not drawn much attention, due to 
the big challenge associated with its quantitative estimation. Based on a new Ein index estimated by 
three-dimensional magnetohydrodynamic simulations from a previous study, this study reveals that 
Ein exhibits both quasi-decadal variability (periodic 11-year) and interannual (2–4 years) variability, 
which has rarely before been detected by SSN and F10.7. A significant interannual relationship 
between the annual mean Ein and subsequent early-winter ENSO is further revealed. Following high 
Ein, the sea level pressure in the subsequent early winter shows significant positive anomalies from 
Asia southward to the Maritime Continent, and significant negative anomalies over the Southeast 
and Northeast Pacific, resembling the Southern Oscillation. Meanwhile, significant upper-level 
anomalous convergence and divergence winds appear over the western and eastern Pacific, which 
is configured with significant lower-level anomalous divergence and convergence, indicating 
a weakening of the Walker circulation. Consequently, notable surface easterly wind anomalies 
prevail over the eastern tropical Pacific, leading to El Niño-like sea surface temperature anomalies. 
It is suggested that better describing the processes in the solar wind–magnetosphere–ionosphere 
coupled system is essential to understand the solar influence on climate change.

摘要
作为地球系统的主要能量来源，进入地磁系统的太阳风能量通量（Ein）一直难以估算。因
此，Ein对气候的影响也没有得到广泛的研究。基于三维磁流体动力模拟估算的Ein，本文指出，
太阳风能量通量不仅存在准11年周期的年代际变率，同时还存在2−4年周期的年际变率。与以
往主要关注太阳活动在年代际尺度上的气候效应的研究不同，本文揭示出太阳风能量通量与次
年ENSO年际变率存在显著的联系。

1. Introduction

It is well recognized that variations in solar irradiance, 
especially on quasi-decadal time scales, exert substan-
tial effects on tropospheric climate (Christoforou and 
Hameed 1997; Gray et al. 2010; Herschel 1801; Liu and 
Lu 2010). Strong connections between the 11-year solar 
cycle (e.g. solar radio flux at 10.7 cm (F10.7) or sunspot 
number (SSN)) and climatic variability in the tropo-
sphere–lower stratosphere have been well documented 
(Ineson et al. 2011; Labitzke and Van Loon 1988, 1997; 
Loon and Labitzke 1988). For instance, both observational 

and modelling results have documented the changes in 
regional and global pressure systems associated with the 
11-year solar cycle, including the eastward (southward) 
migration of the Aleutian low (Hawaiian high) during min-
imum sunspots years (Christoforou and Hameed 1997), 
apparent positive pressure anomalies over the Gulf of 
Alaska in November–January of peak sunspots years 
(van Loon and Meehl 2008; Loon and Meehl 2014), and 
positive phases of the North Atlantic Oscillation in win-
ters of maximum solar cycles (Kodera 2003; Thiéblemont  
et al. 2015).
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BT is the transverse magnetic field magnitude (units: nT), 
and θ is the interplanetary magnetic field clock angle. 
Solar wind data is obtained from NASA OMNIweb (http://
omniweb.gsfc.nasa.gov/). It has been suggested that Ein 
performs better than the empirical parameter used by 
Perreault and Akasofu (1978) in quantitatively estimating 
the energy input on the global scale (Wang et al. 2014).

2.2. Spatial data and other indices

Monthly mean atmospheric circulation data are obtained 
from the National Centers for Environmental Prediction–
National Center for Atmospheric Research (NCEP/NCAR) 
reanalysis (Kalnay et al. 1996), with a horizontal resolu-
tion of 2.5° × 2.5°. To support the results derived from the 
NCEP/NCAR reanalysis, observational gridded monthly 
SLP data from the Met Office Hadley Center (HadISLP2r) 
are employed (Allan and Ansell 2006), with a horizontal 
resolution of 5° × 5°. The sea surface temperature (SST) 
data is also from the Met Office Hadley Centre (Rayner et 
al. 2003), with a horizontal resolution of 1° × 1°.

Given that the atmosphere plays an important role in 
transferring the solar signal to the ocean (Thiéblemont et 
al. 2015), we first use SO indices to investigate the relation-
ship between Ein and ENSO. Three SO indices are calcu-
lated from the monthly SLP anomaly (SLPA) for the period 
January 1964 to December 2013, based on the method 
proposed by Schwing, Murphree, and Green (2002). The 
Northern Oscillation Index (NOI), which is roughly the 
North Pacific equivalent of the SO index, is defined as the 
difference in the SLPA between the climatological mean 
position of the center of the North Pacific high (35°N, 
130°W) and Darwin (10°S, 130°E). One SO index (SIO1) is 
defined as the difference in the SLPA between the clima-
tological mean position of the center of the South Pacific 
high (30°S, 95°W) and Darwin (10°S, 130°E), and the other 
(SOI2) is defined as the difference in the SLPA between 
Tahiti (18°S, 150°W) and Darwin (10°S, 130°E). SSN and 
F10.7 indices are obtained from National Centers for 
Environmental Information of the NOAA (https://www.
ngdc.noaa.gov/stp/solar/solar-indices.html). All correla-
tion and regression analyses are based on the detrended 
datasets.

3. Results

3.1. Different variability of Ein from SSN and F10.7

Considering that many previous studies have addressed 
the connection between SSN or F10.7 and climate (Huo 
and Xiao 2016; Nuzhdina 2002; Troshichev et al. 2005; 
Xiao and Li 2016; Xiao et al. 2017), we first discuss the dif-
ference between the solar wind energy and SSN/F10.7.  
Figure 1(a)–(c) display the normalized time series of 

Over the Pacific, one of the most dramatic features of 
sea level pressure (SLP) is the Southern Oscillation (SO) 
(Rasmusson and Carpenter 1982), together with El Niño/
La Niña events, collectively known as El Niño–Southern 
Oscillation (ENSO) (Zebiak and Cane 1987). Previous stud-
ies have reported that ENSO is related to the internal cycle 
of feedback within the tropical Pacific ocean–atmosphere 
climatic systems (Chen, Chen, and Yu 2017; Chen et al. 2016; 
Chen and Zhou 2012; Graham and White 1988; McCreary Jr 
1983; Nuzhdina 2002). Many recent studies have revealed 
that the extratropical forcing associated with large-scale 
atmospheric circulation plays very important roles in the 
formation of ENSO (Chen et al. 2013, 2015; Chen, Yu, and 
Chen 2014, 2015). Controversially, it has also been claimed 
that external forcing such as volcanic aerosols (Emile-Geay 
et al. 2008; Handler 1984) and Pacific bottom seismic 
events (Walker 1995) can explain the variability of ENSO. 
Additionally, the contribution of the 11-year solar cycle 
to the interdecadal variability of ENSO has been widely 
discussed (Kirov and Georgieva 2002; Marchitto et al. 2010; 
Troshichev et al. 2005). As the solar cycle cannot directly 
reflect the total energy contributing to Earth’s atmosphere 
and is dominated by quasi-decadal variability (Ammann 
et al. 2007; Scafetta and West 2006), the interannual rela-
tionship between ENSO and solar activity, as well as the 
related mechanisms, is far from clear.

Although the total solar energy penetrating Earth’s 
atmosphere is considerably smaller than the total solar 
irradiance, the interannual variability of the energy input 
from the solar wind is much larger (Troshichev et al. 2005). 
Therefore, it is very interesting to examine the interannual 
relationship between the total energy input from the solar 
wind into Earth’s magnetosphere (Ein) and ENSO, which has 
rarely been discussed before because of the big challenge 
in quantitatively estimating Ein (Akasofu 1981; Newell et 
al. 2008). Based on a totally new Ein index, which is quan-
titatively estimated via three-dimensional magnetohy-
drodynamics (Wang et al. 2014), we reveal a statistically 
significant interannual relationship between the annual 
mean Ein and the subsequent early-winter ENSO.

2. Data and methods

2.1. Energy input from the solar wind into Earth’s 
magnetosphere

A three-dimensional magnetohydrodynamic simulation 
is used to quantitatively estimate Ein (units: W), which is 
defined as follows (Wang et al. 2014):

Here, nSW and VSW are the solar wind number density (units: 
cm−3) and solar wind velocity (units: km s−1), respectively; 
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Figure 1.  normalized time series of annual-mean (a) ssn, (b) F10.7, and (c) Ein during 1963–2012. morlet wavelet analysis for the 
standardized time series of annual-mean (d) ssn, (e) F10.7, and (f ) Ein.
notes: the dotted regions are statistically significant at the 95% confidence level for a red-noise process. cross-hatched regions on either end indicate the ‘cone of 
influence’, where edge effects become important.

(a) (b) (c)

Figure 2. evolution of the lagged (so lags solar activity) correlation coefficients between the annual-mean (a) ssn, (b) F10.7, and (c) Ein 
during 1963–2012 and the seasonal-mean so indices during 1964–2013.
note: the dashed lines indicate statistically significant correlation coefficients at the 90% confidence level.
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outlined in Section 2.2). The temporal evolution of the 
lagged correlations between the annual-mean Ein and 
the seasonal-mean SO indices indicates that significant 
correlations start to emerge in the following autumn, 
with the strongest correlation in the following early 
winter (October to December) (Figure 2(c)). In contrast, 
such a statistically significant interannual relationship is 
not observed between the 11-year solar cycle (i.e. SSN or 
F10.7) and the SO indices (Figures 2(a) and (b)). This implies 
that the annual accumulation of solar energy potentially 
contributes to the interannual variability of the SO in the 
following early winter.

To give more detail on the different influences between 
Ein and SSN/F10.7, we present in Figure 3 the regression of 
early-winter SLP upon the preceding annual Ein and SSN. 
At lag(+1 yr) of high total solar wind energy penetrating 
Earth’s magnetosphere, the early-winter SLP shows statis-
tically significant anomalies over Asia, the eastern Indian 
Ocean, the western Pacific, the North and South Pacific, 
and the United States (Figure 3(a)). A statistically signifi-
cant high-pressure anomaly (0.3–1.4  hPa) extends from 
Asia southward to the Maritime Continent (between 40°S 
and 40°N), and a significant low-pressure anomaly (−1.2 
to −0.2 hPa) is located in the subtropical North (20°–60°N) 

annual-mean SSN, F10.7 and Ein during 1963–2012. It is 
apparent that SSN and F10.7 are dominated by low-fre-
quency variability, with alternate positive and negative 
phases (Figure 1(a) and (b)). Morlet wavelet analysis indi-
cates that SSN and F10.7 show clear low-frequency oscil-
lation, with a period of about 11  years (Figure 1(d) and 
(e)). Moreover, the wavelet power of SSN and F10.7 with 
periods below 8 years is not statistically significant. In con-
trast, the periodicity of Ein is not as stable as that of SSN and 
F10.7. It displays both interannual and decadal variability 
(Figure 1(c)), which is more apparent by inspecting Figure 
1(f ). The indication is that Ein is dominated by variability 
with 2–4-year and 8–11-year periodicity (Figure 1(f )). These 
results are also supported by spectral analysis (data not 
shown). Additionally, compared with the high correlation 
coefficient of 0.988 between SSN and F10.7, the correla-
tion coefficients of 0.637/0.647 between Ein and SSN/F10.7 
imply a notable difference between Ein and SSN/F10.7.

3.2. Linkages between atmospheric circulation and 
Ein

To confirm a robust linkage between ENSO and Ein, we 
adopt three different SO indices (NOI, SIO1, and SOI2, as 

Figure 3. (a, b) regression maps of ncep1/hadley sLp (contours; units: hpa) in early winter 1964–2013 upon the Ein during 1963–2012. 
Light and dark shading indicates statistical significance at the 90% and 95% confidence level, respectively. (c, d) As in (a, b) but regressed 
upon ssn.
notes: the pentagrams indicate the position of the centers of sLp in the north pacific (35°n, 130°W), darwin and Australia (10°s, 130°e), the south pacific (30°s, 
95°W), and tahiti (18°s, 150°e); the same in subsequent figures.
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Murphree, and Green 2002), has rarely been detected 
before by crude composite differences between maximum 
and minimum solar phases. As illustrated by Figure 3(c) 
and (d), the SLPAs related to SSN are less significant and 
smaller in magnitude than those related to Ein.

and South (60°–20°S) Pacific. The spatial distribution 
derived from HadSLP2r is similar to that from the NCEP/
NCAR reanalysis (Figure 3(b)), indicating the robustness of 
the results. Such an anomalous pressure pattern, resem-
bling the SO (Rasmusson and Carpenter 1982; Schwing, 

convergence

divergence

divergence

convergence

Figure 4. regression maps of the divergence component of the wind (div; vectors; units: m s−1) and velocity potential (Vp; shading; 
units: 105 m2 s−1) at (a) 100 hpa and (b) 850 pa in early winter 1964–2013 upon the Ein during 1963–2012. (c) As in (a) but for a vertical–
longitude cross section of Vp averaged over (35°s–35°n).
notes: Values enclosed by contours in (a) and (b) and stippling in (c) indicate statistically significant Vp anomalies at the 90% confidence level. the black arrows in 
(c) are a schematic representation of the anomalous Walker circulation.



6   S.-P. HE ET AL.

positive velocity potential anomaly centers are located 
(Figure 4(a) and (b), vectors). It should be noted that the 
significant anomalous divergence/convergence winds 
are observed in the locations used to identify the SO indi-
ces (Figure 4(b), blue boxes), confirming the significant 
influence of Ein on the formation of the SO. This is further 
supported by the cross section (averaged between 35°S 
and 35°N) of velocity potential, which indicates that the 
anomalies west of the date line are opposite to those in 
the east, and the sign also reverses at ~400 hPa or ~7 km 
(Figure 4(c)). The configuration of anomalous divergence/
convergence indicates a pronounced weakening of the 
Pacific Hadley–Walker circulation (Bjerknes 1966), which 
is an important dynamical contributor to the formation of 
the SO (Schwing, Murphree, and Green 2002). As a result, 
corresponding to an increasing of the total energy input 
from the solar wind penetrating Earth’s magnetosphere, 

3.3. Anomalous atmospheric dynamical processes 
of ENSO associated with Ein

Linear regression of early-winter velocity potential at 
lag(+1 yr) onto Ein shows a zonally oriented dipole pattern 
with opposite sign at the near surface (850 hPa ≈ 1.4 km) 
and upper level (100 hPa ≈ 16 km) (Figure 4(a) and (b)). At 
850 hPa, a statistically significant anomalous divergence 
center (approximately −4.0  ×  105  m2 s−1) is strictly con-
fined to Darwin Island, accompanied by two statistically 
significant positive centers located around Tahiti Island 
and the Northeast Pacific (35°N, 130°W) (Figure 4(b), shad-
ing). Similar results but with opposite sign are apparent 
in the upper troposphere. Note that the velocity poten-
tial anomaly in the upper troposphere is stronger, with a 
magnitude as high as 1.4 × 106 m2 s−1 (Figure 4(a), shad-
ing). Additionally, apparent significant anomalous diver-
gence and convergence winds appear where negative and 

Figure 5. correlation/regression of sst (shading)/1000-hpa wind (vectors; units: m s−1) in early winter 1964–2013 upon the (a) Ein/ (b) 
ssn during 1963–2012. cross-hatched areas indicate statistically significant values at the 90% confidence level.
note: Winds are only displayed if either component of the wind anomalies is statistically significant at the 90% confidence level.
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