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Abstract
Solar signals in the atmosphere and the ocean, especially in tropopause temperatures and lower stratospheric water vapour 
are investigated using recent observational and reanalyses data sets for the period from 1958 through 2013. Previous observa-
tional and modeling studies demonstrated solar influences in the lower stratosphere resembling a positive Northern Annular 
Mode due to the top-down mechanism involving enhanced solar UV radiation in the stratosphere during solar maxima and 
dynamical amplification mechanisms in the atmosphere. We found that these stratospheric changes might propagate down 
to the troposphere and become zonally asymmetric with characteristic pressure and wind pattern over the North Atlantic and 
North Pacific. Such changes in tropospheric circulation are related to anomalous positive SST anomalies in the central Pacific 
which resemble an El Niño Modoki event. We show for the first time with ocean reanalysis data that these SST anomalies are 
amplified by a positive feedback through oceanic subsurface currents and heat transport in the equatorial Pacific. Anomalous 
warm SSTs in the equatorial central Pacific change the zonal SST gradient and lead to anomalous westerly winds and currents 
in the western Pacific and easterly winds and currents in the eastern Pacific. This indicates a convergence and less upwelling 
and therefore enhances the positive SST anomalies in the equatorial central Pacific. Such a positive feedback results in a 
peak of El Niño Modoki events about 2 years after the solar maximum. These solar-induced signals in the ocean in turn 
modify the circulation and convection in the troposphere, resulting in lagged solar signals of anomalous high tropopause 
heights and negative anomalies in tropopause temperatures as well as in lower stratospheric water vapour over the equato-
rial Pacific which are in agreement with a time evolving solar-induced El Niño Modoki-like SST pattern. We demonstrate a 
solar modulation of intrinsic decadal climate variability over the Pacific which is amplified by positive feedbacks between 
the ocean and the atmosphere.

Keywords 11-Year solar cycle · TropoPause temperature (TPT) · Decadal variability · Lower stratospheric (LS)water 
vapour · Sea surface temperature (SST)

Electronic supplementary material The online version of this 
article (https ://doi.org/10.1007/s0038 2-018-4464-0) contains 
supplementary material, which is available to authorized users.

 * Wuke Wang 
 wuke.wang@nju.edu.cn

 * Katja Matthes 
 kmatthes@geomar.de

1 Institute for Climate and Global Change Research, School 
of Atmospheric Sciences, Nanjing University, Nanjing, 
China

2 Joint International Research Laboratory of Atmospheric 
and Earth System Sciences (JirLATEST), Nanjing University, 
Nanjing, China

3 Collaborative Innovation Center of Climate Change, Nanjing, 
Jiangsu, China

4 GEOMAR Helmholtz-Zentrum für Ozeanforschung Kiel, 
Kiel, Germany

5 Christian-Albrechts-Universität zu Kiel, Kiel, Germany
6 College of Atmospheric Sciences, Lanzhou University, 

Lanzhou, China
7 School of Transportation, Southeast University, Nanjing, 

China

http://orcid.org/0000-0002-9844-9206
http://crossmark.crossref.org/dialog/?doi=10.1007/s00382-018-4464-0&domain=pdf
https://doi.org/10.1007/s00382-018-4464-0


5586 W. Wang et al.

1 3

1 Introduction

The Sun is the energy source of the climate system. The 
total solar irradiance (TSI) varies with a clear 11 year 
solar cycle but a small amplitude of about 0.1% (1.3 W 
m−2 ) (Kopp and Lean 2011). However, the amplitude of 
the 11-year solar cycle in the UV band is much larger by 
about 8% in the wavelength range important for ozone 
formation and middle atmosphere heating (Lean et al. 
1995) and directly affect temperatures in the upper strat-
osphere (Gray et al. 2010; Mitchell et al. 2015; Kodera 
et al. 2016). Several amplifying mechanisms have been 
proposed and suggest that regional responses to the solar 
cycle in both the upper atmosphere and surface climate are 
significant (Kodera and Kuroda 2002; Matthes et al. 2006; 
Meehl et al. 2009; Gray et al. 2010; Scaife et al. 2013; 
Thiéblemont et al. 2015). One amplification mechanism 
is the so-called “top-down” mechanism which involves 
enhanced UV radiation, increased temperatures in the 
equatorial upper stratosphere and hence a strengthen-
ing of the meridional temperature gradient which in turn 
changes the propagation properties of planetary waves and 
leads to a poleward–downward transport of the solar sig-
nal through dynamical wave-mean flow interactions. The 
poleward–downward movement of the stratospheric zonal 
wind jet projects onto the Northern Annular Mode (NAM) 
in the lower stratosphere and leads to a poleward shift 
of the jet streams over the North Atlantic and the North 
Pacific (Matthes et al. 2006; Kodera et al. 2016). At the 
same time the stratospheric Brewer–Dobson circulation 
is weakened and results in a secondary temperature maxi-
mum in the tropical lower stratosphere (Gray et al. 2010; 
Mitchell et al. 2015; Kodera et al. 2016). There is still a 
debate whether this secondary warming is not only related 
to solar but also to aliasing effects with volcanoes and the 
El Niño Southern Oscillation (ENSO) (Marsh and Gar-
cia 2007; Gray et al. 2010; Chiodo et al. 2014). Another 
amplification mechanism is the so-called “bottom-up” 
mechanism which involves an amplification of the small 
direct signal at the Earth’s and ocean surface, in particular 
in the equatorial Pacific through atmosphere–ocean cou-
pling (White et al. 1997; Meehl et al. 2009).

In the tropical Pacific, observational evidence for solar 
signals in SSTs is not clear. Several studies reveal a La 
Niña-like SST pattern (van Loon and Meehl 2008; Meehl 
et al. 2009; Gray et al. 2010), while some other studies 
reported an El Niño-like response (Roy and Haigh 2010) 
or neither of both (Tung and Zhou 2010; Zhou and Tung 
2010). This inconsistency of previous studies results 
from different analysis methods as well as different time 
periods (Kodera et al. 2016). For example, Meehl et al. 
(2009) selected solar peak years from 1850 to 2002, Roy 

and Haigh (2010) applied a multiple linear regression for 
the period 1850–2004, while a composite-mean difference 
(CMD) of 1880–2007 is used in Zhou and Tung (2010). 
Despite these discrepancies, some common features can be 
seen during solar maximum years in SSTs over the Pacific: 
positive SST anomalies occur in the central Pacific and 
surround the western coast of North America (Tung and 
Zhou 2010; Gray et al. 2013), and negative anomalies 
occur over the cold tongue region (van Loon and Meehl 
2008; Kodera et al. 2016). Recent studies indicated that 
SST responses to the solar cycle resemble an El Niño-
Modoki (central Pacific El Niño) pattern (Kodera et al. 
2016; Huo and Xiao 2017).

The SST response to solar cycle variability is not only 
associated with relatively fast (a couple of months) pro-
cesses in the atmosphere, but also involves slow processes 
related to atmosphere–ocean coupling and oceanic circula-
tions. Therefore, a time lag is expected in a possible solar 
cycle response of the ocean. A time lag of 2–3 years has 
been reported in observed SST associated with the 11-year 
solar cycle over the North Atlantic (Gray et al. 2013), and 
has been related to a combined mechanism of air–sea 
interactions and a downward propagation of solar-induced 
anomalous stratospheric circulation (Scaife et al. 2013; 
Thiéblemont et al. 2015). A time lag in SSTs has also been 
noticed over the Pacific (White et al. 1997; Meehl and 
Arblaster 2009; Misios et al. 2016; Huo and Xiao 2017), 
with a possible “delayed action oscillator” mechanism 
(White and Liu 2008). Beside the above described signals 
at the surface, we expect solar signals also in the ocean. 
However, because of the lack of oceanic subsurface data, 
most previous studies of solar influences are limited to 
the analysis of SSTs. Therefore, solar-induced responses 
in the ocean have been investigated mostly in model sim-
ulations. Recently, oceanic reanalysis data are available 
(Balmaseda et al. 2013) and provide a new opportunity 
to detect solar signals in the ocean. One main goal of this 
work is to detect solar signals in the ocean, using a com-
bined approach of both SST observations and oceanic 
reanalysis. In particular, time lags will be considered to 
analyze the signal evolution during the solar cycle in order 
to better understand the underlying mechanisms.

At the same time, lagged solar signals in the ocean in 
turn have the potential to force the overlying atmosphere. 
Currently, such lagged signals in the atmosphere asso-
ciated with the 11-year solar cycle and subsequent SST 
anomalies have been less investigated (Misios et al. 2016). 
The second goal of this research is to analyze exactly these 
solar signals in the atmosphere associated with lagged 
solar signals in the ocean. We will in particular focus 
on lagged solar signals around the tropical tropopause, a 
region rarely investigated, but very important for global 
climate.
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The tropopause is sensitive to both stratospheric and 
tropospheric thermal-dynamical changes and is especially 
important for troposphere–stratosphere coupling. Investi-
gating the solar influences on the tropopause is therefore 
particularly helpful to unveil the mechanism of the solar 
impacts on both the troposphere and the stratosphere. Recent 
results showed that beside the long-term trend (Randel et al. 
2006; Rosenlof and Reid 2008; Gettelman et al. 2010; Xie 
et al. 2014), there are also significant decadal to multi-dec-
adal variabilities in tropical tropopause temperatures (Wang 
et al. 2012; Fueglistaler et al. 2013; Wang et al. 2013, 2015, 
2016). Wang et al. (2016) indicated that, the Pacific Dec-
adal Oscillation (PDO) as well as the 11-year solar cycle 
are important for a model to simulate the decadal variability 
of tropical tropopause temperatures. However, a possible 
mechanism of the later is still missing.

Tropopause temperatures in the tropics determine the 
amount of water vapour entering the stratosphere, which 
is an important radiative gas for surface climate (Solo-
mon et al. 2010; Dessler et al. 2013; Gilford et al. 2016; 
Wang et al. 2017). Analyses from balloon measurements in 
Boulder show an significant increase of lower stratospheric 
(LS) water vapour for the period 1980–2010 (Hurst et al. 
2011), while other studies do not find a clear long-term trend 
(Dessler et al. 2014; Hegglin et al. 2014). Several studies 
noticed that LS water vapour rather has decadal variability 
(Fueglistaler et al. 2013; Hegglin et al. 2014; Dessler et al. 
2014; Schieferdecker et al. 2015; Wang et al. 2016) than 
any sign of anthropogenic trend in both model and observa-
tional studies (Hurst et al. 2011). In particular, a recent study 
indicated that the solar cycle is leading the LS water vapour 
by about 2 years in its decadal variability (Schieferdecker 
et al. 2015). Processes related to the decadal variability in 
tropopause temperatures and LS water vapour, in particular 
the role of the solar cycle, the atmosphere and the ocean are 
open questions which we would like to address in this paper.

In addition, most previous studies used zonal mean data 
in investigating the variability of tropopause temperatures 
and LS water vapour. However, the zonal structure of tropo-
pause temperature variations, as reported by several recent 
studies, is important, since it is helpful to unveil the mecha-
nisms in response to climate changes (Garfinkel et al. 2013a; 
Fu 2013; Hu et al. 2016). Therefore a special focus will be 
given here to the zonally asymmetric structure of tropopause 
temperatures and lower stratospheric water vapour.

In this study, we first investigate the 11-year solar cycle 
related signals in SSTs and in the ocean. We then discuss 
a possible feedback to the atmosphere which in turn drives 
decadal variability in tropopause temperatures as well as 
LS water vapour. A special analysis focus will be on time 
lags and the zonal asymmetries, which have been less inves-
tigated but are important for understanding the potential 
underlying mechanisms. We use the F10.7 cm solar radio 

flux to indicate the solar variability, the Hadley Centre SST 
analysis (HadISST) (Rayner et  al. 2003) and the ocean 
reanalysis from the European Centre for Medium-Range 
Weather Forecasts (ECMWF) ocean reanalysis system 4 
(ORAS4) from 1958 to 2013 to detect the solar impacts on 
the Pacific ocean. The Japanese 55-year Reanalysis (JRA-
55), one of the most recent reanalysis data, from 1958 to 
2013 (Kobayashi et al. 2015; Harada et al. 2016) is used to 
investigate the atmospheric response. Solar signals in LS 
water vapour are investigated with the Stratospheric Water 
and OzOne Satellite Homogenized (SWOOSH) data (Davis 
et al. 2016). Data and methods are described in Sect. 2. 
Results are shown in Sect. 3. We first investigate solar 
signals in the lower atmosphere in Sect. 3.1 which result 
from the top-down stratospheric pathway. Then the solar 
responses at the surface and subsurface of the ocean are 
investigated in Sect. 3.2. In Sect. 3.3, we show ocean feed-
backs to the atmosphere. A solar-SST-tropopause connection 
is addressed in Sect. 3.4. Section 4 summarizes results and 
discusses possible future research directions.

2  Data and method

2.1  Data

Solar Cycle Index Monthly values of the f10.7 cm solar radio 
flux (F10.7) index, which is available at NOAA’s Space 
Weather Prediction Center (http://www.swpc.noaa.gov/) are 
used to represent solar irradiance variations. The F10.7 solar 
index is closely correlated with solar UV variations, which 
are essential for the “top-down” mechanism through which 
solar cycle has impacts on the climate. The data is available 
since 1947 and a period of 1958–2013 is used in this study 
to be consistent with the availability of the atmospheric and 
the oceanic reanalysis data.

Sea Surface Temperatures (SSTs) SSTs are analyzed 
from the Hadley Centre Sea Ice and Sea Surface Tempera-
ture (HadISST) data set (Rayner et al. 2003). It is available 
from the Hadley Centre website (www.metoffice.gov.uk/
hadobs/). This data set is reconstructed from observations 
since 1870, with a horizontal resolution of 1◦ . Monthly val-
ues for a period of 1958–2013 are selected in this study to 
be consistent with the availability of the atmospheric and the 
oceanic reanalysis data.

Ocean Reanalysis The ECMWF ORAS4 data is used 
to detect solar signals in the ocean. The ORAS4 reanal-
ysis is a product of a combination of model simulation 
(NEMO ocean model) and quality controlled ocean obser-
vations. The ocean model is forced by atmospheric rea-
nalysis fluxes, e.g., ERA-40, ERA-Interim and ECMWF 
OPS. Observed temperature and salinity profiles (from 
the Hadley Centre’s EN3 data collection (Ingleby and 

http://www.swpc.noaa.gov/
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Huddleston 2007)), as well as altimeter-derived sea level 
anomalies (from AVISO) are also assimilated. Heat fluxes 
are adjusted by relaxation using gridded maps of SSTs 
(from NOAA), and the fresh-water flux is constrained by 
altimeter global mean sea-levels. The horizontal resolution 
of the ocean model is approximately 1◦ near the pole and 
about 1∕3◦ at the equator, which is refined meridionally 
down from the pole to the equator. The vertical resolution 
is varying from 10 m near the surface to 300 m near the 
bottom, with 42 vertical levels in total. The subsurface 
temperature, salinity fields as well as ocean heat contents 
and the depth of the thermocline in ORAS4 have been 
validated by a comparison with in suite observations and 
show good agreement with observations in both clima-
tologies and time series (Balmaseda et al. 2013). Zonal 
currents in the equatorial Pacific in ORAS4 show good 
agreement in horizontal pattern and vertical structure as 
well as consistent evolution with observations associated 
with ENSO (Mogensen et al. 2012).

Stratospheric Water Vapour The SWOOSH is a merged 
data set for stratospheric water vapour and ozone, with a 
combination of data from a number of satellites, e.g., SAGE-
II/III, UARS HALOE, UARS MLS, and Aura MLS instru-
ments. It is available since 1984. However, there are large 
amount of missing values before 1991 since there are less 
satellite instruments on board. The SWOOSH data is grid-
ded to 31 vertical levels from 316 to 1 hPa. Homogenization 
is done for different measurements by corrections based on 
their data for their overlap times. Detailed descriptions of 
the data set can be found in Davis et al. (2016).

The Japanese 55-year Reanalysis (JRA-55) The JRA-55 
is analyzed for atmospheric responses to the solar cycle. The 
JRA-55 is conducted by the Japan Meteorological Agency 
(JMA). JRA-55 is produced by an atmospheric model 
with higher spatial resolution (T319L60), using a four-
dimensional variational (4D-Var) data assimilation system. 
Variational Bias Correction (VarBC) is applied for satellite 
radiances. Many deficiencies has been improved since the 
first generation of the Japanese reanalysis (Kobayashi et al. 
2015). It extends back to 1958, which is coinciding with the 
time that radiosonde observations in the Arctic became more 
systematic and regular, and therefore covers more than five 
decades (Harada et al. 2016) .

Even though reanalysis data are not pure observations, 
they are the current best estimation of the real atmosphere 
and provide the best way to investigate temperature and cir-
culation changes over the past decades. JRA-55 is one of the 
most recent reanalysis. Tropopause temperatures in JRA-55 
show extremely good agreement with the GPS-Radio Occul-
tation (GPS-RO) data for their common period from 2001 
through 2013 (Fig. S1). Note that the GPS-RO data is not 
assimilated in JRA-55 and therefore these datasets are inde-
pendent of each other. The JRA-55 reanalysis, which covers 

over five decades, is therefore a very suitable data record for 
analyzing solar signals in tropopause temperatures.

Note that the JRA-55 show a quite weak direct solar sig-
nal around the stratopause (Mitchell et al. 2014). However, 
while the upper stratosphere is less constrained by obser-
vations in reanalyses, there is still some uncertainty in the 
magnitude of solar signals near the stratopause (Mitchell 
et al. 2015). In the stratosphere and troposphere, the solar 
signals in JRA-55 show good agreement with other datasets. 
We have checked that the solar signals shown in this study 
using the JRA-55 data are consistent with results using the 
MERRA2 data by taking the same period for analysis (not 
shown). So, the JRA-55 is a representative dataset for our 
purpose.

2.2  Methods

Multiple linear regression (MLR), which has been widely 
used in earlier studies, e.g. (Chiodo et al. 2014; Mitchell 
et al. 2015; Kodera et al. 2016), is applied here to estimate 
solar impacts on the atmosphere and the ocean. Observed 
variability of the climate is a mixture of natural and anthro-
pogenic as well as external and internal influences. MLR is 
widely used to isolate influences of different factors, such as 
greenhouse gases (GHGs), the 11-year solar cycle, volcanic 
aerosols and ENSO. For a time-dependent variable X(t):

where ENSO(t) is an ENSO index, which is the first PC 
(principal component) of global SST anomalies (Had-
ISST data, after the climatological annual cycle and 
the long-term trend have been removed); Solar(t) is the 
F10.7 solar index as described above; AOD(t) is an index 
of stratospheric aerosols, which was constructed by the 
Chemistry-Climate Model Initiative (CCMI) project 
(ftp ∶ ∕∕iacftp.ethz.ch∕pubread∕luo∕ccmi∕) ;  ci, i = 1, 2, 3 
are their regression coefficients; and e(t) is the residual term.

For a MLR model, it is essential to assess the statistical 
significance of the regression coefficients. The statistical 
significance of a regressed coefficient, e.g., c2 for solar, can 
be estimated by a comparison with the standard error (SE), 
which is defined as:

where n is the sample size, e(t) is the residual, and Solar(t) is 
the mean value. ndof = n − p − 1 are the degrees of freedom 
of the MLR model with p is the number of predictors.

While autocorrelation in the residual leads to an under-
estimation of the regressed coefficient uncertainties, neff , 
which is the effective number of degrees of freedom, it is 
commonly used instead of ndof , and can be determined by:

(1)X(t) = c1ENSO(t) + c2Solar(t) + c3AOD(t) + e(t),

(2)

(SE)2 =

[

n
∑

t=1

e(t)2

]

∕

[

(ndof − 2)

n
∑

t=1

(Solar(t) − Solar(t))2

]

,
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where ra is the lag-1 autocorrelation coefficient (Wigley 
2006).

For the estimated coefficients c2 , the test statistics

has the Student’s t-distribution with neff − 2 degrees of 
freedom.

This MLR model is applied to monthly anomalies at each 
location. Monthly anomalies here are monthly time series 
with the climatological annual cycle removed. The global 
mean has also been removed to exclude potential influences 
from GHGs (Deser et al. 2010). Time lags from 0 to 3 years 
are used with respect to the solar predictor for estimating 
potential solar influences in the ocean as well as their sub-
sequent feedbacks to the atmosphere. Note that the QBO 
influences are not included in the regression analysis since it 
has little contribution to decadal variability. Sensitivity tests 
reveal that regression results shown in this study remain the 
same if the QBO is included in the MLR model, which has 
also been reported by Gray et al. (2013).

The period from 1958 through 2013 is used for all 
regression analyses in this study if not stated otherwise. 
The 1958–2013 period is selected for two reasons: (1) The 
oceanic observations are more reliable after World War II 
(Thompson et al. 2008), and (2) the oceanic and atmos-
pheric reanalysis data used in this study, i.e. ORAS4 and 
JRA-55, are available since 1958. Note that the atmospheric 
reanalysis data are less reliable before the satellite era, i.e. 
before 1979. However, a relatively long-term record is very 
important for detecting solar signals on decadal time scale. 
Considering the availability, reliability as well as the consist-
ency of the oceanic and the atmospheric data sets, we finally 
chose the 1958–2013 period for our analyses.

3  Results

3.1  Solar impacts on the atmosphere

Zonal mean signals in the upper stratosphere, i.e., positive 
temperature anomalies through most of the upper strato-
sphere and subsequent strengthening of subtropical jets (see 
Fig. S2), have been well documented as part of the top-down 
mechanism in previous studies (Gray et al. 2010; Mitchell 
et al. 2015; Kodera et al. 2016). The anomalous westerlies 
propagate down to the lower stratosphere and the tropo-
sphere (Fig. S2), and project onto a positive NAM which is 
related to a poleward shift of the jet stream in the Northern 

(3)neff = ndof
1 − ra

1 + ra
,

(4)t_test =
c2

SE
,

Hemisphere (NH) (Matthes et al. 2006; Kodera et al. 2016). 
Here we mainly focus on the horizontal pattern of such zonal 
wind anomalies during their downward propagation from the 
lower stratosphere to the troposphere in the NH, which has 
been less investigated in previous studies.

Figure 1 shows longitude–latitude distributions of solar 
signals in zonal wind at 50, 100, 300 and 500 hPa, analyzed 
from monthly anomalies. Also shown in Fig. 1 are climato-
logical values of the zonal wind, with the purpose to demon-
strate the relationship between solar related wind anomalies 
and the basic state of the air flow. At 50 hPa (Fig. 1a), the 
anomalous westerlies are evident in mid-latitudes and sub-
polar while easterly anomalies can be seen in lower latitudes, 
which resembles the NAM (Thompson and Wallace 2000; 
Baldwin and Dunkerton 2005; Kodera et al. 2016). Note 
that the anomalous westerlies in mid-latitudes and subpolar 
are not zonally uniform, as also indicated by Kodera et al. 
(2016), but have a stationary planetary wave structure. These 
westerly anomalies in the mid-latitudes show local maxima 
over the Asian-Pacific and the North American-Atlantic jet-
stream regions, whereas the basic state of zonal winds are 
relatively strong (see contour lines in Fig. 1a).

At lower altitudes, solar associated westerly anomalies 
shift slightly to the subpolar regions, while the easterly 
anomalies extend to mid-latitudes (Fig. 1b). This is consist-
ent with the transition behavior of the NAM from a mono-
pole in the subpolar stratosphere (with a weak subtropical 
extrema of opposite sign) to a dipole in the troposphere 
straddling approximately 45◦N with each extrema of roughly 
equal magnitude. At the same time, zonal asymmetry in the 
basic state of the air flow (contour lines in Fig. 1b–d) as 
well as solar related westerly anomalies mentioned above 
are more prominent in the troposphere (Fig. 1b–d). In par-
ticular, it seems that anomalous westerlies propagate to 
lower latitudes from the northwest to the southeast of the 
North Pacific (Fig. 1b–d). According to the planetary wave 
propagation theory (Hoskins and Ambrizzi 1993), the basic 
state flow impacts the wave propagation. The Asian-North 
Pacific jet region, where the westerly winds are particularly 
strong (as revealed by contour lines in Fig. 1b–d), provides 
a potential pathway (or waveguide) for planetary waves to 
propagate (Hoskins and Ambrizzi 1993). The anomalous 
westerlies in mid-latitudes might then propagate to lower 
latitudes over the Pacific as seen in Fig. 1b–d, following the 
Asian-North Pacific pathway.

To further indicate the downward and meridional propa-
gation of solar signals over the Asia-North Pacific region, 
the latitude-height cross sections of solar regressed zonal 
wind anomalies averaged for the western Pacific section 
are shown in Fig. 2 (top). Solar signals over the western 
Pacific are more significant than the zonal mean (Fig. S2), 
and the meridional propagation from high to mid latitude is 
more evident. While taking a shorter period of 1979–2010 
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for analysis as previous studies (Kodera et al. 2016), sig-
nals shown in Fig.2 (top) are stronger and more significant 
(Fig. S3). Such downward and meridional propagation of 
solar associated anomalous westerlies can also be confirmed 
by the month-dependent regressed results (Fig. 2, bottom). 
Westerly anomalies associated with the 11-year solar cycle 
are strongest in December in the middle stratosphere, while 
the tropospheric signals are more significant in January. This 
indicates a downward propagation of solar signals from the 
stratosphere to the troposphere which takes about 1 month.

Figure 3 further shows solar associated zonal wind, as 
well as meridional wind and geopotential height anomalies 
at 850 hPa to give an overview of circulation changes near 
the surface. Over the western North Pacific, statistically 
significant anomalous westerlies exist between 30◦N and 
60◦N with anomalous easterlies on both sides (Fig. 3a), 
while northward meridional wind anomalies exist around 
30◦N beside the eastern coast of Asia (Fig. 3b). All these 
zonal and meridional wind anomalies are in balance with 
anticyclonic circulations near 30◦N beside the eastern 

coast of Asia, which can be confirmed by the anomalous 
geopotential heights (Fig. 3c). Positive geopotential height 
anomalies can be seen over the western North Pacific 
while anomalous low geopotential heights are evident over 
the northern and eastern part of the Pacific.

Also interesting in Fig. 3 are the anomalous wester-
lies over the equatorial western Pacific (Fig. 3a). Recent 
studies have reported that extratropical anomalies like 
the NAM could influence the tropics and lead to a burst 
of westerlies over the equatorial western Pacific through 
intensified cold surges (Nakamura et al. 2007) or inter-
actions between tropospheric eddies and the mean-flow 
(Chen et al. 2014). Solar induced NAM-like zonal wind 
anomalies might therefore result in westerly anomalies 
over the equatorial western Pacific through the above 
mentioned mechanisms. While the near surface circula-
tion is closely coupled to the ocean, wind anomalies in 
the mid-latitudes as well near the equator influence the 
surface temperatures significantly and will be discussed 
in Sect.  3.2.

Fig. 1  Solar regressed anomalies of zonal winds at a 50, b 100, c 300 
and d 500 hPa using the JRA-55 reanalysis (1958–2013). Contour 
lines are climatological values (averaged over 1958–2013) of zonal 

wind at the corresponding pressure levels. Areas over 90% statisti-
cally significance level are stippled. Autocorrelation effects has been 
excluded for the statistic test
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3.2  Solar signals at the surface and in the ocean

Figure 4 shows global regression pattern of SST anomalies 
(colour filled contours, from HadISST) onto the solar F10.7 
time series with different time lags in years (0–3 years) for 
the period from 1958 through 2013. Shown together are sur-
face wind (1000 hPa) anomalies associated with the solar 
cycle (arrows, from the JRA-55 reanalysis). Wind anomalies 
at the surface associated with the solar cycle are similar to 
that at 850 hPa as shown in Fig. 3, with anomalous anti-
cyclonic/cyclonic circulations over the western/eastern part 
of the Pacific in mid-latitudes and westerly anomalies over 
the equatorial western Pacific (Fig. 4a). Anomalous anticy-
clonic circulation brings warm water from the subtropics 
to the mid-latitudes beside the western coast of the Pacific 
and cold water from higher to lower latitudes in the central 
Pacific, which subsequently lead to positive SST anomalies 
in the western North Pacific and negative SST anomalies in 
the central part of the North Pacific (Fig. 4a). At the same 

time, anomalous cyclonic circulations occur over the eastern 
North Pacific (Fig. 4a), which bring warm water from the 
subtropics to the mid-latitudes along the coastline of North 
America and cause positive SST anomalies beside the east 
coast of the Pacific (Fig. 4a). In the tropics, anomalous west-
erlies or a weakening of the trade winds over the western 
Pacific dampen the heat transport from the central to the 
western Pacific, and therefore lead to warm SST anoma-
lies in the central Pacific and cold anomalies in the western 
Pacific (Fig. 4a). Westerly anomalies are confined to the 
central Pacific, while weak easterly anomalies exist in the 
eastern Pacific, which lead to weak and insignificant nega-
tive SST anomalies in the cold tongue region.

All these signals are consistent with common features, 
i.e. positive SST anomalies over the central Pacific and the 
western coast of North America and anomalous cold SSTs 
over the cold tongue region, associated with the solar cycle 
as described in the Introduction (Tung and Zhou 2010; Gray 
et al. 2013; Kodera et al. 2016). Note that the method in 
this study (MLR applied to monthly anomalies) is slightly 
different to earlier studies (MLR or CMD applied to DJF 
SSTs) (Tung and Zhou 2010; Gray et al. 2013; Kodera et al. 
2016), which makes our results slightly different compared 
to previous studies, i.e., the positive anomalies shown in the 
central Pacific (Fig. 4a) are stronger and more significant 
than in previous studies, while the negative anomalies in 
the cold tongue region are weaker and not that significant 
as shown previously. The time period of analysis could be 
another reason for the described descrepancies. We selected 
the period of 1958–2013, as described in Sect. 2, while ear-
lier studies used a longer period from 1870s to 2000s (Tung 
and Zhou 2010; Misios and Schmidt 2012; Kodera et al. 
2016). Choosing a longer period (1900–2010) as shown in 
supplementary Fig. S4, SST anomalies associated with the 
11-year solar cycle are weaker than that shown in Fig. 4a–d 
and more consistent with previous studies (Tung and Zhou 
2010; Misios and Schmidt 2012; Kodera et al. 2016).

Solar related SST anomalies resemble the ENSO asso-
ciated SST pattern. However, anomalous SSTs in the cold 
tongue region are much weaker or even negative, and there-
fore different from the conventional ENSO pattern. The 
detected signals by definition could not be a conventional 
ENSO since the ENSO predictor is already included in the 
MLR model and all variances related to ENSO hence goes 
to this predictor. The solar associated SST pattern, as also 
mentioned in recent studies (Kodera et al. 2016; Huo and 
Xiao 2017), is more similar to the so-called El Niño Modoki 
event. The El Niño Modoki is the second EOF (empirical 
orthogonal function) mode of detrended tropical SST anom-
alies (Ashok et al. 2007). Fig. 4e, f show SST anomalies 
associated with the conventional ENSO and the El Niño 
Modoki events (see Fig. 4 caption for definitions of ENSO 
and El Niño Modoki indices). Anomalous warm SSTs occur 

Fig. 2  (Top) Latitude-height cross sections of solar regressed zonal 
wind anomalies averaged over the western Pacific ( 135◦ E–180◦ E) 
using the JRA-55 reanalysis (1958–2013). (Bottom) Solar regressed 
zonal wind anomalies (averaged for the region 45◦N–60◦ N, 135◦
E–180◦ E) distributed at different pressure levels for different months 
using the JRA-55 reanalysis (1958–2013). Areas over 90% statisti-
cally significance level are stippled. Autocorrelation effects has been 
excluded for the statistic test
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in the central Pacific for an El Niño Modoki event, while 
anomalous cold SSTs dominate in the western Pacific and 
cold tongue region (Fig. 4f). The main differences between 
the El Niño Modoki and the conventional El Niño are the 
negative SST anomalies in the cold tongue region, which 
can not be seen in the conventional El Niño (Fig. 4e). A 
wavelet analysis (Torrence and Compo 1998) indicates that 
the power spectrum of the El Niño Modoki index (EMI) 
performs statistically significant decadal peak at about 12 
years while the conventional ENSO index, however, shows 
no significant decadal variability (Fig. S5). This further con-
firms that the SST anomalies associated with the solar cycle 
are more likely related to the El Niño Modoki rather than the 
conventional ENSO.

Note that the solar associated SST pattern is also simi-
lar to the Pacific Decadal Oscillation (PDO), which is an 
internal variability mode of the climate system. The PDO 
has a significant decadal peak and plays an important role 
in modulating decadal variability of tropopause tempera-
tures (Wang et al. 2016). While the El Niño Modoki and the 
PDO are closely coupled on decadal timescales, it is hard 
to completely separate them. Since the SST pattern is more 
similar to the El Niño Modoki than the PDO (weak negative 
SST anomalies in the eastern Pacific, which does not exist in 
PDO events), we use the El Niño Modoki for solar associ-
ated SST anomalies in this study.

From the descriptions above, we got a clear feature of 
solar associated SST anomalies that resemble the El Niño 
Modoki pattern. A key issue is the positive SST anomaly in 
the equatorial central Pacific. One reason for this positive 
SST anomaly is possibly related to a burst of westerly zonal 
wind anomalies over the western Pacific, which might at 
least in part result from anomalous westerlies in mid-lati-
tudes associated with the top-down mechanism as described 
in Sect. 2. As indicated by recent studies, there might be 
another reason related to cyclonic circulation over the east-
ern North Pacific and subsequent positive SST anomalies 
along the coastline of North America in the subtropics 
(Huo and Xiao 2017; Xie et al. 2016; Garfinkel 2017). Such 
subtropical SST anomalies persist into spring through ther-
modynamical air–sea interactions (Alexander et al. 2010), 
and force westerly zonal wind anomalies over the equato-
rial western Pacific in the following winter, which is the 
so-called seasonal footprinting mechanism (SFM) (Vimont 
et al. 2001). According to the SFM, anomalies in SST and 
circulation over the North Pacific may influence tropical 

regions and inspire an ENSO evolution (Xie et al. 2016; 
Garfinkel 2017). However, such an extratropical-to-tropical 
mechanism is related to very complex atmospheric and oce-
anic processes and awaits further investigations with extra 
observations and/or model simulations. It is therefore out of 
the scope of this study since we are mainly focusing on solar 
signals in the ocean and their feedbacks to the atmosphere.

Now we consider solar impacts in the years following a 
solar maximum. Associated with anomalous positive SSTs 
in the central Pacific and anomalous negative SSTs in the 
western and eastern Pacific, the zonal temperature gradient 
and subsequent circulation and heat transport are changed. 
In the western Pacific, the zonal temperature gradient is 
reduced. While the zonal temperature gradient is the main 
driver of the Walker circulation, easterly trade winds are 
dampened over the western Pacific as seen from anomalous 
westerlies over this region in Fig. 4b. A weaker Walker cir-
culation, which means less transport of heat from the cen-
tral Pacific to the western Pacific, leads to warmer SSTs in 
the central Pacific and colder SSTs in the western Pacific. 
In the eastern Pacific, the situation is different. Though not 
significant, anomalous negative SSTs exist in the eastern 
Pacific, which means enhanced zonal temperature gradi-
ent from the eastern to the central Pacific. Weak easterly 
anomalies therefore persist in the eastern Pacific and lead 
to a convergence of surface water and heat transport in the 
central Pacific. SST anomalies in the equatorial Pacific are 
then enhanced through the zonal advection feedback of the 
Bjerknes feedback (Bjerknes 1969) and result in a clear El 
Niño Modoki-like evolution in the equatorial Pacific during 
the following 2 years after solar maxima (Fig. 4a–c). At 
about 2 years after the solar maximum, solar related positive 
SST anomalies in the equatorial central Pacific reach their 
maximum and an El Niño Modoki-like pattern can be clearly 
depicted (Fig. 4c). With longer time delay, solar related SST 
and near surface wind signals decay (Fig. 4d). A very similar 
time lag also exists in the North Atlantic (Scaife et al. 2013), 
where a positive NAO-like pattern is formed 2 years after 
the solar maximum which synchronizes with the solar cycle 
(Thiéblemont et al. 2015).

As mentioned in the introduction, solar signals in SSTs 
should also be detectable in the subsurface ocean. The 
responses in oceanic currents and circulations to the solar 
cycle are important in order to fully understand the under-
lying mechanisms. However, because there are not enough 
observations in the ocean, most research about solar signals 
in the subsurface ocean are based on model simulations 
(Misios and Schmidt 2012; Misios et al. 2016) except for 
White et al. (1997), which analyzed solar signals through 
bathythermograph (BT) upper ocean temperature profiles 
from 1955 to 1994. This study gives the first investigation 
of solar signals in the subsurface ocean using the recently 
available ORAS4 oceanic reanalysis (Fig. 5). Statistically 

Fig. 3  Solar regressed anomalies of a zonal wind, b meridional wind 
and c geopotential height at 850 hPa using the JRA-55 reanalysis 
(1958–2013). Contour lines are climatological values (averaged over 
1958–2013) of a zonal wind, b meridional wind and c geopotential 
height at the corresponding pressure level. Areas over 90% statisti-
cally significance level are stippled. Autocorrelation effects has been 
excluded for the statistic test
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significant positive ocean temperature anomalies in the cen-
tral Pacific persist from the surface to about 150 m depth. 
With longer time delay, the near surface temperature anoma-
lies extend from the western part of the central Pacific to 
the east and reach their maximum after about 2 years. This 
confirms the result of a previous study using Coupled Model 
Inter-Comparison Project (CMIP5) models (Misios et al. 
2016), which found solar signals in the subsurface of the 
ocean until about 150 m and peaking at about 2 years after 
the solar maximum. Also interesting is that the strongest 
and statistically significant positive temperature anomalies 
occur between 50 and 150 m depth. The strongest signal 
exists below the surface suggesting a dynamical cause and 
amplification mechanism in the ocean instead of radiative 

reasons. This can be further confirmed by solar signals in 
subsurface ocean currents as shown in Fig. 5 (right column).

As shown in Fig. 4, anomalous positive temperatures at 
the surface of the central Pacific reduce/strengthen zonal 
temperature gradients in the western/eastern Pacific, and 
lead to anomalous westerlies over the western Pacific and 
easterly anomalies over the eastern Pacific in the atmos-
phere. Changes in the atmospheric circulation then drive 
surface ocean currents, with anomalous eastward/westward 
currents in the western/eastern Pacific (Fig. 5b). Sea water 
converges in the central Pacific and then sinks to the sub-
surface (or less upwelling) due to the Ekman feedback of 
the Bjerknes feedback (Bjerknes 1969). The oceanic water 
then diverges at about 200 m depth and results in anomalous 

Fig. 4  Up, a–d Solar regressed anomalies of SSTs using the Had-
ISST data (colour) and horizontal winds (vectors) at 1000 hPa using 
the JRA-55 reanalysis (1958–2013). Time lags of 0, 1, 2, 3 years 
are considered while doing the regression. Bottom, e, f The regres-
sion pattern of SST anomalies data regressed on the e ENSO and f 
El Niño Modoki indexes using the HadISST data for the period 

1958–2013. The El Niño Modoki index (EMI) used here is defined 
as T

A
− 0.5 ∗ T

B
− 0.5 ∗ T

C
 (a 165◦ E–140◦ W, 10◦S–10◦ N; b 110◦ 

W–70◦ W, 15◦S–5◦ N; c 125◦ E–145◦ E, 10◦S–20◦N). Areas over 90% 
statistically significance level are stippled. Autocorrelation effects has 
been excluded for the statistic test
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Fig. 5  Solar regressed oceanic (left) temperature and (right) zonal 
flow anomalies in the tropical Pacific basin using the ECMWF 
ORAS4 data for the period 1958–2013. Time lags of 0, 1, 2, 3 years 
are considered while doing the regression. Areas over 90% statisti-

cally significance level are stippled. Autocorrelation effects has been 
excluded for the statistic test. Arrows indicate the schematic oceanic 
circulation responses to the solar cycle based on the divergence and 
convergence of zonal flow and the continuity of the fluid
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westward/eastward current in the subsurface of the east-
ern/western Pacific (Fig. 5b) due to the fluid continuity, 
which leads to negative ocean temperature anomalies in 
these regions (Fig. 4a). These anomalous currents lead to 
enhanced upwelling near the western and eastern coasts of 
the Pacific (Fig. 5b). The stronger upwelling brings cold 
water from the subsurface to the surface and contributes to 
the negative SST anomalies at the surface of the western 
and eastern Pacific near the coasts (Figs. 4a and 5a), while 
anomalous eastward/westward currents near the surface in 
the western/eastern Pacific bring warm water to the surface 
of the central Pacific and therefore provide positive feed-
backs to the positive SST anomalies in that area (Figs. 4a 
and 5a). The solar signals in ocean temperature and currents 
in the subsurface of the ocean are hence amplified by such a 
positive feedback (Fig. 5c, d) and peak at a time lag of about 
2 years (Fig. 5e, f). With longer time lags, anomalous tem-
peratures and currents decay (Fig. 5g, h), which is consistent 
with signals at the surface (Fig. 4d).

Now, we provide a summary of the heat budget near the 
surface of the Pacific ocean with an analysis of the heat 
budget of the tropical basin. Temperatures near the ocean 
surface are determined by a balance between net radiation 
(shortwave and longwave), sensible and latent heat flux, as 
well as ocean dynamical heat transport. Fig. 6 shows solar 
signals in the downward solar radiation (DSWRF), latent 
(LHTFL) and sensible heat flux (SHTFL) as well as heat 
transport (HT) anomalies. The downward solar radiation, 
sensible and latent heat flux are from the JRA-55 reanaly-
sis. The heat transport (HT) shown in Fig. 6 is the ocean 
heat flux divergence (horizontal only here!) advected by the 
resolved currents, which is calculated by a vertical integra-
tion of ▿(uT) from the surface to 30 m depth of the ocean 
(DiNezio et al. 2009) based on the ORAS4 data. A depth of 
30 m is selected here since this is approximately the depth 
of the mixed layer in the equatorial Pacific. The mixed layer 
exchanges energy with the surface rapidly and shares similar 
temperature variations with the surface. The depth of the 
mixed layer determines how fast the surface ocean tempera-
ture can be changed in response to radiative heating. The 
evolution of all signals in Fig. 6 is similar to those shown 
in Figs. 4 and 5, i.e., they develop during the first 1–2 years 
and peak at about 2 years after the solar maximum and then 
decay. Therefore, we only show solar signals at 0 and 2 years 
lag in Fig. 6.

The climatological solar radiation over the eastern and 
central Pacific is stronger than that over the western Pacific 
region, since the cloud coverage is larger over the western 
Pacific and the Maritime Continent and reflects more solar 
radiation back to space (not shown). The enhanced solar 
radiation during solar maximum should be more significant 
over the eastern and central Pacific than over other regions 
if the cloud coverage over these regions does not change. 

However, Fig. 6 shows that the enhanced solar radiation is 
strongest over the western Pacific and Maritime Continent, 
while the solar radiation decreases over the central Pacific. 2 
years after the solar maximum, the decreased solar radiation 
over the central Pacific reaches its maximum (Fig. 6b). Such 
changes in solar radiation could be related to tropospheric 
circulation and subsequent cloud coverage changes instead 
of a direct response to the solar cycle. The latent heat flux 
and sensible heat flux, however, show significant negative/
positive anomalies over the western/central and eastern 
Pacific as shown in Fig. 6c, which indicate that the ocean 
releases more energy to the atmosphere over the central and 
eastern Pacific because of anomalous positive temperatures 
in these regions (Fig. 4). Again, all signals maximize 2 years 
after the solar peak years (Fig. 6d). In summary, it seems 
that changes in radiation, latent heat flux and sensible heat 
flux are the result rather than the cause of the positive SST 
anomalies over the central Pacific.

Associated with the near surface wind and ocean current 
anomalies (Figs. 4 and 5), the westward heat transport across 
the Pacific becomes weaker, which means positive anoma-
lies and heat convergence in the western part of the central 
Pacific, due to weaker easterly surface winds and near sur-
face ocean currents. With longer time delay, the positive 
anomalies of HT become stronger and more significant in 
the eastern part of the central Pacific. Positive HT anomalies 
in the eastern part of the central Pacific are also the effect of 
a weakening of the meridional HT from the equator to the 
extra-tropics (not shown). Also noteworthy are the negative 
HT anomalies in the eastern Pacific near the coastline of 
Peru, which are getting stronger during the first 2 years after 
the solar peak years. These positive/negative HT anomalies 
contribute to the positive/negative SST anomalies in the 
central/eastern Pacific. Combined with the radiative signals 
described above, it is obvious that the dynamical heat trans-
port rather than the radiative heating is the reason for SST 
anomalies in the equatorial Pacific. Our results differ from 
a recent study, which showed that solar signals in SSTs are 
mainly caused by radiative effects of high clouds (Huo and 
Xiao 2017).

3.3  Ocean feedbacks to the tropopause and lower 
stratospheric water vapour

So far, we have investigated solar signals in SSTs as well as 
in the oceanic subsurface. A positive feedback is suggested 
by the interaction between surface ocean temperature anom-
alies and anomalous ocean currents, which lead to lagged 
solar related signals in the ocean maximizing at about 2 
years. At the same time, such lagged oceanic anomalies can 
potentially influence the atmosphere again, since SSTs are 
the main driver of convection and atmospheric circulation in 
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the tropics. We now investigate impacts of the solar-induced 
SST signals to the atmosphere.

As shown in Fig. 4, the solar cycle leads to positive SST 
anomalies together with wind convergence over the central 

Pacific, which are favourable conditions for enhanced con-
vection. Fig. 7 shows solar regressed anomalies in high 
cloud coverage. More high clouds can be seen over the cen-
tral Pacific while less clouds are visible over the western 

Fig. 6  Solar regressed anomalies of (top-bottom) downward short 
wave radiative flux (DSWRF), latent heat flux (LHTFL), sensible heat 
flux (SHTFL) and heat transport (HT) for the period 1958–2013, with 
time lags of (left) 0 and (right) 2 years. The heat transport was calcu-

lated by temperature and wind data from the ECMWF ORAS4. Areas 
over 90% statistically significance level are stippled. Autocorrelation 
effects has been excluded for the statistic test
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and eastern Pacific. This helps to explain the solar radiation 
changes associate with the solar cycle in Fig. 6a. This indi-
cates a direct response of convection to positive/negative 
SST anomalies and wind convergence/divergence over these 
regions. As reported in previous studies, a shift of the loca-
tion in SST anomalies will change the response pattern in 
the atmosphere. The corresponding pattern in high clouds 
shown here, which indicates changes of convection and pre-
cipitation, is consistent with the El Niño Modoki associated 
precipitation anomalies as reported in previous work (Yeh 
et al. 2009). Such changes in surface winds and convection 
modulate the Pacific branch of the Walker circulation. Also 
shown in Fig. 7 are the changes in vertical motion at 100 
hPa (near the tropopause) associated with the solar cycle. 
Note that negative values indicate enhanced vertical motion. 
Vertical motion is significantly enhanced over the central 
Pacific (Fig. 7c) and indicates an enhanced upward branch 
of the Walker circulation. Due to fluid continuity, the upward 
air flow diverges near the tropopause and moves towards the 
western and eastern Pacific. The air then sinks to the western 

and eastern Pacific and might provide a positive feedback to 
the near surface SST and wind anomalies due to its modula-
tion of the Walker circulation. With longer time lags, signals 
in SSTs, surface wind (Fig. 4) and deep convection (shown 
as high clouds coverage here in Fig. 7) become stronger 
and reach their maximum at the lag of about 2 years. After 
2 years, all high cloud and vertical motion anomalies decay 
(not shown) due to reduced SST anomalies (Fig. 4d). Such a 
positive feedback in the atmosphere, together with the posi-
tive feedback as addressed in Sect. 3.2 through oceanic cur-
rents and heat transport, provide a mechanism for the ampli-
fication of solar signals in the atmosphere and the ocean.

Enhanced deep convection as well as enhanced verti-
cal motion lift the tropopause. The bottom panel of Fig. 7 
shows tropopause height anomalies related to the solar 
cycle. It is evident that the tropopause height is getting 
higher during solar maximum years over the central Pacific 
(Fig. 7e), maximizing at about 2 years (Fig. 7f). At the 
same time, as expected from the lifted tropopause, tropo-
pause temperatures are decreasing over the central Pacific 

Fig. 7  Solar regressed anomalies of (top-bottom) the frequency of 
high clouds, vertical velocity in pressure at 100 hPa and tropopause 
height using the JRA-55 reanalysis for the period 1958–2013, with 

time lags of (left) 0 and (right) 2 years. Areas over 90% statisti-
cally significance level are stippled. Autocorrelation effects has been 
excluded for the statistic test
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region, which can be seen clearly in Fig. 8. On the other 
hand, low tropopause heights and positive tropopause 
temperature anomalies are shown over the western and 
eastern Pacific, because of less convection (Fig. 7a) and 
weaker vertical motion (Fig. 7c) over these regions. It is 
noteworthy that tropopause temperature anomalies asso-
ciated with the 11-year cycle have a clear zonally asym-
metric pattern (Fig. 8a). This zonally asymmetric pattern 
is consistent with previous studies, which show tropopause 
temperature responses to tropical SSTs (Garfinkel et al. 
2013a; Fu 2013; Hu et al. 2014; Wang et al. 2016). This 
suggests that solar signals in tropopause temperatures are 
partly a subsequent effect of solar related SST anomalies. 
This can also be confirmed by the time evolution of solar 
signals shown in Fig. 8. With longer time lags, solar sig-
nals in tropopause temperatures strengthen (Fig. 8b) and 
peak at the time lag of about 2 years (Fig. 8c) and decay 
afterwards (Fig. 8d). This indicates a consistent evolution 
with the SST anomalies in Fig. 4.

3.4  A Solar‑SST‑TPT link

The connection between SST modes, e.g. ENSO and El Niño 
Modoki, and tropical tropopause temperatures as well as LS 
water vapour has been well established in previous studies 
(Randel et al. 2009; Xie et al. 2012; Garfinkel et al. 2013b; 
Xie et al. 2014; Wang et al. 2016; Ding and Fu 2017; Garfin-
kel et al. 2018). Solar signals in tropopause temperatures and 
LS water vapour, however, have been less investigated in the 
past (Schieferdecker et al. 2015). Results presented in this 
study suggest a possible connection of the solar cycle, SSTs 
and TPTs on decadal timescales. The relationship between 
the 11-year solar cycle, the El Niño Modoki index, tropical 
tropopause temperatures and the LS water vapour are shown 
in Fig. 9. To clearly show their relationship on decadal time-
scales, all time series have been band-pass filtered between 
9 and 13 years. During the past 6 solar cycles, the solar 
F10.7 cm, overall, is leading the EMI (see definition in the 
Methods section) by about 16 months with a correlation of 
about 0.58 (Fig. 9a). Note that the exact lag time between 

Fig. 8  The regression pattern of tropopause temperature anomalies 
associated with solar cycle using the JRA-55 reanalysis for the period 
1958–2013. Time lags of 0, 1, 2, 3 years are considered while doing 

the regression. Areas over 90% statistically significance level are stip-
pled. Autocorrelation effects has been excluded for the statistic test
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the EMI and the solar cycle is shifting for different periods. 
For the first three cycles, the EMI is approximately in phase 
with the solar cycle. However, for the last two or three solar 
cycles, SST anomalies appear about 3 years after the solar 
maximum. This is because the decadal variability in EMI is 
not exactly 11 years and the strength of its decadal power 
varies with time (see Fig. S5a). Solar activity influences the 
EMI in its decadal variability as an external forcing, how-
ever, the EMI has its own internal decadal to multi-decadal 
variability, which is somehow irregular and makes it more 
difficult to detect solar signals.

Figure  9b shows the relationship between the EMI 
and tropopause temperatures. Two time series of tropical 

tropopause temperatures, one averaged over the central 
Pacific ( 20◦S–20◦ N, 150◦E–120◦ W, CP) and the other one 
averaged over all other longitude bands (other), are used 
here because of the zonal asymmetry in tropopause signals 
(Fig. 8). Tropical tropopause temperatures have a very good 
correlation with the EMI index, with a negative correlation 
of − 0.82 for the central Pacific and a positive correlation 
of 0.85 for other regions (Fig. 9b). This is consistent with 
the zonal structure of tropopause temperature anomalies as 
shown in Fig. 8 as well as in previous studies (Garfinkel 
et al. 2013b; Xie et al. 2014). A recent study indicates that 
the relationship between the ENSO and the tropical tropo-
pause temperatures maybe nonlinear, especially for extreme 

Fig. 9  The relationship between 
solar, SST and tropopause tem-
perature and LS water vapour. a 
Band-pass filtered (9–13 year) 
observational F10.7 solar index 
(black) and EMI (blue). b Band-
pass filtered EMI (blue) and 
tropopause temperature (using 
the JRA-55 reanalysis 1958–
2013) averaged over the central 
Pacific (solid red line) and other 
longitudes (dashed red line) in 
the tropics. c Same as in b, but 
for LS water vapour (averaged 
from 100 to 80 hPa) using the 
SWOOSH data 1984–2013. 
Note that before 1991, there are 
a lot of missing values
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ENSO events (Garfinkel et al. 2018). However, perhaps it 
is not the case for this study since solar related SST signals 
are not that strong and are similar to El Niño Modoki rather 
than a conventional El Niño. At the same time, since tropo-
pause temperatures dominate the LS water vapour content, 
the EMI shows also very good correlation with the LS water 
vapour in the tropics. A negative correlation of − 0.92 and 
a positive correlation of 0.78 can been seen between the 
EMI index and the LS water vapour (averaged from 100 to 
80 hPa) over the central Pacific and other regions, respec-
tively (Fig. 9c). Good correlations between timeseries of 
EMI, tropical tropopause temperatures and LS water vapour 
suggest that the solar related decadal variations in EMI may 
further impact the decadal variability in tropical tropopause 
temperatures and LS water vapour, with negative anomalies 
over the central Pacific and positive anomalies over other 
regions of the Pacific.

Results in this study indicate that the solar cycle is related 
to anomalous positive SSTs in the central Pacific and anoma-
lous negative SSTs in the western and eastern Pacific, which 
resemble an El Niño Modoki event. Such SST anomalies are 
then amplified by positive feedbacks through oceanic sub-
surface currents and heat transport in the equatorial Pacific, 
which lead to the development of an El Niño Modoki-like 
signal which peaks at about 2 years after the solar maximum. 
Solar-induced SST signals in turn modify atmospheric cir-
culation and convection, which gives a positive feedback to 
solar signals in the ocean and leads to lagged solar signals 
in tropical tropopause heights, tropopause temperatures and 
LS water vapour with a clear zonally asymmetric structure.

4  Summary and discussion

Solar signals in SSTs, the ocean and tropopause tempera-
tures are investigated using a combination of both obser-
vations and oceanic and atmospheric reanalyses data from 
1958 through 2013. Consistent with previous studies (Gray 
et al. 2010; Mitchell et al. 2015; Kodera et al. 2016), the 
solar cycle is related to enhanced temperatures and an 
enhanced subtropical jet in the upper stratosphere, which 
propagate down to the troposphere due to wave-mean flow 
interactions and resembles the NAM in the lower strato-
sphere (Matthes et al. 2006; Kodera et al. 2016). In particu-
lar, solar associated westerly anomalies in the high-latitude 
appear to propagate down to the troposphere preferentially 
in the Pacific sector and the specific mechanism for this pref-
erential propagation is left for future work, though it may 
be due to the enhanced local waveguide (Figs. 1 and  2). 
Such westerly zonal anomalies potentially lead to anticy-
clonic circulation anomalies in the western and anomalous 
cyclonic circulations in the eastern part of Northern Pacific 
and a burst of anomalous westerlies in the equatorial Pacific 

(Fig. 3). The mid-latitude and tropical wind anomalies lead 
to SST anomalies, such as positive SST anomalies in the 
equatorial central Pacific and in the surroundings of the 
western coast of North America as well as negative anoma-
lies in the equatorial western and eastern Pacific (Fig. 4), 
which resembles an El Niño Modoki mode.

The El Niño Modoki-like SST response persists and 
develops due to the Bjerknes feedback: positive SST anoma-
lies (central Pacific) and subsequent SST gradient changes 
across the western Pacific lead to wind and ocean current 
changes near the surface (Figs. 4 and  5), which modulate the 
Walker circulation in the atmosphere (Figs. 4 and 7) as well 
as the oceanic circulation in the subsurface of the tropical 
Pacific (Figs. 5 and 6). Such changes in the Walker circula-
tion and oceanic currents in turn provide positive feedbacks 
to the anomalous positive SSTs in the central Pacific and 
negative SST anomalies in the equatorial western Pacific. 
All these solar-induced signals in the atmosphere and the 
ocean peak at about 2 years after the solar maximum and 
decay afterwards.

So far, most solar influence studies are limited to the 
analysis of SSTs. Responses in the ocean have been inves-
tigated mostly in model simulations. Here, we give the first 
analysis of solar signals in the subsurface of the ocean with 
the recently available ORAS4 reanalyses. Anomalous posi-
tive ocean temperatures occur from the surface to 150 m 
depth in the central Pacific (Fig. 5). Further analyses of the 
heat transport (Fig. 6) shows a consistent (positive feedback) 
mechanism as proposed from the solar signals in SSTs and 
near surface winds.

Variations in the ocean in turn influence the overlying 
atmosphere. Positive SST anomalies result in more frequent 
deep convection and enhanced vertical motion over the cen-
tral Pacific whereas negative SST anomalies in the western 
and eastern Pacific cause less frequent deep convection and 
weaker vertical motion (Fig. 7). This then results in a higher 
and colder tropopause over the central Pacific and a lower 
and warmer tropopause over the western and eastern Pacific 
(Figs. 7, 8). Tropopause temperature variations in turn domi-
nate the water vapour variations in the LS over the corre-
sponding regions (Fig. 9). As an effective greenhouse gas, 
feedbacks of the lower stratospheric water vapour to surface 
climate, e.g., the role of the LS water vapour (particularly 
its zonally asymmetric anomalies) in modulating the decadal 
variability of SSTs, await further investigation.

Previous studies have indeed reported positive anoma-
lies in zonal mean temperatures in the LS during years 
with stronger solar activities. This study extends previous 
work by: (1) looking at the zonally asymmetric structure, 
and (2) investigating the solar signals in tropopause tem-
peratures with different time lags. The tropopause tem-
perature anomalies are consistent with the evolution of 
SST anomalies, which are lagged to the solar cycle with 



5602 W. Wang et al.

1 3

about 1–3 years. While the atmosphere has no or very 
short memory, such a 2-year lag in solar related tropopause 
signals therefore indicates that solar variability affects the 
tropopause by modulating SSTs. In addition, spatial pat-
terns of tropopause temperature and lower stratosperic 
water vapour are expected to be important for surface 
climate (Garfinkel et al. 2013a; Fu 2013; Hu et al. 2016; 
Wang et al. 2016).

Solar signals, from the stratosphere to the troposphere, 
from the mid-latitudes to the tropics, from the atmosphere 
to the ocean and from the ocean back to the troposphere 
and the tropopause region are analyzed in this study. How-
ever, there are still some caveats in our results. For exam-
ple, the origin of the SST anomalies associated with the 
solar cycle can not be fully explained by observations only. 
Although we related the SST anomalies to the downward 
propagation of solar induced westerly anomalies from the 
stratosphere to the troposphere and subsequent circulation 
changes near the surface, there are still large uncertainties 
and a comprehensive mechanism awaits further research. 
In addition, the ocean has its own decadal variability (e.g., 
the El Niño Modoki and the PDO), and hence the possibil-
ity that signals in the tropical Pacific are intrinsic decadal 
variability unrelated to the solar cycle can not be rejected. 
Our study suggests, that there is some modulation of these 
internal variability modes by the solar cycle similar to 
what has been seen in the Atlantic (Thiéblemont et al. 
2015). Several modeling studies have shown similar SST 
responses, with positive SST anomalies over the central 
Pacific which are lagged to the solar maximum of about 2 
years (Meehl and Arblaster 2009; Misios et al. 2016). Our 
own previous modeling study also indicates that, without 
the solar cycle, the decadal variability in both SSTs and 
tropopause temperatures are reduced significantly (Wang 
et al. 2016). However, it is still challenging to simulate 
the correct phase of ENSO or El Niño Modoki events in 
a climate model. Therefore it is very difficult to simulate 
the correct solar signals in the Pacific using fully-coupled 
climate models. Our observational results await further 
confirmation with more modeling studies.
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